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Abstract

In order to clarify the effect of He atoms on the formation and annealing behavior of defect clusters in Ti–Al alloys, a
Ti–47 at.% Al intermetallic compound has been irradiated with electrons and He-ions. Helium-ion irradiation enhances the
nucleation of defect clusters, especially of interstitial loops, at temperatures from 623 to 773 K in both g-TiAl and a -Ti Al2 3

grains of the sample. However, there is little difference between the annealing temperature ranges of defect clusters in TiAl
grains formed by He-ion or electron irradiation at 623 K. The dot-shaped clusters and interstitial loops grow scarcely during
annealing, but are annihilated by annealing up to 923 K. Cavities are formed after irradiation with He-ions below 10 dpa at
773 K, but no cavities are formed by electron irradiation up to 30 dpa. The cavities in g-TiAl and a -Ti Al grains survive2 3

after annealing even at 1053 K for 1.8 ks, keeping their density and diameter to be nearly the same as those in the
as-irradiated grains.

1. Introduction

TiAl intermetallic compounds are attracting much at-
tention in their application to airplane and space materials

Žbecause of their large strength-to-weight ratio for a review
w x.paper, see 1 . Recently, their use in nuclear reactors has

been considered, because both Ti and Al are elements with
low neutron-induced radioactivity and small cross-sections
of neutron absorption, compared with conventional nuclear

w xmaterials such as austenitic stainless steels 2 . Before
structural applications can be made, however, it is neces-
sary to clarify the radiation resistance of the TiAl com-
pounds and improve their ductility.

Only limited studies on radiation effects have been
carried out for these intermetallic compounds. Analysis of
microstructural development under electron irradiation
suggested TiAl compounds have excellent radiation resis-

w xtance above 773 K 3–5 .

) Corresponding author. Tel.: q81-294 235 771; fax: q81-294
236 952; e-mail: nakataki@hrl.hitachi.co.jp.

As for mechanical properties of TiAl compounds, neu-
tron irradiation up to about 1024 nrm2 at 498 K led to an

w xabout 10% increase in hardness 6 . It has also been
reported that the strength of TiAl increased as a result of

w xproton or Ar-ion irradiation at 98–138 K 7 . Very re-
cently, ductilization from 6.0 to 10.3%, without an in-
crease in yield strength, was found in a Ti–47 at.% Al
compound after neutron irradiation at 873 K to 1=1024

2 w xnrm 8 . On the other hand, significant ductility loss was
reported in a Ti–50 at.% Al compound irradiated with a

26 2 w x1.6=10 nrm neutron fluence at 673–873 K 9 .
For fusion reactor applications, the effect of He on

radiation damage in TiAl intermetallic compounds might
be important as in austenitic stainless steels. The He
generation rates under a 1 MWrm2 condition are roughly
estimated to be about 7=10y6 and 5=10y6 appmrs in
g-TiAl and a -Ti Al, respectively, based on Santoro’s2 3

w xdata 10 ; these rates are approximately equivalent to that
of type 316 stainless steel, that is about 5=10y6 appmrs.
Therefore, the effect of He can not be neglected in the
radiation behavior of TiAl intermetallic compounds.

In this study, the role of He atoms on the formation and
annihilation process of radiation-induced defect clusters is
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investigated for one of the fundamental studies on the
mechanism of neutron irradiation damage in TiAl inter-
metallic compounds. A TiAl compound with a dual phase
of g-TiAl and a -Ti Al is selected for the test material2 3

because of its good ductility.

2. Experimental procedure

A Ti-rich TiAl compact was used. The compact shows
w xa fairly large tensile elongation of 6% at 873 K 8 and

w xsuperplasticity above 1223 K 11 . The manufacturing
process was as follows. Powders with 250 mm average
diameter were prepared by a plasma rotating electrode

Ž . w xprocess PREP , using a Ti–47 at.% Al electrode 12–14 .
A cylindrical compact, 60 mm in diameter and 100 mm

Ž .long, was made by hot isostatic pressing HIP at 1423 K
and 176 MPa for 10.8 ks. The compact was forged isother-

Ž .mally IHF with up to a 78% reduction in length with a
strain rate of 3.8=10y4rs at 1223 K in vacuum. The
forging provided a homogeneous fine grain structure and
no cracks were found in the compact. The chemical com-
position of the compact is given in Table 1; major impuri-
ties are O and N, which were mainly included in the
original TiAl electrode. The sample contained duplex
structures of g-TiAl and a -Ti Al with fine and equiaxial2 3

grains, and about 80% of the volume fraction was g-TiAl
grains and the remaining was a -Ti Al grains. The aver-2 3

age grain size was about 3 mm for the g-TiAl grains.
Disks, 3 mm in diameter and 0.25 mm thick, were

made by wire cutting. The disks were electropolished into
foils by a twin jet technique in a solution of 5% perchloric
acid and 95% methyl alcohol at about 268 K for irradiation
with electrons or He-ions.

The electron irradiation and microstructure observa-
tions were carried out in a high voltage electron micro-
scope operated at 1 MV. The irradiation flux measured
with a Faraday cup was 3=1023 erm2s, which corre-
sponded to a damage rate of 1.4=10y3 dpars, assuming

w xa threshold displacement energy of 25 eV 5 . With use of
thickness fringes near the foil edge or on a grain boundary,
areas about 600 nm thick were selected for irradiation. The
irradiation temperature was controlled from 473 to 873 K
by an electric heater. The electron irradiated sample was
also observed using a 200 kV transmission electron micro-

Ž .scope TEM to obtain higher resolution when necessary.
The irradiation with 200 keV He-ions was done with a

Cockcroft ion accelerator. The irradiation was continued
up to fluences from 1=1021 to 4=1021 ionrm2 with a

Table 1
Ž .Chemical composition at.% of the material used

Al Fe Si O N H Ti

46.8 0.01 0.03 1.12 0.80 0.01 balance

Fig. 1. Damage and stopped He profiles calculated by the TRIM85
code for the 200 keV He-ion irradiation to 3=1021 ionsrm2 in
TiAl.

flux of 6=1017 ionrm2s at temperatures from 623 to 773
K in a vacuum of less than 2=10y4 Pa. The specimen
temperature was controlled with an accuracy of 5 K during
irradiation by an electric heater. The depth profiles of
damage and stopped ions were calculated by the TRIM85

w xcode 15 and are shown in Fig. 1 for the TiAl sample
irradiated with 200 keV He-ions up to 3=1021 ionrm2.
The damage peak and stopped-ion peak were at depths of
about 760 mm and 820 mm from the ion bombarded
surface, respectively. Microstructural observation of He-ion
irradiated samples was carried out at a depth of less than

Ž .200 nm and near the damage peak about 700 nm in depth
of the samples. TEM foils for observation near the damage
peak were prepared by 25 kV Ar-ion sputtering. The foil
thickness was measured by the stereoscopic method. The
average damage rate at a depth of less than 200 nm was
estimated to be 6=10y4 dpars.

Some of the irradiated samples were annealed at tem-
peratures from 673 to 1053 K for 0.72 to 1.8 ks in the 200
kV TEM. The annealing temperatures were controlled
within 1 K.

3. Results

3.1. Defect clusters formed by electron or He-ion irradia-
tion in TiAl and Ti Al grains3

Fig. 2 exists of electron micrographs showing defect
clusters produced in g-TiAl grains by electron or He-ion
irradiation at 623 K and 773 K. Dot-shaped clusters are
formed by the irradiation at 623 K, and there is little
difference between the microstructures of the samples
irradiated with electrons and He-ions. However, a marked
difference could be seen in the samples irradiated at 773
K. Many interstitial loops with stacking faults, lying on
� 4111 planes, are formed by the He-ion irradiation at 773
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Fig. 2. Electron micrographs of TiAl grains irradiated with elec-
Ž .trons and He-ions. a Bright field image after electron irradiation

Ž .to 1.5 dpa at 623 K; b bright field image after electron irradia-
Ž .tion to 2 dpa at 773 K; c dark field image after He-ion

Ž .irradiation to 1 dpa at 623 K; d dark field image after He-ion
Ž .irradiation to 3 dpa. The line contrast in a is corresponding to

dislocations existing before irradiation.

K. The loop character was identified by the innerrouter
w xmethod 5 . No clearly shaped clusters are observed in the

case of electron irradiation. Extraspots streaking parallel to
w x001 appear in the electron diffraction pattern of both
samples irradiated with electrons and He-ions at 773 K.
One of the corresponding diffraction patterns is shown in

Ž .Fig. 2 d for the He-ion irradiated sample. This result
suggests that a small amount of phases other than not
g-TiAl is formed in TiAl grains during irradiation.

The dose dependences of density and average diameter
of defect clusters are shown in Fig. 3 for TiAl irradiated
with He-ions at 773 K and 623 K. The density increases
rapidly at less than about 1 dpa, and then is saturated to be
a constant value with higher doses. The average diameter,
on the other hand, increases with increasing irradiation
dose up to 4 dpa at 623 and 773 K. A similar tendency was
also found in electron irradiated TiAl grains at tempera-
tures from 473 to 673 K.

The saturation values of the cluster density are plotted
against irradiation temperature in Fig. 4 for electron and
He-ion irradiated TiAl and Ti Al grains. In TiAl grains3

irradiated with electrons, the saturation values show a
slight temperature dependence from 473 to 673 K, and no

Ž . Ž .Fig. 3. Dose dependences of a defect cluster density and b
average diameter in TiAl grains irradiated with He-ions at 623 and
773 K.

defect cluster formation is seen by TEM observations at
773 K and above. The density in TiAl grain irradiated with
He-ions is almost one order of magnitude higher than that
for electron irradiation at temperatures from 623 to 773 K.
The difference in density between the He-ion and the
electron irradiations is larger at the higher temperature. On

Fig. 4. Irradiation temperature dependences of saturated cluster
density in TiAl and Ti Al grains irradiated with electrons or3

He-ions. `: TiAl grains irradiated with electrons, v: TiAl grains
irradiated with He-ions, I: Ti Al grains irradiated with electrons,3

and B: Ti Al grains irradiated with He-ions.3
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Fig. 5. Cavity structure in g-TiAl and a -Ti Al grains irradiated2 3

with He-ions to about 10 dpa at 773 K.

the other hand, the saturation densities in Ti Al grains are3

about five to ten times higher than those in TiAl grains for
electron and He-ion irradiations. Moreover, faulted loops

Ž .were formed on the 0001 plane in Ti Al grains irradiated3

with electrons at 773 and 873 K, although no defect
clusters were formed in TiAl grains.

3.2. Formation of caÕities

A cavity structure is shown in Fig. 5 for the sample
irradiated with He-ions at 773 K. The structure was ob-
served near the damage peak region of about a 700 nm
depth from the ion bombarded surface, where the dose was
estimated to be about 10 dpa from Fig. 1. Small cavities,
about 3 nm in diameter, are formed in both TiAl and
Ti Al grains. The cavity density in TiAl and Ti Al grains3 3

was 9=1021 and 2=1022rm3, respectively. The cavity
formation seems to relate to injected He ions and vacan-

w xcies 5 . Some of the cavities in TiAl grains appear in a

row. Dislocations that existed before irradiation would
provide preferential nucleation sites, resulting in the forma-
tion of cavity rows. On the other hand, cavities were
distributed randomly in Ti Al grains because there were3

few dislocations before irradiation. A lot of cavities are
also seen along both g–g and g–a grain boundaries.2

No cavities could be observed in electron irradiated
samples up to 30 dpa at any irradiation temperature in the
present study.

3.3. Annealing behaÕior of defect clusters and caÕities

Annealing behavior of defect clusters was studied in
the electron or He-ion irradiated TiAl grains. Fig. 6 shows
the defect structures after annealing for 720 ks at various
temperatures following the He-ion irradiation at 623 K to 1
dpa. Dot-shaped defect clusters of 7 nm in average diame-
ter exist with a density of 8=1021rm3 in the as-irradiated
sample. The number of defect clusters decreases during
annealing, but their size seems to be unchanged. Nearly all
clusters disappear at 873 K.

The change in cluster density caused by annealing is
shown in Fig. 7 for samples irradiated with electrons and
He-ions to 1 dpa at 623 K. The density is normalized by
the respective as-irradiated value in the figure. Both an-
nealing curves are in good agreement, although the initial
density of the He-ion irradiated sample is several times
higher than that of the electron irradiated one, as shown in
Fig. 4. The dot-shaped clusters remarkably decrease in
number around 800 K, and are annealed out completely at
900 K.

Fig. 8 shows microstructures in TiAl subsequently an-
nealed at 873 K and 1053 K after the He-ion irradiation at
773 K. These observations were carried out in the region
of about 3 dpa. Although interstitial loops hardly change
by annealing at 873 K for 1.2 ks, new defects appear
during the annealing. These defects were planar, lying

Ž . Ž .Fig. 6. Bright-filed micrographs of TiAl grains irradiated with He-ions at 623 K to 1 dpa. a As-irradiated. After annealing for 720 s at b
Ž . Ž .673 K, c 773 K, and d 873 K.
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Fig. 7. Change in cluster density during isochronal annealing for
Ž . Ž .TiAl irradiated with He-ions B and electrons v at 623 K to 1

dpa. The annealing was carried out for 720 s at each temperature.
Ž .The cluster density r was normalized by the value for eachann

Ž .as-irradiated specimen r .irra

Ž .nearly on the 001 plane. From weak beam image analy-
sis, the planar defects seemed to be stacking faults. Most
of the interstitial loops disappeared after annealing at 1053
K for 1.2 ks. The planar defects grew slightly and still
remained after the annealing.

The changes in cluster density and diameter by
isochronal annealing are shown in Fig. 9 for TiAl irradi-
ated with He-ions at 773, together with those in the sample
irradiated at 623 K. Interstitial loops, produced by the
irradiation at 773 K, decrease in number between 820 and
950 K. The average sizes of as-irradiated samples were 7
and 40 nm at irradiation temperatures of 623 and 773 K,
respectively. The cluster size in the sample irradiated at
623 K was hardly changed by annealing below 773 K, and
cluster shrinkage was observed above 800 K. Interstitial
loops formed at 773 K showed no growth during annealing
up to 850 K. The annealing behavior in TiAl was charac-

Ž . Ž .Fig. 9. a Changes in defect cluster density and b average
diameter during isochronal annealing in He-ion irradiated TiAl
grains. The specimen was originally irradiated at 623 K to 1 dpa
or at 773 K to 3 dpa.

terized by no increase in cluster size during annealing. The
cavity structures formed by He-ion irradiation at 773 K
and annealed at 1053 K for 1.8 ks are shown in Fig. 10 for
TiAl and Ti Al grains. The changes in cavity density and3

average diameter by annealing at 1053 K for 1.8 ks are
shown in Fig. 11. The cavity densities after the annealing
were 1.7=1022 and 3=1021rm3 in Ti Al and TiAl,3

respectively. The density was slightly lower than that in

Ž . Ž .Fig. 8. Microstructures of TiAl grains irradiated with He-ions at 773 K to 3 dpa. a As-irradiated. After annealing for 1.2 ks at b 873 K,
Ž .and c 1053 K.
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Ž . Ž .Fig. 10. Cavity structures of a, c as-irradiated and b, d after
Ž . Ž .annealing at 1053 K for 1.8 ks in a, b Ti Al and c, d TiAl3

grains irradiated with He-ions at 773 K to about 10 dpa.

the as-irradiated samples, but the average diameter of
cavity after annealing was almost the same as that in the
as-irradiated Ti Al and TiAl.3

Ž . Ž .Fig. 11. a Changes in cavity density and b average diameter by
the 1053 K annealing after He-irradiation at 773 K to about 10
dpa in TiAl and Ti Al grains.3

4. Discussion

The cluster densities resulting from the He-ion irradia-
tion were several times higher than those from electron
irradiation in both TiAl and Ti Al grains, as shown in Fig.3

4. Interstitial loops with stacking faults were formed by the
He-ion irradiation at 773 K in TiAl, although no defect
clusters were found after the electron irradiation. The
difference in the formation of defect clusters may be
attributed to the difference in defect production rates of
He-ion and electron irradiation. In this study, the damage
rates of He-ion and electron irradiations were slightly
different: about 6=10y4 and 1.4=10y3 dpars, respec-
tively. But such a difference in damage rates between the
two irradiations is not significant enough to explain the
difference in the formation of defect clusters. The defect
clusters of the sample irradiated with He-ions were ob-
served in the region at less than a 200 nm thickness of the
irradiated foils. A large amount of He ions penetrate the
region, but He atoms with a concentration of more than
1000 ppm are present in the region, according to the result

Ž .of the TRIM85 calculation cf. Fig. 1 . Moreover, He
atoms have been detected by EELS analysis in the region
w x5 . From this consideration, the enhancement of the inter-
stitial loop formation under the He-ion irradiation is at-
tributed to the injected He atoms.

In order to confirm the effect of He atoms on defect
cluster formation, He pre-injected TiAl grains were irradi-
ated with electrons at 623 and 773 K. The He pre-injection
was carried out by He-ion irradiation at 623 K to about
300 ppm in the sample. After electron irradiation to 4.5
dpa at 773 K, many loops with 50 nm in average diameter
were observed, as shown in Fig. 12. These loops included

� 4stacking faults and lay on 111 planes, which were of the
same type as the interstitial loops formed by He-ion irradi-

Ž .ation at 773 K Fig. 2 . A lot of interstitial loops were also
observed under the electron irradiation at 623 K to 1.1 dpa,
as also shown in Fig. 12, although only dot-shaped clusters

Fig. 12. Effect of pre-injected He atoms on electron irradiation
Ž . Ž .microstructure in TiAl at a 623 K and b 773 K. He pre-injec-

tion was performed at 623 K, and the He concentration in the
electron irradiated areas was calculated as about 300 appm.
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Ž . w x Ž .Fig. 13. Jump directions of a a 100 dumbbell and b a vacancy
predicted in the L1 ordered structure of TiAl.0

Ž .were formed in the non-He pre-injected sample Fig. 2 .
These facts clearly indicate that He atoms enhance the
formation of interstitial loops in TiAl intermetallic com-
pounds.

TiAl has the L1 ordered crystal structure, and its0
Ž .antiphase boundary APB energy has been reported to be

w x w xvery high 16,17 . A 100 dumbbell interstitial migrates
Ž .only on the 001 plane, with four jump directions in order

to keep the ordered structure, as shown in Fig. 13. A
vacancy may migrate in similar directions, as also shown
in Fig. 13. If the jumps occurred in other directions,
anti-site defects would be created. The defect migration to
produce anti-site defects is not energetically favorable.
Limited diffusion paths for irradiation-induced defects have
also been predicted from recent theoretical and experimen-
tal works in a Ni Al alloy with the L1 ordered structure3 2
w x18,19 .

w xPetouhoff et al. 7 measured the long-range order
parameter in TiAl irradiated with Ar-ions to 5 dpa at

relatively lower temperatures of 98–138 K, and observed
disordering under the irradiation. In the present study, no
irradiation-induced disordering was observed in TiAl irra-
diated with He-ions up to 10 dpa at 773 K, judging by
superlattice reflection in electron diffraction of the sam-
ples. However, the injected He atoms would probably
reduce the degree of order in TiAl, if they occupied
substitutional sites in the lattice. Hence, migration of inter-
stitials in He-injected TiAl may be somewhat easier than
in non-He-injected TiAl. Higher interstitial mobility results
in enhancement of defect cluster nucleation and a larger
growth rate in He pre-injected and He-ion irradiated TiAl.

Cavities formed by He-ion irradiation at 773 K were
not enlarged by annealing up to 1053 K for 1.8 ks in either
TiAl or Ti Al. For comparison, type 316L stainless steel3
Ž .Fe–12.4%Ni–16.9%Cr–2.2%Mo was irradiated and an-
nealed at nearly the same condition as the TiAl and Ti Al3

samples. The as-irradiated microstructure is shown in Fig.
Ž .14 a . Cavities, 4 nm in average diameter and with a

density of 1.8=1022rm3, were formed by the irradiation.
The density and diameter have nearly the same values as
in TiAl and Ti Al. After annealing at 1023 K for 1.8 ks,3

the cavities enlarged to a size of 18 nm in average
diameter, and some aligned themselves on residual disloca-

Ž Ž ..tion lines Fig. 14 b . This result shows vacancies and He
atoms migrate and aggregate during the annealing in type
316L stainless steel. The fact indicates that the mobility of
vacancies and He atoms is much different between stain-
less steels and TiAl intermetallic compounds, which is
caused by the ordered structures in TiAl intermetallic
compounds.

5. Summary

In order to clarify fundamentally the role of He atoms
on radiation damage in TiAl intermetallic compounds with
a dual phase of g-TiAl and a -Ti Al, formation and2 3

annealing behavior of defect clusters in the TiAl com-
pound irradiated with He-ions has been compared with that

Ž . Ž .Fig. 14. Cavity structures in type 316L stainless steel irradiated with He-ions at 773 K to about 10 dpa. a As-irradiated and b 1023 K
annealed for 1.8 ks.
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in the sample irradiated with electrons. The main results
are summarized as follows.

Ž .1 The density of defect clusters formed by He-ion
irradiation at temperatures from 623 to 773 K was about
one order of magnitude higher than that of clusters formed
by electron irradiation in g-TiAl and a -Ti Al grains.2 3

Ž .2 He atoms in TiAl intermetallic compounds en-
hanced the nucleation of defect clusters, especially intersti-
tial loops, during irradiation.

Ž .3 The dot-shaped clusters or interstitial loops did not
grow during annealing, but most of them were annihilated
by annealing up to 923 K in TiAl grains irradiated with
He-ions and electrons. He atoms in TiAl grains had little
influence on annealing of irradiation-induced clusters. The

Ž .stacking faults, lying nearly on the 001 plane, appeared
by annealing above 873 K in He-ion irradiated TiAl grains.

Ž .4 Cavities were formed by He-ion irradiation to about
10 dpa at 773 K in both TiAl and Ti Al grains, while none3

were formed by electron irradiation up to 30 dpa. The
cavities related to He atoms did not enlarge after annealing
at 1053 K for 1.8 ks.
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