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Effect of displacement dose and irradiation temperature on
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Abstract

At a low dose level of 0.001 dpa the Ti6Al4V (a + b) alloy showed softening and at higher doses an increase in hard-
ening and lack of work hardening after irradiation at 60 �C. The (a + b) alloy seemed to suffer from plastic instability when
irradiated to a dose level of 0.3 dpa at 60 �C. At elevated temperatures a substantial amount of hardening was observed in
the (a + b) alloy when tested in the irradiated condition. Earlier studies have shown that the fracture toughness behaviour
of the irradiated Ti5Al2.5Sn (a) and (a + b) alloys were quite similar at ambient temperatures. At elevated temperatures,
fracture toughness of the irradiated (a + b) alloy decreased more than that of the (a) alloy when compared to the results
obtained in the unirradiated condition. The large irradiation hardening and loss of fracture toughness in the (a + b) alloy
appears to be related to radiation dose level, temperature and radiation-induced precipitation in the (a + b) alloy.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Based on an attractive combination of thermo-
physical, mechanical and radioactivity decay
properties, titanium alloys have been identified as
candidate structural materials for different compo-
nents in fusion reactors. More specifically, two clas-
sical and industrially available alloys, Ti5A12.5Sn
(a) and Ti6A14V (a + b), are being considered as
candidate materials for flexible mechanical connec-
tors between the blanket modules and the pressure
vessel of ITER. The earlier results have clearly dem-
onstrated that both tensile and fracture toughness
properties of the (a + b) alloy were more strongly
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affected by neutron irradiation than that of the (a)
alloy particularly when irradiated and tested at
350 �C. Irradiations at 50 �C, on the other hand,
to the same dose level of 0.3 dpa had rather similar
effects on tensile as well as fracture toughness
behaviour of both (a) and (a + b) alloys. Thus,
the mechanical performance of the (a + b) alloy
appears to be more dependent on irradiation tem-
perature than that of the (a) alloy. On the basis of
these results and the results of microstructural
investigations it was concluded that the source of
the high sensitivity of mechanical properties of the
(a + b) alloy to neutron irradiation was, most prob-
ably, due to irradiation enhanced diffusion and
segregation of vanadium to the defect clusters and
irradiation-induced precipitation of vanadium-rich
precipitates [1,2]. In view of these results, it was
deemed necessary to further investigate the effects
.

mailto:seppo.tahtinen@vtt.fi


Fig. 1. Dose dependence of tensile behaviour of Ti6Al4V alloy
tested at 50 �C after neutron irradiation at 60 �C.
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of irradiation temperature and displacement dose
on mechanical properties of the (a + b) alloy. We
report the main results of these additional
investigations.

2. Experimental details

Two types of high strength titanium alloys i.e.,
(a + b) and (a) were studied in the as received
condition. The (a + b) alloy was mill annealed at
730 �C for 1.5 h followed by air cooling. The (a)
alloy was heat treated at 815 �C for one hour, and
was also air cooled. Details of chemical composition
and thermomechanical treatments have been
described by Marmy et al. [3].

Tensile testing at elevated temperatures was
carried out in a vacuum of 10�5 Torr using a strain
rate of 1.3 · 10�3 s�1. Single edge notched bend
[SE(B)] fracture toughness specimens of dimensions
3 · 4 · 27 mm with notch and the 20% side grooves
were used. The applied prefatigued crack length to
specimen width ratio was about 0.5. Fracture resis-
tance curves were determined following the ASTM
Standard Test Method for J-Integral Characterisa-
tion of Fracture Toughness, E 1737-96 a constant
displacement rate of 2.5 · 10�4 mm s�1.

Tensile specimens of the (a + b) alloy were irradi-
ated with fission neutrons in the BR-2 reactor at
SCKÆCEN Mol at 60 �C to three neutron fluence
levels of 4.0 · 1021, 3.2 · 1022 and 3.5 · 1023 n/m2

(E > 1 MeV) corresponding to displacement doses
of 0.001, 0.01 and 0.1 dpa (NRT). Tensile specimens
were also irradiated at 350 �C to dose levels of 0.1,
0.2 and 0.3 dpa. Some tensile and fracture tough-
ness specimens of (a + b) alloy were also irradiated
in the BR-2 reactor at 150 �C (the mean temperature
varied between 139 and 159 �C) to a dose level of
�0.3 dpa. Irradiations were carried out with a neu-
tron flux of 2.1 · 1017 n/m2 s corresponding to a dis-
placement rate of 3.5 · 10�8 dpa (NRT)/s. Details
of irradiations at 60, 150 and 350 �C carried out in
the BR-2 reactor at Mol are given in references
[4,5]. Additional tensile specimens of Ti6Al4V alloy
were irradiated at 150 �C to a neutron fluence level
of 3.1 · 1024 n/m2 (E > 1 MeV) corresponding to a
displacement dose of 0.3 dpa (NRT). These irradia-
tions were carried out with a neutron flux of
3.5 · 1017 n/m2 s corresponding to a displacement
rate of 5 · 10�8 dpa (NRT)/s. Irradiations were per-
formed in an atmosphere of helium or a mixture of
helium and argon in a fission reactor at KFKI/
AEKI Budapest.
3. Results

3.1. Tensile behaviour

The dose dependence of the tensile properties of
the Ti6Al4V alloy at the test temperature of 50 �C
is presented in Fig. 1. Irradiation to a dose level
of 0.001 dpa at 60 �C resulted in lower strength
but similar work hardening behaviour compared
to the unirradiated condition. At higher irradiation
dose levels of 0.01 and 0.1 dpa at 60 �C tensile
results show an increase in the yield strength, loss
of work hardening capability and decrease in uni-
form and total elongations. The results suggest that
the (a + b) alloy starts to suffer from plastic instabil-
ity at a dose level of about 0.1 dpa at the irradiation
temperature of 60 �C.

The dose dependence of the tensile properties of
the (a + b) alloy irradiated and tested at 350 �C is
presented in Fig. 2. The irradiation at 350 �C to a
dose level of 0.1 dpa causes a substantial amount
of hardening in the (a + b) alloy with negligible
change in work hardening properties. The magni-
tude of hardening increases with increasing dose
level with some decrease in the uniform elongation
and practically no change in work hardening
properties.

The increase in the yield strength of the (a + b)
alloy with dose tends towards a saturation level at
a dose level of about 0.3 dpa when irradiated at
60 �C. At the irradiation temperature of 350 �C
the increase in the yield strength with dose is much



Fig. 2. Dose dependence of tensile behaviour of Ti6Al4V alloy
tested at 350 �C after neutron irradiation at 350 �C.
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steeper than at 60 �C and remains steep up to the
dose level of 0.3 dpa (see Fig. 3).

The tensile curves of the unirradiated (a + b)
alloy shown in Fig. 4(a) reveal that the yield
strength of the unirradiated alloy decreases from
about 996 MPa to about 520 MPa when testing
temperature increases from 50 to 350 �C. The
amount of work hardening is relatively small and
is almost constant in the test temperature range of
50–350 �C. The uniform elongation is about 10%
in this test temperature range. The corresponding
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Fig. 3. Dose dependence of yield strength of Ti6Al4V alloy at
different temperatures. Open symbols correspond to unirradiated
conditions.

Fig. 4. Tensile stress–strain curves of Ti6Al4V alloy (a) in
unirradiated condition and (b) after neutron irradiation to a dose
level of 0.3 dpa at different temperatures. Note that the test
temperatures are marked on the appropriate stress–strain curves.
tensile curves of the (a + b) alloy after neutron irra-
diation to a dose level of 0.3 dpa at different temper-
atures are shown in Fig. 4(b). The (a + b) alloy
shows very low uniform elongation at the test tem-
perature of 60 �C and seems to suffer from plastic
instability. At 350 �C, on the other hand, a relatively
high uniform elongation and a positive work hard-
ening are observed.

The dose and temperature dependencies of tensile
deformation behaviour of the (a + b) alloy shown in
Figs. 1–4 illustrate the following interesting features
of the effect of neutron irradiation on the hardening
behaviour of this alloy:
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Fig. 5. Initiation fracture toughness values for Ti6Al4V and
Ti5Al2.5Sn alloy in unirradiated conditions and neutron irradi-
ated to a dose level of 0.3 dpa at different temperatures.
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(i) At the irradiation temperature of 60 �C, both
the yield stress and the flow stress are lower
and the uniform elongation higher at the dose
level of 0.001 dpa than that of the unirradiated
alloy, i.e., this low dose irradiation causes soft-
ening rather than hardening and increases the
ductility rather than causing a decrease (see
Fig. 1)

(ii) The dose dependence of radiation hardening is
much stronger at 350 �C than at 60 �C (Figs. 2
and 3).

(iii) The irradiation hardening at 350 �C is notice-
ably higher than at 150 �C and the work hard-
ening remains positive at all doses up to
0.3 dpa (Figs. 2 and 4). At the irradiation tem-
perature of 60 �C, on the other hand, the work
hardening becomes negative and the (a + b)
alloy suffers from plastic instability already
at a dose level of 0.1 dpa.

At present there appears to be no clear and cred-
ible explanation for these observations. In order to
obtain further insight into these issues, the details
of the microstructure of these specimens irradiated
under these conditions are being investigated and
the results will be reported later.

3.2. Fracture toughness properties

The effects of neutron irradiation to a dose level
of 0.3 dpa at different temperatures on the fracture
toughness behaviour of the (a + b) and (a) alloys
are shown in Fig. 5. The initiation fracture tough-
ness JQ of unirradiated (a + b) alloy increases with
increasing test temperature and has a maximum at
about 250 �C [1,2]. After neutron irradiation to a
dose level of 0.3 dpa the initiation fracture toughness
decreases notably to a value of about 25 kJ m�2 at
20 �C and first seems to increase to about 83 kJ m�2

with increasing temperature and then decreases to
about 53 kJ m�2 at 350 �C. On the other hand, the
initiation fracture toughness of the unirradiated (a)
alloy is almost constant in the temperature range
from 20 to 350 �C [1,2]. After neutron irradiation
to a dose level of 0.3 dpa the initiation fracture
toughness appears to decrease notably to value of
about 20 kJ m�2 at 20 �C and then increases to
about 69 kJ m�2 with increasing temperature up to
350 �C. It is noteworthy that crack growth is stable
with a reasonable amount of tearing resistance in
both the (a + b) and (a) alloys after neutron irradia-
tion at 150 �C as can be seen in Fig. 5.
Neutron irradiation to a dose level of 0.3 dpa at
50 �C produced an essentially similar uniformly dis-
tributed defect cluster structure in the a-phase both
in the (a + b) and (a) alloys as shown in Fig. 6. In
the (a + b) alloy neutron irradiation to a dose level
of 0.3 dpa at 350 �C induced substantial uniform
precipitation in the a-phase and along cell bound-
aries with depleted zones around grain and cell
boundaries. It is also noted that no precipitates were
observed along grain boundaries. Precipitates were
rich in vanadium and formed as thin platelets
(�5 nm thick and �40 nm long) on (1010) and
(102 0) planes as illustrated in Fig. 6. In the (a) alloy
mostly dislocation loops and only some Fe-rich pre-
cipitates were observed when irradiated to a dose
level of 0.3 dpa at 350 �C.

4. Summary and conclusions

In the unirradiated condition the tensile pro-
perties of the (a + b) alloy showed a decrease in
strength with increasing temperature although
ductility and work hardening behaviour seemed to
remain almost unaltered in the temperature range
of 50–350 �C. The fracture toughness, on the other
hand, showed a tendency to increase with increasing
temperature reaching a maximum at about 200 �C
in the temperature range of 20–350 �C. Almost sim-
ilar tensile behaviour but at somewhat lower
strength level and higher ductility has been reported
earlier for the unirradiated (a) alloy. The fracture
toughness of the unirradiated (a) alloy was almost
constant in the temperature range of 50–350 �C [1].



Fig. 6. Neutron irradiation (0.3 dpa) of (a) Ti6Al4V alloy at 50 �C induced a high density of loops and ‘black dots’ and (b) at 350 �C a
high density of thin plate-like precipitates (V-rich) in the a-phase (c) Ti5Al2.5Sb alloy at 50 �C induced a high density of loops and ‘black
dots’ and (d) at 350 �C a high density of rafts of loops and small precipitates (Fe-rich) in the a-phase.
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The increase in the yield strength of the (a + b)
alloy showed a tendency to saturate at irradiation
doses higher than 0.3 dpa at 50 �C. On the other
hand, a much steeper increase and no indication
of saturation in yield strength at irradiation doses
of up to 0.3 dpa were observed at 350 �C. After irra-
diation to a dose level of 0.3 dpa the (a + b) alloy
suffered from plastic instability at temperatures
below about 150 �C. Fracture toughness, on the
other hand, first decreased dramatically at the ambi-
ent temperature and then increased almost linearly
with increasing temperature before decreasing again
at 350 �C. Dose dependence of tensile properties to
a dose level of 0.3 dpa and fracture toughness
behaviour at a constant dose level of 0.3 dpa indi-
cate that different hardening mechanisms operate
at ambient temperature than at 350 �C.

It has been shown that the microstructure of the
(a + b) alloy after neutron irradiation to a dose level
of 0.3 dpa at 60 �C consists of a high density of
homogeneously distributed defect clusters in the a-
phase without any change in overall dislocation or
phase structures. Irradiation at 350 �C to a dose
level of 0.3 dpa leads to a dense population of fine
vanadium-rich plate-like precipitates in the a-phase.
The microstructural response of the (a + b) and (a)
alloys to irradiation was different at elevated tem-
peratures. In the (a) alloy the irradiation at 350 �C
seemed to coarsen the defect structure resulting in
dislocation loops and small iron-rich precipitates
[2].
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[1] S. Tähtinen, P. Moilanen, B.N. Singh, Mechanical and
fracture properties of neuron irradiated titanium alloys.
Research Report BVAL62-001077, May 2001, VTT Manu-
facturing Technology.
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