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Abstract

The influence of neutron irradiation on microstructural evolution and mechanical properties of mono- and poly-
crystalline molybdenum and its alloys has been investigated. Tensile specimens and 3 mm diameter discs of mono-
crystals of pure molybdenum and Mo—5%Re were irradiated with fission neutrons at ~320 K to displacement doses in
the range 5.4 x 107* to 1.6 x 10! dpa (NRT) in the DR-3 reactor at Risg National Laboratory. For comparison,
polycrystalline specimens of Mo—5% Re and TZM were also irradiated together with the monocrystalline specimens.
Both unirradiated and irradiated specimens were tensile tested at 295 K. Post-irradiation microstructures were quan-
titatively characterized using a transmission electron microscope (TEM). Fracture surfaces were examined in a scanning
electron microscope (SEM). The results of tensile testing as well as of transmission and scanning microscopy are
presented and discussed in terms of intracascade clustering of self-interstitial atoms and the role of one-dimensional

glide of these clusters in controlling microstructural evolution and the resulting mechanical properties. © 1998

Elsevier Science B.V. All rights reserved.

1. Introduction

Traditionally, molybdenum alloys (e.g. TZM and
Mo-Re) have been considered as potentially useful
structural materials for components subjected to high
neutron (and heat) fluxes [1]. The attractive properties of
these alloys relate to their high strength, good thermal
conductivity and resistance to void swelling. However,
Mo alloys are sensitive to irradiation induced embrit-
tlement [2].

Commonly, the problem of embrittlement has been
investigated after irradiation at relatively high temper-
atures [2-4]. In recent years, however, results have been
reported on the deformation behaviour of these alloys
irradiated at lower temperatures with fission neutrons
[5,6] and 600 MeV protons [7,8]. These investigations
have demonstrated that the ability of Mo, TZM and

*Corresponding author. Tel.: +45-46 77 5709; fax: +45-46
77 5758; e-mail: bachu.singh@risoe.dk.

0022-3115/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.

PII: S0022-3115(98)00259-1

Mo-5%Re to deform plastically in a homogeneous
fashion is seriously impaired by irradiation with fission
neutrons and 600 MeV protons at temperatures in the
range of ~300-600 K. Furthermore, this impairment
occurs after irradiation to dose levels of even less than
0.1 dpa.

The analysis of the tensile results, pre- and post-de-
formation microstructures and fracture surfaces of the
irradiated samples have revealed the following impor-
tant features [6]: (a) the lack of homogeneous defor-
mation and the initiation of plastic instability (i.e.
necking) which seems to be related to the formation of
cleared channels, (b) the increase in the yield stress due
to irradiation which appears to be related to difficulty in
dislocation generation rather than dislocation motion
and (c) the drastic decrease in the uniform elongation
(i.e. ductility) which seems to be caused not by grain
boundary embrittlement but by grain boundary sliding
and separation.

To clarify whether grain boundaries play a significant
role in the irradiation induced reduction in the ductility
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of these alloys, it was decided to investigate the effect of
neutron irradiation on the deformation behaviour of
Mo and Mo-5%Re alloy in the monocrystalline state.
The present paper describes and discusses these results.

2. Materials and experimental procedure

Molybdenum and two molybdenum alloys (i.e. TZM
and Mo-5%Re) were studied. Monocrystals of 99.999%
pure Mo were grown with (1 1 1) axis orientation. The
monocrystal of Mo—5%Re was prepared from nominally
99.99% pure Mo and Re also with (1 1 1) axis orienta-
tion. From these monocrystals, tensile specimens and 3
mm discs with (1 1 0) surfaces were sliced using the
spark erosion technique.

The two polycrystalline molybdenum alloys were
TZM and Mo-5%Re (hereafter referred to as MoRe)
supplied as hot-rolled 0.3 mm thick sheet by Metallwerk
Plansee, Austria. Compositions, in wt% were, TZM; Ti
0.55, Zr 0.12, Fe 0.01, W 0.03, O 0.03, N 0.002, C 0.04.
bal. Mo and MoRe; Re 5£0.5, Fe 0.01, W 0.03, O 0.005,
N 0.001 C 0.003, bal. Mo. Tensile specimens were ma-
chined from the as-supplied sheet and then mechanically
polished to remove as-fabricated surface layers (~10 um)
prior to irradiation and tensile testing. Optical micros-
copy showed the average grain size in the TZM and
MoRe samples to be ~24 and ~21 pm, respectively.

Tensile specimens and 3 mm diameter discs of mono-
and polycrystalline Mo and Mo-alloys were irradiated in
helium-filled capsules with fission neutrons in the DR-3
reactor at Rise National Laboratory. Irradiations were
carried out at ~320 K to neutron fluences of 5 x 10*! to
1.5 x 10* n/m> (E>1 MeV) (corresponding to dis-
placement damage levels of 5.4 x 107* to 1.6 x 10~! dpa
(NRT)). The neutron flux was ~2.5 x 107 n/m?s (E > 1
MeV) corresponding to adamage rate of 2.7 x 1078 dpals.

Both unirradiated and irradiated specimens were
tensile tested at 295 K in an Instron machine at a strain
rate of 1.2 x 1073 s!. For electron microscopy investi-
gations, 3 mm diameter discs were electropolished at 20
V in 20% perchloric acid in methanol at ambient tem-
perature. Thin foils were examined in a 200 keV JEOL
2000FX transmission electron microscope (TEM). To
examine the deformed microstructures, TEM samples
were taken from the zones as close as possible to the
tensile fracture surfaces. Fracture surfaces were exam-
ined in a scanning electron microscope (SEM).

3. Experimental results

3.1. Irradiation-induced microstructural evolution

Thin foils of monocrystalline Mo and MoRe and
polycrystalline MoRe and TZM irradiated at different

doses at ~320 K were examined for the irradiation-in-
duced accumulation and evolution of defect micro-
structures. TEM examinations showed high densities of
small defect clusters and loops in all irradiated speci-
mens. The dislocation line density in all cases was found
to be very low.

The variation of cluster/loop density with irradiation
dose for all materials investigated is presented in Fig. 1.
The loop densities and sizes for all the specimens in-
vestigated in the present work are summarized in Ta-
ble 1.

The main features of the microstructural evolution
presented in Table 1 may be summarized as follows:

(i) Clusters/loops in the monocrystalline Mo coars-
en rapidly with increasing dose and begin to form
rafts of loops already at a dose level of 5.4 x 1073
dpa. This leads to a marked segregation of the mi-
crostructure into rafts of loops and isolated loops.
Consequently, the microstructure becomes very
heterogeneous at a dose level of 0.16 dpa. The loop
density in the monocrystalline Mo first increases
with dose, reaches a maximum at 5.4 x 1073 dpa
and then begins to decrease with dose. The clus-
ter/loop size, on the other hand, does not change
with dose. The density of rafts reaches a maximum
at 54 x 1072 dpa and then begins to decrease
(Fig. 1, Table 1). The raft length, on the other
hand, increases with dose.

(i1) In contrast to the observation in monocrystal-
line Mo, the loop coarsening in the monocrystalline
MoRe is very slow and there is no indication of seg-
regation of loops in the form of rafts. The loop
density is substantially higher in the monocrystal-
line MoRe than in pure Mo at all doses (Fig. 1)
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Fig. 1. Cluster density as a function of displacement dose for
monocrystalline Mo and Mo-5% Re and polycrystalline Mo—
5% Re and TZM, irradiated at 320 K. Variation of the density
of rafts in monocrystalline Mo is also shown.
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Table 1

Loop and raft densities and sizes in neutron irradiated mono- and polycrystalline Mo and Mo-alloys at 320 K

867

Materials Neutron fluence Dose (NRT Loop density Loop size Raft density Raft length
(n/m? (E > 1 MeV) dpa) (102 m~3) (nm) (102 m~3) (nm)
Mo (Monocrystal) 5 x 10! 5.4 %107 0.33 4.5 - -
5% 107 54x1073 0.82 4.6 0.19 24.2
5% 10% 5.4 %1072 0.77 4.7 0.37 40.9
1.5 x 10% 1.6 x 107! 0.76 4.1 0.32 46.1
Mo-5% Re 5% 10% 54 %1073 12.0 1.3 - -
(Monocrystal) 5x 103 54 %1072 13.1 3.0 - -
1.5 x 10% 1.6 x 107! 5.2 5.6 - -
Mo-5% Re 5% 10% 5.4 %1073 8.0 1.3 - -
(Polycrystal) 5% 107 54 %1072 13.6 2.3 - -
1.5 x 10% 1.6 x 107! 9.0 4.3 - -
TZM (Polycrystal) 5 x 10% 54 %1073 12.6 1.7 - -
5% 107 5.4 x 1072 5.9 4.6 - -
1.5 x 10* 1.6 x 107! 2.8 4.7 0.64 25.0

and decreases with dose beyond 5.4 x 1072 dpa. It
is interesting to note here that the average loop size
at 0.16 dpa is larger in MoRe than that in the pure
Mo monocrystal (Table 1).

(iii) The loop density in the polycrystalline TZM at
5.4 x 1073 dpa is similar to that in MoRe (both
mono- and polycrystalline) but almost an order of
magnitude higher than that in the monocrystalline
Mo. As in the case of monocrystalline Mo, the loop
density in TZM decreases with dose starting al-
ready from the dose level of 5.4 x 10~3 dpa. Fur-
thermore, a relatively high density of rafts is
formed in TZM at 0.16 dpa; the raft density is high-
er and the size smaller than that in monocrystalline
Mo at the same dose level (Table 1).

(iv) It is interesting to note that irrespective of loop
density, the loop size at 0.16 dpa is found to be very
similar in all of the materials in the present work
(Table 1).

3.2. Pre- and post-irradiation tensile properties

First of all, it should be mentioned that because of
the lack of irradiation space, tensile specimens of only
monocrystalline Mo and MoRe were irradiated at dif-
ferent doses; polycrystalline specimens were irradiated at
only one dose (i.e. at 0.16 dpa).

The results of tensile tests on the unirradiated and
irradiated specimens are shown as stress—strain curves in
Figs. 2-4 and tensile data is summarized in Table 2.

The results show that yield stress increases due to
irradiation as expected. For monocrystalline MoRe, the
increase is clear even at the low dose of 5 x 10™* dpa
(Fig. 3). Interestingly, defect clusters could not be re-
solved at this dose in the monocrystalline MoRe alloy;
defect clusters were not visible until the dose level of
5x 1073 dpa (Fig. 1, Table 1). The results on the

monocrystals of pure Mo and MoRe also show that the
uniform elongation is reduced due to irradiation and
that already at 5 x 1072 dpa, monocrystalline MoRe
suffers from plastic instability (i.e. lack of work hard-
ening and onset of localized plastic deformation). In the
case of monocrystalline pure Mo irradiated to a dose of
0.16 dpa no plasticity is observed and the specimen fails
in a brittle manner (Fig. 2(a)). Fig. 2(b) shows plastic
instability in polycrystalline Mo after irradiation with
600 MeV protons to a dose level of 6 x 1072 dpa. Similar
behaviour is observed in neutron irradiated polycrys-
talline MoRe alloy (Fig. 4).

3.3. Post-deformation microstructure

In order to gain further insight into the deformation
processes operating during tensile testing of the irradi-
ated monocrystals of Mo and MoRe, post-deformation
microstructures were investigated by TEM. Fig. 5 shows
typical examples of the observed microstructures in the
deformed monocrystal of Mo irradiated to dose levels of
(a) 5.4 x 1073 dpa (NRT) and (b) 1.6 x 10~! dpa (NRT)
at 320 K and tested at 295 K. It can be seen in Fig. 5(a)
that even at this low dose the microstructure is domi-
nated by ‘“‘cleared” channels. Only a few dislocation
segments can be seen, suggesting that most of the plastic
deformation has occurred in a localized and inhomo-
geneous fashion and concentrated in the cleared chan-
nels. It should be noted that the presence of rafts of
loops across the cleared channels provides the interac-
tion sites for the gliding dislocations in the channels
(channel B, Fig. 5(a)). However, it seems as if the gliding
dislocations in the channels eventually succeed in de-
stroying the raft and forming dislocation free clear
channels (channels A, C, Fig. 5(a)). Also, there is no
indication of dislocation multiplication in the volumes
between the rafts or between the cleared channels.



868 B.N. Singh et al. | Journal of Nuclear Materials 258-263 (1998) 865-872

800
d'i’a Mo, Monocrystal
q
. 600 Unirradiated
O
&
>
& 4007
)
75}
200 T, =320K
Tfest=295 K
0 +— ’ ' ’ f
0 5 10 15 20
(a) Strain (%)
1200
Mo, Polycrystal
1 600 MeV Protons
a 1000 MO-Q dpa
§ 800 Uninadiated
% soolf N
S 4004
200 1 T, =310K
Toq=295 K
0
0 5 10 15 20
(b) Strain (%)

Fig. 2. (a) Stress—strain curves for the unirradiated and irradiated monocrystals of Mo irradiated at 320 K and tensile tested at 295 K.
(b) Stress—strain curves for the unirradiated and irradiated polycrystals of Mo irradiated with 600 MeV protons at 310 K and tested at
295 K.
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Fig. 3. Stress—strain curves for the unirradiated and irradiated monocrystals of Mo—5% Re irradiated at 320 K and tensile tested at 295 K.
Fig. 5(b) shows the post-deformation microstructure microstructure is practically identical to that observed in

of the Mo monocrystal irradiated to a dose level of the as-irradiated crystal (i.e. without any deforma-
1.6 x 107! dpa (NRT) at 320 K and tested at 295 K. The tion). The microstructure shown in Fig. 5(b) clearly
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Fig. 4. Stress—strain curves for the unirradiated and irradiated polycrystals of Mo-5%Re irradiated at 320 K and tested at 295 K.

demonstrates that even at a stress of ~700 MPa practi-
cally no dislocations are generated during the tensile
test. By contrast, the unirradiated monocrystal of Mo
begins to deform plastically already at a stress level of
~400 MPa.

SEM of the fracture surfaces of the irradiated Mo
monocrystals showed that the specimen irradiated to the
low dose of 5.4 x 10~ dpa (NRT) failed in a ductile
manner, whereas the specimen irradiated to 1.6 x 107!
dpa (NRT) failed in a very brittle manner, showing clean
cleavage (Fig. 6(a)). The low dose (5.4 x 10™* dpa
(NRT)) specimen of MoRe monocrystal showed ductile
failure with macroscopic shear fracture and facet for-
mation. The failure mode of the MoRe monocrystal ir-
radiated to the dose level of 5.4 x 102 dpa (NRT) was,
on the other hand, completely brittle (Fig. 6(b)).

4. Discussion
The present results on the dose dependence of the

microstructural evolution in monocrystalline pure Mo
and MoRe alloy reveal two interesting features: (a) A

Table 2

rapid coarsening and segregation of loops in the form of
rafts of loops in Mo starting already at a relatively low
dose level of 5.4 x 1073 dpa; (b) Substantially higher
loop density in MoRe than in Mo and the lack of for-
mation of rafts of loops in MoRe.

The rapid coarsening of loops and the formation of
rafts of loops in the monocrystalline Mo clearly show
that the diffusional glide of small SIA clusters produced
in the cascade must be very efficient in this material.
Once the rafts are formed a fraction of the loops gen-
erated subsequently in the cascades will rapidly glide to
the existing rafts. This would lead to a low density of
loops in the volume between the rafts and growth of the
existing rafts, as found in the present experiments
(Fig. 1, Table 1).

The phenomenon of raft formation by gliding loops
was treated by Brimhall and Mastel [9] already some
years ago. However, their treatment was limited to higher
temperatures where both prismatic glide and conserva-
tive climb were considered to contribute to raft forma-
tion. Brimhall and Mastel [9] assumed that prismatic
gliding of loops did not occur at 323 K. Recent molecular
dynamic simulations, however, have demonstrated that

Yield strength (oy,), ultimate strength (o), uniform plastic strain (¢f) and total elongation (¢) for mono- and polycrystals of Mo and
Mo-5% Re in unirradiated and irradiated (at 320 K) states and tensile tested at 295 K

Material Dose (dpa) ao2 (MPa) Omax (MPa) 2 (%) & (%)
Mo (M) 0 430 610 2.5 12
Mo (M) 5.4 %1073 650 655 1.1 15
Mo (M) 1.6 x 107! - 690 0.1 0.6
Mo-5%Re (M) 0 375 500 2.5 9.0
Mo-5%Re (M) 5.4 x 104 445 502 25 8.5
Mo-5%Re (M) 5.4 x 1072 625 700 0.3 7.0
Mo-5%Re (P) 0 820 925 7.0 11.7
Mo-5%Re (P) 1.6 x 107! 1050 1275 1.3 2.5

M - Monocrystal, P — Polycrystal.
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Fig. 5. Post-deformation microstructure of monocrystalline Mo
irradiated at 320 K to (a) 5.4 x 10~ dpa (NRT) and (b)
1.6 x 10! dpa (NRT).

small SIA loops glide rapidly via correlated diffusion of
SIAs in the cluster/loops [10]. The SIAs in these clusters
act like a bunch of coupled crowdions. Recently, Trin-
kaus et al. [11] have shown that it is indeed one-dimen-
sional glide of SIA clusters which is responsible for the
decoration of dislocations by SIA loops.

The second feature showing the lack of raft forma-
tion and the high density of loops in both mono- and
polycrystalline MoRe indicates that the presence of
impurity atoms may play a role in reducing the mean
free path of the one-dimensional glide of SIA clusters. It
seems quite plausible that impurity atoms having some
degree of binding with the SIAs would interfere with the
correlated motion of SIA clusters responsible for the
one-dimensional glide. That the rafts are formed in the
less impure TZM (compared to MoRe) and that raft
density is higher and length shorter than in pure
monocrystalline Mo, lends qualitative support to the
above argument.

Finally, it should be pointed out that the present
results help confirm the phenomenon of one-dimen-
sional glide of SIA clusters/loops under cascade damage
conditions. This implies that any realistic theoretical

Fig. 6. SEM fractographs of fracture surfaces of monocrystals
of (a) Mo irradiated at 320 K and tensile tested at 295 K to a
dose of 1.6 x 10! dpa (NRT) and (b) Mo—5% Re irradiated at
320 K and tensile tested at 295 K to dose levels of 5.4 x 1072
dpa (NRT).

treatment aimed at describing the defect accumulation
under cascade damage conditions must specifically
consider the consequences of one-dimensional glide on
damage accumulation and hence the physical and me-
chanical properties of materials under irradiation.

The tensile results confirm the traditional effects of
irradiation on hardening and ductility. The irradiation-
induced increase in the yield stress in the monocrystal-
line Mo, for example, becomes clearly noticeable already
at a displacement dose level of 5 x 10~* dpa. In the case
of monocrystalline MoRe, the increase in the yield stress
can be seen at a dose level as low as 5 x 107 dpa even
though the defect clusters responsible are too small to be
resolved in the TEM.

Another characteristic effect of irradiation on defor-
mation behaviour of metals and alloys is the known
phenomenon of yield drop. The yield drop is caused by a
sudden release of a large number of dislocations. Such a
release in a heterogeneous fashion would localize the
subsequent deformation and would lead to plastic in-
stability, necking and early fracture (see [12] for a recent
review). It has been shown earlier that polycrystalline
Mo, TZM and MoRe irradiated at relatively low tem-
peratures do exhibit yield drop and lack of uniform
elongation (i.e. ductility) in the post-irradiation tensile
tests [5-8].
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The irradiation-induced reduction in ductility has
been interpreted as arising either from grain boundary
embrittlement by segregated impurity atoms (e.g. [2]) or
as a result of grain interiors being unable to deform
plastically in a homogeneous fashion [6]. In the latter
interpretation it has been argued that while the yield
strength of the grain interiors remains high due to source
hardening (difficulties in dislocation generation), the
localized nature of deformation may initiate fracture
process at the relatively weak grain boundaries causing
grain boundary sliding and separation [6].

The question then arises as to how the irradiated
materials would deform and fracture in the absence of
grain boundaries? The tensile results clearly show that
the neutron irradiated monocrystalline Mo as well as
MoRe deform practically in the same way as the poly-
crystalline Mo and MoRe. Thus, the presence or absence
of grain boundaries does not seem to affect the reduction
in ductility due to irradiation.

In fact, the most crucial information which may help
understand the problem of irradiation-induced embrit-
tlement at temperatures below the recovery stage V
emerges from the post-deformation investigations of the
microstructure and examination of the fracture surfaces.
These investigations have firmly established two very
important features: (a) the localization of plastic defor-
mation in the cleared channels and (b) a complete lack
of global dislocation generation in a homogeneous
fashion even at very high stress levels. These observa-
tions are not limited only to the present investigation.
Similar observations have been reported for copper
[13,14] TZM and MoRe [6] and pure iron [15]. The lo-
calization of plasticity leads to plastic instability and
necking during deformation, but does not necessarily
cause brittle fracture. It has been shown, however, that
in the case when the cleared channels begin to intersect
and there is no global dislocation generation, then the
fracture surfaces show that failure has occurred in a
brittle manner [15].

However, when all dislocation sources are blocked
and there is no global dislocation generation, crack
nucleation is no longer determined by plastic deforma-
tion. Under these conditions, the crack nucleation can
only occur at internal or surface flaws in the material.
Once nucleated, the crack will propagate very rapidly
through the material without much hindrance since the
material is unable to generate dislocations (i.e. to deform
plastically) at the crack tip. This implies that the irra-
diation induced loss of ductility and embrittlement at
low irradiation temperatures is likely to depend on the
presence of flaws. The present observations in the neu-
tron irradiated mono- and polycrystalline Mo and
MoRe are consistent with the above argument.

5. Conclusions

The results of the present investigations lead to the
following main conclusions:

(a) The generation of glissile SIA clusters in dis-
placement cascades plays a decisive role in the evo-
Iution of the irradiation-induced microstructure
(e.g. density, size and distribution of clusters/loops
and rafts). The presence of impurity atoms or alloy-
ing elements may affect the glide process and the
microstructural evolution.
(b) The one-dimensional glide of SIA clusters caus-
es decoration of dislocations by SIA clusters/loops
and the formation of rafts. This leads to locking of
dislocation sources and localization of plastic de-
formation in the form of cleared channels.
(c) The localization of the plastic deformation in
the form of cleared channels gives rise to plastic in-
stability, reduction in ductility and brittle fracture.
(d) When all dislocation sources are locked by the
irradiation-induced SIA clusters/loops, the crack
nucleation is no longer caused by plastic flow but
must initiate at internal or external flaws in the ma-
terial. Once nucleated, the crack is likely to propa-
gate rapidly through the irradiated material since
the material is unable to deform plastically.
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