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This work reports the mechanical properties of irradiated molybdenum (Mo) and its alloy, TZM. Recrystallized
and stress-relieved specimens were irradiated at five temperatures between 373 and 800 °C in FFTF/MOTA to
fluence levels of 6.8 to 34 dpa. Irradiation embrittlement and hardening were evaluated by three-point bend test
and Vickers hardness test, respectively. Stress-relieved materials showed the enough ductility even after high fluence

irradiation. The role of layered structure of stress-relieved specimen was discussed.
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1. Introduction

High heat flux components of fusion reactor, such as
divertor, must withstand exposures to high-energy par-
ticles and high thermal load. Therefore, these materials
are required to have high melting resistivity, high ther-
mal conductivity and superior mechanical strength at
high temperatures. Molybdenum and tungsten are can-
didate refractory materials for high heat flux components
of fusion reactor.' 3

Molybdenum and its alloys have been used for in-
dustrial applications in environment at high tempera-
tures. Molybdenum alloy, TZM, was developed to im-
prove grain-boundary strength, and has higher recrys-
tallization temperature. One of issues of Mo and its al-
loys for fusion application is irradiation-induced embrit-
tlement which leads to increase of ductile-brittle transi-
tion temperature (DBTT). Irradiation embrittlement of
Mo depended on several metallurgical factors,*® such
as fabrication process, alloying elements, pre-irradiation
heat treatment, and irradiation conditions, such as tem-
perature and fluence. It have been reported that, for Mo
irradiated to low fluence (~1 dpa), stress-relief treatment
before irradiation was effective to reduce significantly the
increase of DBTT compared to recrystallization treat-
ment.®

The purpose of this work is to study the effects of
thermal treatments and irradiation conditions on me-
chanical properties of Mo and TZM after neutron irradi-

ation up to high fluence.
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2. Experimental

Specimens in shape of disk of 3 mm diameter
and 0.25 mm thickness were prepared from powder-
metallurgical sheets which were supplied from Metall-
werk Plansee. Chemical compositions of the samples re-
ported by supplier are given in Table 1. Before irradia-
tion, specimens were annealed in two conditions, recrys-
tallized (R) and stress-relieved (SR) heat treatments, in
an evacuated and sealed quartz tube. The condition and
the grain size are shown in Table 2.

Neutron irradiation was performed in the Mate-
rial Open Test Assembly of the Fast Flux Test Facility
(FFTF/MOTA) cycle 11 operation. Specimens were ir-
radiated in stainless steel capsules filled with helium gas.
Irradiation conditions are shown in Table 3. The damage
levels were calculated for stainless steel by SPECTOR
code,’* and converted to Mo. The exposure fluence and
irradiation temperature of each capsule depended on the

irradiation position in the reactor.

Table 1: Chemical composition

Molybdenum max. wt. ppm

Mo C N 0] H Al Ca Fe K

bulk 30 10 50 5 20 20 100 10

Na Ni P S Si Ti W Cr

10 20 20 20 30 10 300 10

TZM wt.% wt. ppm
Mo Ti Zr C O N
bulk 0.48 0.10 0.013 | 4 2
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Table 2: Heat treatments and grain sizes

Temp. Time Grain
(*C) (min.) size(um)
Mo/R 1200 60 20
Mo/SR 926 15 2
TZM/R 1600 60 20
TZM/SR 926 15 2

Table 3: Parameters for irradiation!®

Temp. Fluence Displacement
(°C) (> 0.1 MeV, X1026n/m2) (dpa)
373 1.97 6.8
406 7.47 27
519 9.46 34
600 9.46 34
800 3.19 11

After irradiation, micro Vickers hardness tests were
performed to evaluate irradiation hardening with a load
of 1.96 N for 20 s at room temperature.

In order to evaluate irradiation embrittlement,
three-point bend tests were performed at room temper-
ature. The test fixture is shown schematically in Fig.
1. The testing apparatus apparatus is mounted on an
Instron type universal test machine. Bending tests were
carried out at cross-head speed of 0.2 mm/min.

After bending test, fracture surfaces were examined
by a scanning electron microscope (SEM) to confirm the

failure mode.

Fig.1 Schematic cross-section of bending test.
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Fig.2 Increase in micro Vickers hardness of Mo and TZM
alloy after irradiation.

3. Results and Discussion

3.1. Hardness

The results of hardness increase by irradiation are
shown in Fig. 2. Vickers hardness of unirradiated speci-
mens were 185 and 273 for Mo/R and /SR, 209 and 478
for TZM/R and /SR, respectively. Irradiation hardening
of recrystallized and stress-relieved Mo showed the same
trend to the irradiation conditions.

The irradiation hardening of specimens irradiated
in 373°C/6.8dpa is larger than those in 406 °C/27dpa,
even less irradiation damage level. It may be attributed
to fine defects distribution produced at lower irradia-
tion temperature. Stress-relieved specimen irradiated in
800 °C/11 dpa shows less irradiation hardening compared
to others. It may be attributed to the recovery of disloca-

tion structures during irradiation by stress relief process.

3.2. Bending Tests

Figure 3 shows the result of three-point bending
tests for irradiated specimens at room temperatures.
Plastic deflection means difference after yield point until

fracture.
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Fig.3 Deflection after yield point on load-deflection
curve in bend test, for irradiated (a) Mo and (b) TZM.
“0” denotes that a specimen was fractured before yield-

ing.

Stress-relieved Mo showed plasticity in all irradia-
tion conditions except when irradiated at 800 °C. Rela-
tively large deflection was observed when irradiated at
519°C. For Mo/R, small plastic deflections were ob-
served in specimens irradiated at 373 °C and 800 °C, but
in other irradiation conditions fractures occurred before
yielding. The plastic deflection of recrystallized Mo were
zero or little in all irradiation conditions and it could be
inferred that DBTT of Mo/R is above room tempera-
ture. These results show that stress-relieved heat treat-
ment before irradiation suppresses irradiation embrittle-
ment and keep Mo ductile at room temperature even
after heavy neutron irradiation. Specimen of Mo/SR ir-
radiated at 800 °C, however, fractured in brittle manner
even less irradiation damage than for 406~600 °C.

Specimens of TZM/R fractured before yielding in
all of irradiation conditions except 373 °C, where a little
plastic deflection was measured. These brittle behav-
ior indicates that DBTT of TZM/R after irradiation is
above room temperature, as well as of Mo.

In contrast, eminent deflection was measured when
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Fig.4 Tensile-side surface after bending test of (a) Mo/R
and (b) Mo/SR irradiated in 406 °C/27 dpa.

irradiated at 800 °C for TZM/SR. In other irradiation
conditions, TZM/SR fractured with slight or no plastic
deflection. DBTT of stress-relieved TZM after irradia-
tion may be in the range of room temperature or higher,
but not so high as for TZM/R.

Stress-relief heat treatment is effective to suppress
irradiation embrittlement for both Mo and TZM. The
effectivity depends on alloying elements and irradiation
temperatures.

3.3. Fractography

For specimens ruptured in bending test, fracture
surfaces of specimens were observed using SEM to iden-
tify failure mode.

Surfaces of tensile side of ruptured Mo/R and
Mo/SR irradiated in 406 °C/27 dpa are shown in Fig.
4. This SEM images show clearly the effect of pre-
irradiation thermal treatment on bending property after
irradiation. For recrystallized Mo, crack does not initiate
or propagate along the direction of the loading support.

It indicates that the specimen fractured totally in brit-
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Fig.5 Fractography of recrystallized Mo (in left column) and TZM (in right column) irradiated in (a) 406 °C/27dpa,
(b) 519 °C/34dpa, (c) 600 °C/34dpa and (d) 800 °C/11dpa.

tle manner. For stress-relieved Mo, the specimen bent 3.4. The effects of thermal treatments and irra-
along the direction of the supports, and plastic deforma- diation conditions on irradiation embrittle-
tion before fracture was observed from the SEM image. ment
Fractography of irradiated Mo/R and TZM/R are
shown in Fig. 5. Grain boundary fracture is dominant in
failure mode of Mo/R, and cleavage fracture of TZM/R.
In Fig. 6, fractography of irradiated Mo/SR and

In bending tests, Mo/SR showed ductile behavior,
which was irradiated at from 373 °C to 600 °C. However
Mo/SR irradiated at 800 °C fractured in brittle manner.

This would be caused by the grain growth during irra-
TZM/SR are shown. Typical layered structures were ob-

served in both Mo and TZM. For Mo/SR irradiated in
800 °C/11 dpa, this structure was not observed. Grain

diation at 800 °C. The mechanism of suppression of em-
brittlement in stress relief condition could be due to the

grain-gize effect, which is similar to the effect in lower

boundary fracture was dominant failure mode of this .
Y fluence range.® This effect was also observed in tensile

i . Partially, int lar fracture was observed.
specimen. Partially, intergranular fracture w property of Mo-5 wt. % Re alloy.12

in si t 10pm. It ts that th
The grain size was abou pm suggests That the In most of stress-relieved Mo and TZM, the lamellar

rain growth was occurred during irradiation due to high . ) .
8 8 8 8 structure was observed in their fracture surfaces. This

irradiation temperature in Mo. . .
P structure was thought to be introduced in rolling pro-
cess to fabricate sheets, from which specimens were pre-
pared. Crack seemed to propagate along the boundaries

of layers, not in unique direction of the loading from
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Fig.6 Fractography of stress-relieved Mo (in left column) and TZM alloys (in right column) irradiated in (a)
406 °C/27 dpa, (b) 519 °C/34 dpa, (c) 600 °C/34 dpa and (d)800 ‘C/11 dpa

fractography. Figure 7 is schematic drawing to represent
how crack propagates in a layered structure. The layered
structure might be obstacle in the propagation of crack

by branching.

Tensile surface

Fig.7 Schematic of fracture of material with layered
structure. Crack propagates along a boundary of lay-
ers and across a layer.

4. Conclusions

Molybdenum and TZM alloy, which were recrystal-
lized and stress-relieved before irradiation, were irradi-
ated to high fluence level up to 34 dpa. After irradiation,
specimens were examined with micro Vickers hardness
test and three-point bending test. Bending property af-
ter irradiation depends greatly on pre-irradiation ther-
mal treatments and irradiation temperatures. Stress-
relief treatment is effective to suppress irradiation em-
brittlement. Recrystallized Mo and TZM showed brittle
behavior after irradiation. For retention of ductility af-
ter irradiation at room temperature, it is important to

keep fine grain size during irradiation.
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