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Initial studx of swelling INn vanadium alloxs
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Studx of void swelling In V-Cr-Ti alloxs g~1990 ANLZ
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helium generation is not significant.
H.Chung, D.L.Smith

V-(3-5)Cr-(3-5)Ti alloys show good performance of the geometric stability
under heavy neutron irradiation.



Microstructure of VV-4Cr-4T1 irradiated in DHCE irradiation
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Swelling is less than 1% up to 30 dpa.
The estimated He generation rate
produced by DHCE is similar to the
He generation rate in fusion reactor
environment, 5Heappm/dpa.

Small radiation-induced precipitates
are formed during neutron irradiation.

Usual type of RIP is

T10 (C and N atome are occupied In
O-sublattice)

Fm3m. a,=4.25A
V(001)//TiO(011),V<011>//TiO<022>



The void swelling of V-Cr-Ti-SIAIY
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The addition of minor solute element (SI, Al, Y etc...) is quite effective to
suppress the swelling.

The addition of 1%Si in V-Cr-Ti alloys produces Ti:Si; precipitates as well as
TIO(OCN) during irradiation.



Void swelling in V-alloys at high temperature
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Figure 1. Cavity image of V-Fe alloys urradiated at 700°C

V-5Fe

5%
800C
4% || —@— Conventional | |15dpa
—— Tritium Trick | [FFTF V802

e
>
T

R
>
T

Swelling (%]

1% |

0%
0.8 0.9 1 11

Atomic Size Factor

1.2

V-8Fe

Above 700°C, vacancy clusters in V-
alloys are collapsed and dissipated in
the matrix.

However, He-V complexes still
remain the strong binding and nucleate
the cavity, especially in V-5Nb, an
oversized alloy.



Void swelling in VV-alloys at low temperature
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A lower limit of irradiation temperature to produce visible cavities is 300°C.
No cavity can be seen in V-4Cr-4Ti alloys irradiated in ATR and HFIR with
damage levels of 5dpa at 300°C.



Discover of a Giant Swelling
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Fig. L. Swelling observed in V-Cr allovs after irradiation 10 17

and 77 dpa in FFTF cycles 7-9 a1 a target temperature of

A00FC [5] The actual temperature in the Ffrst half of the
irradiation was rather complex, however

Garner et al. J.Nucl.Mater.(1992)

Huge swelling beyond 100% was
observed in V-Fe system alloys.
160%/50dpa is believed to be the world
record for the swelling and swelling rate.

Matsui et al., ASTMSTP (1992)



Effect of under- or over- sized solute addition on the void swelling in VV-binary alloys
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The addition of undersized solute atoms in vanadium enhances the swelling.
*Good relationship between atomic size factor of solute atom in
solution and swelling behavior



Effect of solute addition on swelling behavior
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Fig. 4. Relation between swelling and O values.
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The Q-parameter can explain the relation between the swelling and
atomic size factor for undersized vanadium alloys.

The character of dislocation loops depends on the atomic size factor.
a/2<111> dislocation has an important role to produce
dislocation bias. The synergistic effects of both dislocation bias
and atomic size factor, should be considered.
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Dislocation bias to produce excess vacancy

V-5Fe, JOYO 400°C, 0.1dpa
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The irradiation-induced enrichment (segregation) of undersized solute
atoms (Fe in V-Fe alloys) on the inside of dislocation loops can be seen.
The cavity nucleation can be seen so often on the inside of the loop.



MD simulation : Crowdion formed below dislocation

View line

A [110] SIA dumbbell converts into a [111] crowdion around a

a/2[111] dislocation in pure Fe and pure vanadium in MD simulation.
A crowdion can not move in one-dimensional direction to [111]
*The movement for SIA to get close to dislocation is suppressed.



Model of “Conversion of SIA into crowdion”
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No conversion into [111] crowdion occurs in MD simulation when an
iron atom for SIA in a vanadium lattice.
*The movement of SIA into dislocation is not restricted.

o[t is possible to explain the appearance of swelling in undersized
BCC alloys.



Effect of Ti addition on void swelling In V-Fe alloxs
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The Ti addition i1s one of answer to what factor is effective for
the swelling suppression.



30%

—e—380°C | £
2 20% | - 510°C g
= —k— 615°C | ©
ug) 10% '5
=
S
0% — 5 '
001234512345 101101234512345
pure V V-5Fe | V-SFe-5Ti pure V V-5Fe V-5Fe-5Ti
Fe conc. (%) Ticonc. (%) Fe conc. (%)  Ticonc. (%)

T1 shows strong effect for suppress the swelling even in heavily-
irradiated V-Fe alloys.

Not only the precipitates of TIO(OCN) but also Ti atoms in solution
works for suppression of swelling in V-alloys.



He effect on void swelling in pureVV
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The difference of microstructural evolution from He implantation technique
OBimodal distribution of cavities in FFTF neutron-irradiated pure
vanadium with tritium-trick = the saturation of bubble formation in
Initial stage of irradiation.

O The size distribution of cavity with DHCE irradiation : Unimodal
distribution but shift to smaller mean size from that of conventional
Irradiation - the nucleation and stable growth of He-V complexes.



He effect on void swellin

In over- and under-sized V alloys
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The bimodal distribution of cavity In
neutron irradiated V-alloys with
tritium trick technique is so often
seen in undersized vanadium alloys.

The bubble formation in grain
boundary is observed in oversized
vanadium alloys before neutron
irradiation.

DHCE



Comparison of the void swelling between various He implanting technique
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» The contribution for the swelling is apparent in undersized alloys with He
implantation by tritium trick at 400° C.

» According to the DHCE results, the effect of He generation is not effective for the
swelling behavior with same helium generation rate as fusion reactor environment.
» The relationship between He effects for swelling and atomic size factor is
complicated at 600C.



B-generated helium on the swelling of neutron irradiated V alloys
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Fig. 6. Effects of boron concentration on swelling in V-5Fe-B Fig, 5. Effects of boron concentration on swelling in V-5Cr-B
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410°C.
Sekimura, Ilwai, Garner, J.Nucl.Mater. (1996,1996,1998)

The He generated by B-10 technique enhances the swelling in V-5Fe.
However, it suppresses the swelling in V-5Cr.

There is a quite possibility that the chemical interactions with B atoms are
so strong that the helium effect are concealed.



anergistic effects of H and He on the swelling behavior In V—alloxs
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Triple ion beam irradiation (H, He and Ni) in V-alloys

Both He and H assist the generation of swelling during heavy ion irradiation.

Especially, V-Cr-Ti affects synergistic effect of both He and H for swelling
behavior.



Varying temperature effects on microstructural evolution in V-alloys
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The effect of non-steady-state temperature condition becomes an important
problem for microstructural evolution during irradiation.

Cyclic-T irradiation generates more cavity formation than constant-T
irradiation if the temperature regime of cyclic-T operation traverse between the
temperature regime for high nucleation rate and the temperature regime for
high growth rate of cavity.



The effects of Ti addition on microstructural evolution in V-Cr alloys
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2. V-oCr 0.1dpa The addition of tiny fraction of Ti (0.1%Ti)
. .170

3. V-4Cr-0.1_T| ldpa retain capability to suppress the cavity

4. V'4C|"1T! 1dpa  formation, and have the dense precipitation

5. V-4Cr-3Ti ldpa  of TiO in the matrix.

6.
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Summary

The swelling behavior of V-4Cr-4Ti alloys shows quite good
performance up to 50 dpa of neutron damage levels.
*The increase of Cr addition makes swelling larger at high
irradiation dose.
*The addition of Ti is most effective to suppress the swelling.

From the previous study, the swelling behaviors in V-Cr-Ti systems are
Independent of impurity levels.

The effects of helium vary depending on the techniques of helium
Implantation. The comprehensive understandings of helium and/or
hydrogen effects on swelling behavior are still unknown.

More DHCE irradiations are strongly required to demonstrate the effect
of He.



