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Abstract

Considerable progress has been made toward development of vanadium alloys for fusion. Much of the recent re-

search has focused on vanadium alloys containing 4–5% Cr and 4–5% Ti, but a number of alternative compositions and

processing routes have been explored in an effort to achieve improved performance. The goal of this paper is to review

significant new results and to highlight critical issues that remain for future research. Progress in understanding the

influence of interstitial impurities on microstructural evolution in both thermal and radiation environments are covered.

The current state of knowledge of hardening and embrittlement of vanadium alloys in response to neutron irradiation is

reviewed. Atomic-scale computer simulations to elucidate fundamental irradiation damage mechanisms are presented.

The thermal and irradiation creep behavior of V–4Cr–4Ti is summarized along with an overview of the effects of He on

tensile properties.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

It has been long recognized that V alloys are attrac-

tive candidate materials for fusion power system struc-

tural components due to their low induced activation

characteristics coupled with high-temperature strength

and high thermal stress factor. As noted in recent re-

views [1–3] research over the past several years has

successfully resolved many of the significant feasibility

issues associated with use of V alloys in fusion first-wall/

blanket structures. The emphasis of the worldwide V

alloy development effort has been on the V–Cr–Ti sys-

tem, with an alloy containing 4–5% Cr and 4–5% Ti

serving as a reference composition in many research

programs. This paper highlights recent progress on V
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alloys with regard to (1) atomistic studies of point defect

behavior, (2) understanding microstructural evolution

under variable temperature irradiation conditions, (3)

assessing hardening and embrittlement following low-

temperature irradiation, (4) determining thermal and

irradiation creep rates, (5) evaluating the effects of He on

tensile and creep deformation and (6) exploration of

alternative alloy compositions for improved perfor-

mance. Critical issues that require further research and

development are described.
2. Atomistic studies of point defect behavior

Point defects, such as self-interstitial atoms (SIA) and

vacancies, are produced in abundance when V alloys are

irradiated with neutrons. Evolution of the microstruc-

ture, and therefore the properties of the material, is

controlled by how these defects migrate through the
ed.
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lattice and interact with one another or with sinks such

as dislocations, grain boundaries and other internal

interfaces. Therefore, knowledge of the properties, for-

mation and migration mechanisms of point defects and

defect clusters is essential for developing robust models

of radiation damage. Atomistic simulations play a key

role in developing this information. The reliability of

atomistic simulations depends largely on the efficacy of

the interatomic potential utilized. Recently two new V

potentials [4–6] have been developed in an effort to

provide an improved description of the atom interac-

tions in this metal. One of the potentials [4,5] uses the

Finnis–Sinclair (FS) formalism. That potential was de-

rived from an extensive set of first-principles calculations

of six different SIA geometries and vacancies. The first-

principles calculations revealed that the Æ1 1 1æ dumbbell
is the most stable SIA in V with a formation energy of

about 3.1 eV. The other potential [6] uses the modified

embedded atom method (MEAM) developed by Baskes

[7] to represent V. An important aspect of MEAM is

that it attempts to account for the directional bonding

characteristics of transition metals with partially filled d-

orbitals. Satou et al. [6] refit several of the MEAM

parameters derived by Baskes [7] to produce a new po-

tential for V with elevated temperature elastic constants

that are in better agreement with experimental values.

Zepeda-Ruiz and co-workers [8,9] have utilized the

new FS V potential to study the temperature and ori-

entation dependence of the threshold displacement en-

ergy (TDE). Molecular dynamics simulations were

performed to determine the minimum kinetic energy

transferred by a primary knock-on atom to a lattice

atom that resulted in the formation of a stable Frenkel

pair. They found a minimum TDE of 13 eV corre-

sponding to displacements along a Æ1 0 0æ direction. The
maximum TDE of 51 eV was observed in a direction

close to Æ1 1 0æ. The possibility for a larger TDE could
not be excluded since the simulations did not span all

possible angles. The TDE is essentially independent of

temperature since the magnitude of the TDE is much

greater than thermal energies. Comparison of the TDE

in V with experimental values for Fe and Mo revealed

that the directional anisotropy is comparable in Mo but

the TDE ordering in Æ1 1 0æ and Æ1 1 1æ orientations is
different in Fe.

Zepeda-Ruiz and co-workers [10,11] also investigated

the character of SIA loops in V using the new FS po-

tential. Their simulations showed that SIA dislocation

loops with a
2
h111i Burgers vectors were the lowest en-

ergy configuration in V and migrated rapidly along their

Æ1 1 1æ glide cylinder. Dislocation loops with a
2
h110i and

ah100i Burgers vectors easily rotated into a
2
h111i ori-

entations at low temperatures during relaxation of the

simulation cell. In contrast to Fe, where a metastable

ah100i loop is very close in energy to the ground-state
a
2
h111i orientation, constrained ah100i loops in V pos-
sess much higher formation energies than a
2
h111i loops,

and the energy difference increases with the size of

the loop. Simulations were also performed to explore

the interaction of two mobile a
2
h111i clusters in V. The

intersection of a
2
h111i loops on different glide cylinders

has been proposed as a possible mechanism for ah100i
loop formation in Fe. Similar work carried out on V

indicate that ah100i junctions form during the inter-

section of two a
2
h111i loops, but the junction has low

thermal stability and rotates into a a
2
h111i orientation at

temperatures between 327 and 527 �C.
Finally, Han et al. [12] and Zepeda-Ruiz et al. [13]

examined SIA diffusion in V as a function of tempera-

ture to determine the predominant mechanisms. Their

MD results showed that Æ1 1 1æ oriented dumbbells mi-
grate rapidly along Æ1 1 1æ directions. The SIA migration
mechanism was found to be temperature dependent. At

low to intermediate temperatures ()173 to 327 �C) the
SIA executed a 1D random walk along a Æ1 1 1æ direc-
tion. Above 427 �C the SIA began to make infrequent
rotations from one Æ1 1 1æ direction to another Æ1 1 1æ
direction. This resulted in 3D like migration trajectory

that consisted of long segments of 1D diffusion punc-

tuated by abrupt reorientations. As the temperature in-

creased the frequency of rotation events increased and

the lengths of the 1D segments decreased. The apparent

activation energy for SIA diffusion increased with

increasing temperature. Detailed study of their simula-

tion results revealed that the intrinsic activation energy

for SIA diffusion is not temperature dependent, but that

SIA jumps are correlated and the correlation factor is

highly temperature dependent below 527 �C.
3. Microstructural evolution

A recent emphasis of microstructural evolution

studies has been an exploration of the effects of varying

irradiation temperature. It is well known that the irra-

diation temperature can have a significant impact on

microstructural development [14]. Variable irradiation

temperature can result in significant changes in the

microstructure, especially when the temperature excur-

sion occurs between the nucleation and growth regimes

[15]. At lower temperatures nucleation of defect clusters

is maximized, while at higher temperatures cluster

growth and coarsening is maximized. These effects have

been explored in neutron and ion irradiations to low

doses but not, until recently, to higher dose levels. One

of the major tasks of the Japan–US Fusion Cooperation

Program (JUPITER) was to investigate the effects of

varying irradiation temperature on V alloys to a dose of

4 dpa [16].

In a recent paper Zinkle et al. [17] showed a moderate

enhancement of radiation-induced precipitates and dis-

location loops for V–4Cr–4Ti undergoing varying tem-
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perature irradiation 360/520 �C compared to irradiation
at a constant temperature of 520 �C. The varying tem-
perature irradiation consisted of eight cycles in which

the initial 10% was conducted at 360 �C and the

remaining 90% at 520 �C. Varying temperature condi-
tions produced precipitates of finer size and greater

number density than under constant temperature con-

ditions, but overall the quantitative effect of the low-

temperature excursions was relatively small. Zinkle et al.

[17] suggested that more pronounced differences might

have been observed had the low-temperature portion of

each cycle been below the recovery stage V temperature.

More recently Watanabe et al. [18] examined pure V and

four model V alloys from the same experiment, irradi-

ated under the same conditions. These investigators

found that varying temperature enhanced void forma-

tion in pure V and V–5Cr compared to isothermal

irradiation, and a small number of Æ1 0 0æ oriented car-
bides were observed in pure V. For V–4Cr–4Ti and V–

5Ti alloys a higher density of Ti oxides was produced

under varying temperature but, as noted by Zinkle et al.

[17] the effects of varying temperature were not large. It

should be noted that while recent work has not shown

substantial microstructural differences between varying

temperature and isothermal irradiation conditions, some

differences were observed. Such differences may be

exacerbated by selection of different temperature ex-

tremes or by performing irradiations to higher doses

[19]. A better understanding of the effects of varying

irradiation temperature will require additional experi-

ments but, more importantly, the development of

quantitative models to predict material performance

under complex irradiation conditions.

Another aspect of V alloy metallurgy that has re-

ceived increased attention in recent years is the interac-

tion of V with interstitial impurities such as C, O and N.

Several recent studies [20–22] have shown that most

precipitates result from reaction of V or solute atoms

with these impurities. These precipitates impede dislo-

cation motion increasing the strength of the alloy. Ti

lowers the mobility of the interstitials and reacts to form

precipitates at >�600 �C under thermal annealing and
>�300 �C under neutron irradiation. Globular Ti-

(CON) precipitates appear above �1000 �C. The solvus
temperature for globular precipitates is between 1200

and 1300 �C. Following dissolution the interstitial con-
tent can be redistributed into a high number density of

nanosize {100} plates by controlled precipitation. The

precipitate crystal structure is FCC for both {100} plate

and globular morphologies. The interstitial concentra-

tion varies considerably for {100} plate type precipi-

tates. A conclusion of these investigations is that a better

understanding of precipitate nucleation and growth is

needed along with an increased knowledge of the range

of interstitial solubility. To gain a better understanding

of the effects of interstitial impurities on irradiated
properties a special set of V alloys [23] with carefully

controlled levels of C, O and N has been included in an

upcoming JUPITER irradiation experiment.
4. Hardening and embrittlement

Neutron irradiation at temperatures at and below

400 �C gives rise to hardening and loss of uniform

strain [24]. This temperature limit may increase with

increasing dose. Hardening and loss of ductility be-

come more pronounced with increasing dose and

decreasing irradiation temperature, and are accompa-

nied by varying degrees of flow localization, as evi-

denced by the formation of dislocation channels in the

irradiated microstructure [25]. However, recent finite

element modeling of the deformation of flat tensile

specimens has demonstrated that the loss of uniform

strain can be affected by both an increase in yield

strength as well as a decrease in work hardening [26].

Engineering stress strain curves showing no uniform

strain and the onset of necking coincident with yield

can be generated with constitutive equations that ex-

hibit a gradual yield drop followed by a strain hard-

ening regime. Moreover, the modeling results show

that significant irradiation hardening can persist to

high strain. Ongoing modeling work will benefit from

calibration against data from new techniques that

permit strain mapping in all three dimensions during

uniform and localized strain, as well as specimen and

test designs that explore stress states other than uni-

axial tension [27]. The modeling effort also provides a

guide for future experiments to explore and understand

the effects and consequences of microscopic flow

localization on macroscopic deformation behavior.

While considerable information on irradiation hard-

ening of V alloy base metals is available there is a cor-

responding lack of data on weld metal. Nagasaka et al.

[28] recently completed an exploratory study of the

effects of low-dose neutron-irradiation on the impact

properties of NIFS Heat-2 weld metal. Miniature

Charpy impact specimens of V–4Cr–4Ti base and weld

metal were irradiated at 290 �C to a dose of 0.08 dpa in
the JMTR. Weld metal specimens hardened more than

base metal specimens, but the effects of neutron irradi-

ation were reduced if a post-weld heat treatment in the

range 600–950 �C was applied prior to irradiation. The
predominant radiation defects found in both base and

weld metal microstructures were identified as dislocation

loops. The higher density of loops found in weld metal

compared to base metal did not account for all of the

hardness difference. The authors postulated an addi-

tional component of hardening associated with decora-

tion and stabilization of dislocation loops by interstitial

impurities released into solution by dissolution of Ti-

(CON) precipitates during welding.
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In an effort to improve high-temperature strength

and oxidation resistance of V–xCr–4Ti alloys, Sakai
et al. [29] performed a study of the effects of Cr additions

on fracture properties. The Cr content varied from 4%

to 20%. Changes in the ductile-to-brittle transition

temperature (DBTT) were correlated with the Cr con-

tent and precipitate microstructures produced during

heat treatments following cold working. Their research

shows that the DBTT is about )190 �C when the Cr
content is <10% but rises sharply to )30 �C for alloys
with more than 10% Cr. The increased DBTT was

associated, in part, to increased flow stress due to solid

solution strengthening. The sharp rise in DBTT for Cr

>10% was also related to a substantial increase in large

diameter (>400 nm) Ti-(CON) and TiO2 precipitates.

This work nicely illustrates the difficulty of altering the

alloy composition to improve high-temperature strength

at the expense of degrading fracture resistance. The

process of optimizing V alloy composition and heat

treatment procedures for best performance in a radia-

tion environment is certainly not simple or straightfor-

ward.

malized stresses are Von Mises effective stresses for biaxial tests.

The initial oxygen concentration of the uniaxial and biaxial test

specimens was 310 and 699 wppm, respectively.
5. Thermal and irradiation creep

A significant amount of thermal creep data on pure

vanadium and various V–Cr–Ti alloys was generated

several years ago [30–36]. These data demonstrate that

Cr significantly increases the creep resistance of V. More

recently, several studies have characterized the thermal

creep performance of V–4Cr–4Ti in vacuum and liquid

Li [37–44]. Both uniaxial [37,38] and biaxial [41,42] tests

were performed in vacuum with different starting con-

centrations of interstitial O. The results show that the

normalized secondary creep rate ð_ekT=DGbÞ is power-
law dependent on stress with a stress exponent of �4 at
normalized stresses ðr=GÞ greater than 0.002. The acti-
vation energy for creep between 700 and 800 �C is about
300 kJ/mol, which is similar to the activation energy for

self-diffusion in pure V suggesting that in this regime of

temperature and stress the predominant creep mecha-

nism appears to be climb-assisted dislocation motion.

Limited data at the same temperatures but lower stresses

indicates that the creep mechanism may change since the

stress exponent appears to decrease to about unity (Fig.

1).

The effect of oxygen on creep strength was convinc-

ingly demonstrated in several experiments. The creep

rates measured in vacuum with tensile samples [37]

containing about 310 wppm O were several times greater

than creep rates from pressurized tubes [41,42] with an

initial O concentration of about 700 wppm. Similarly,

the creep rates measured in Li were higher than those in

vacuum [39,40,43]. This is consistent with the vacuum

creep data since Li has a higher affinity for O than V and
will, after long exposure times, lower the O level in the

alloy. Recently Fukumoto et al. [38] and Koyama et al.

[44] utilized a novel Zr-foil gettering heat treatment to

reduce interstitial O and N concentrations to very low

levels in V–4Cr–4Ti and V–10Cr–5Ti sheet stock. Ten-

sile specimens prepared from these highly purified alloys

were used to study dynamic strain aging (DSA) and

creep properties. The results of these investigations show

that high-temperature tensile and creep strengths de-

crease substantially as interstitial O decreases. Further,

DSA was suppressed by O removal as evidenced by a

large decrease in the height of post-yield load serrations.

Contrary to expectation, the temperature range over

which a negative strain rate sensitivity parameter was

observed increased rather than decreased suggesting a

larger temperature window for heterogeneous deforma-

tion. An effort to resolve this inconsistency will be the

subject of a future investigation on highly purified

unalloyed V.

The maximum operating temperature limit for V al-

loys in design studies is typically assumed to be about

700 �C [45]. Alternately, it has been suggested that V
alloys might be capable of operation at 750 �C [46]. The
thermal creep database may be used to derive an esti-

mate of the limiting stress to avoid creep damage in a

structure for a specific time at temperature. A Larsen–

Miller parameter plot of the time to reach 1% creep

strain is presented in Fig. 2. A creep strain limit of 1% is

representative of structural design criteria for first-wall
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components for a fusion power system [47]. Selecting a

first-wall life of 105 h yields limiting stresses of 74 MPa

at 700 �C and only 4 MPa at 750 �C from the curve fit to
the data. The coolant pressure for a V/Li system is about

0.5 MPa [47], which should result in relatively low ap-

plied loads in the first-wall. It is important to note,

however, that detailed stress analyses have not been

performed in recent V/Li design studies, therefore all the

expected loadings are not well known. The creep data

indicates that an attractive design may be feasible at 700

�C, but probably not at 750 �C. Improving the thermal
creep strength would add margin at 700 �C to account
for uncertainties in anticipated loadings and perhaps

expand the design window to higher temperatures.

The irradiation creep database for the V–Cr–Ti alloy

system is very sparse. Only a few experiments have been

performed between 300 and 500 �C to damage levels of a
few dpa. There is a significant divergence in effective

strain rate at effective stresses greater than about 125

MPa. A Russian study suggests a bilinear relationship

between the effective irradiation creep strain rate and the

effective stress, but such behavior was not observed in

more recent experiments carried out under the auspices

of the JUPITER program [48]. More data will be

forthcoming from experiments recently inserted in the

HFIR and JOYO reactors but dose levels will again be

on the order of only 5–7 dpa.

For the future additional thermal creep experiments

are warranted to examine ways to improve performance

through alternative compositions and microstructures

without degrading properties such as fracture toughness.

More work is needed to define the irradiation creep
characteristics of these alloys as there is almost a com-

plete lack of data at any significant dose. Further, the

effect of alloy composition and heat treatment on irra-

diation creep remains to be explored.
6. Helium embrittlement

The upper temperature limit for V alloys is most

probably determined by the effect of gaseous transmu-

tants such as He on creep rupture behavior in the 600–

800 �C temperature regime. The most realistic studies to
perform involve simultaneous creep deformation and

introduction of displacement damage and He at fusion

relevant rates (�4 appm He/dpa). In the absence of a 14
MeV volumetric neutron source these types of experi-

ments are exceedingly difficult to perform and conse-

quently are seldom done. More often, pre-implanting a

tensile specimen with a particular quantity of He and

then conducting a tensile test at a strain rate ranging

from 10�3 to 10�4 s�1 have been used to characterize the

effect of He on elevated temperature mechanical prop-

erties. Occasionally pre-implanted tensile specimens

have also been neutron-irradiated to explore the con-

comitant effects of He and radiation damage on tensile

properties.

The effect of He on tensile properties has been

studied over a broad range of temperatures for a

variety of V alloys [49–57]. Fig. 3 shows the tempera-

ture dependence of the normalized tensile ductility for

He concentrations ranging from 14 to 480 appm. The

normalized ductility is the total tensile elongation for a

He-implanted specimen, etot(He), divided by the total
tensile elongation of a He-free specimen tested at the

same temperature, etot(ref). In all these experiments He
was pre-implanted prior to performing the tensile test

by either cyclotron irradiation [49–52,55–57] or by a

modified tritium trick technique [53,54] where the

implantation temperature is typically quite low relative

to the tensile test temperature. Matsui et al. [58] have

suggested that the He-implantation method can sig-

nificantly affect the tensile test results, but the data in

Fig. 3 do not display a trend indicating that one

implantation technique leads to systematically lower

ductility than another. Normalized tensile ductilities

with values near unity indicate no significant effect of

He. Close inspection of the data reveals that He at

levels of 6 25 appm did not significantly degrade ten-

sile ductility at any test temperature. When the He

concentration was P 25 appm tensile ductility was

substantially reduced at temperatures P 650 �C. A
puzzling feature of the data is the apparent effect of He

at temperatures around 420–450 �C. Low normalized
tensile ductility in this temperature regime is evident

for the Cr bearing V alloys only, suggesting that He

may be more deleterious for high strength alloys.
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It is instructive to also examine the effect of neutron

irradiation on tensile ductility for He-free and pre-im-

planted specimens to determine the relative contribu-

tions of He and neutron irradiation on ductility

reduction. Fig. 4 gives a plot of the temperature

dependence of the normalized tensile ductility for He-

free V alloys neutron irradiated to doses ranging from

about 6 to 82 dpa [49,50,53,54,57,59–61]. The data

exhibits some scatter but there is a clear trend that the

effects of neutron irradiation on tensile ductility are

minimal for irradiation temperatures P 650 �C. A
similar trend is found for specimens pre-implanted with

He and then irradiated (Fig. 5) [49,50,53,54,57,59–61].

These results indicate that He pre-implantation did not

further reduce tensile ductility beyond that already

caused by neutron irradiation. Results from the dynamic

helium charging experiment (DHCE) [59], which closely

simulates the actual fusion environment because He and

neutron damage are produced concurrently, displays the

same trend. It is clear from the data in Figs. 3–5 that

over the temperature range 400–600 �C displacement

damage is the largest contributor to loss of ductility. It is

important to recognize, however that none of the

experiments mentioned above exactly simulated the

environment that a structural material will face in a real

fusion power system, namely high-temperature, time-

dependent deformation in the presence of simultaneous
He production and displacement damage so the relative

importance of each of these variables may be different

for a real power system.

Recently, Chuto et al. [62] explored the effect of pre-

implanted He on the creep properties of V–4Cr–4Ti. It

was anticipated that the effects of He would be more

pronounced at strain rates typical of creep deformation,

although data by van Witzenburg and Scheurer [63]

indicate that V–5Ti pre-implanted with up to 100 appm

He and neutron irradiated to 4.5 dpa show little sensi-

tivity of the total elongation to strain rate over the range

10�6–10�3 s�1. Helium was cyclotron implanted by

Chuto et al. [62] at 700 �C followed by creep testing at
the same temperature. Creep testing of He-free control

samples exposed to the same thermal history as the

implanted ones was also performed. Interestingly, the

creep strength of the He implanted specimens was sig-

nificantly better than the He-free samples, even though

the fracture surfaces of the implanted specimens were 5–

15% intergranular. The superior creep performance of

the He-implanted specimens was attributed to irradia-

tion strengthening, but this explanation lacks appeal

since radiation damage associated with the 700 �C
implantation should be minimal. Matrix strengthening

from a fine dispersion of He clusters seems more likely,

but microstructural characterization remains to be per-

formed.
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Fig. 5. Temperature dependence of the normalized total elongation for several V alloys pre-implanted with He and then neutron-

irradiated. Implantation was performed by cyclotron injection or a modified tritium trick technique. The irradiation and tensile test

temperatures were the same in all cases.
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The effect of He on microstructural development still

needs to be addressed intensely. Work performed to date

has lead to qualitative understanding of basic effects, but

accurate quantitative evaluations are not possible due to

insufficient data. A 14 MeV fusion neutron source is

absolutely essential to acquiring the needed data, but

progress may be possible with simulation techniques

such as the DHCE.
7. Advanced alloys

While V alloys offer many attractive properties for

fusion applications there is growing recognition that the

reference composition, V–4Cr–4Ti, may not be fully

adequate to meet the stringent requirements of an ad-

vanced power system in terms of resistance to He

embrittlement and creep damage. Consequently, alter-

native compositions are being considered to improve the

low-temperature radiation resistance and high-temper-

ature strength. Chen et al. [64] have recently studied the

properties of V-based alloys containing 6–8 wt% W. A

broad range of properties were investigated including

recovery and recrystallization behavior, the room tem-

perature tensile properties, the solid solution strength-

ening efficiency of various elements, the susceptibility to

H embrittlement and oxidation kinetics in air from 400

to 600 �C. The recovery and recrystallization behavior of
V–W alloys not including Ti was similar to unalloyed V,

while V–W alloys including Ti gave results similar to V–
4Cr–4Ti. The N concentration affected the temperature

for onset of recovery in a V–6W–1Ti alloy. Increasing

the N concentration from 5 to 30 wppm was sufficient to

increase the temperature for onset of recovery by about

100 �C. Tungsten, on a per atom basis, was observed to
be a more effective strengthener than either Ti or Cr. The

room temperature tensile properties of the V–W alloys

examined by Chen et al. were equal to or better than a

V–4Ti alloy. The addition of W did not influence the H

embrittlement behavior. Although Ti tends to enhance

H absorption, it appears to be the key element for

imparting high resistance to H embrittlement. Parabolic

oxidation kinetics were observed for all of the alloys

investigated by Chen et al. This result is consistent with

an earlier study [65] that demonstrated the oxidation

kinetics depend strongly on the O partial pressure. At

high O partial pressures parabolic oxidation kinetics are

found and low O partial pressures linear kinetics are

obeyed. From an operational point of view the most

relevant environmental conditions are low O partial

pressures and temperatures of about 700 �C.
It is well known that V alloys are readily embrittled

by neutron irradiation at temperatures below about 400

�C [2,3]. Since grain and interphase boundaries act as
efficient sinks for point defects produced under irradia-

tion, alloys possessing ultra-fine grains and fine-scale

particles may be more resistant to radiation-induced

embrittlement. To test this hypothesis, Kobayashi et al.

[66] examined the effects of neutron irradiation on the

microstructure and hardness of V alloys containing
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small amounts of Y. Two V alloys with 1.6 and 2.6 wt%

Y were prepared by mechanical alloying techniques. The

microstructure of the unirradiated materials displayed a

mixture of fine grains a few hundred nanometers in

diameter along with a small amount of coarse grains a

few micrometers in diameter. TEM disks prepared from

these materials were irradiated in the JMTR at 290 �C to
a dose of 0.25 dpa and at 800 �C to a dose of 0.7 dpa.
The results of this study showed that formation of

interstitial loops and voids was suppressed in fine grain

regions. Hardness increases associated with low-tem-

perature neutron irradiation (290 �C) were relatively
modest (3–70 Hv) compared to conventional V alloys

processed using ingot metallurgy procedures. Kobayashi

et al., found that the ultra-fine grains were stable, only

limited particle coarsening occurred at 800 �C, and grain
miniaturization effectively suppressed formation of

radiation-induced defects. Another potential benefit

such microstructures may provide is increased resistance

to He embrittlement. Higher dose irradiation data is

needed to validate the efficacy of this approach for

improving radiation resistance.
8. Critical issues for future research

While significant progress has been made toward

development of V alloys for fusion applications there

remain a number of critical issues that should receive

attention in ongoing research programs. The present

understanding of the influence of interstitial impurities

such as C, O and N on tensile, creep and fracture

properties is not sufficient. Low-temperature (6 450 �C)
properties appear to be improved by removing C, O and

N but high-temperature creep strength is reduced. Ide-

ally, elements such as C, O and N should be considered

as alloying elements in V, analogous to C in steel, rather

than undesirable impurities. To achieve this state will

require much better control of these elements.

Recent atomistic modeling studies have advanced our

understanding of fundamental point defect behavior in

V alloys, but more needs to be done to develop robust

models of material behavior that offer predictive capa-

bility. Complex experiments such as variable tempera-

ture irradiations need further detailed microstructural

characterization coupled with the development of

appropriate models that enhance our understanding of

the experimental observations.

Although not described in this paper, a lot of pro-

gress has been made in development of constitutive laws

for unirradiated V alloys [27]. This methodology needs

to be extended to irradiated material. Further, the effects

of flow localization and the contribution of dynamic

strain aging need to be included. Extension of the

Master curve – DT and micromechanics approaches to
characterize and predict the temperature dependence of
fracture toughness for irradiated material should be a

high priority. A complete fracture resistance model must

also consider the impact of non-hardening embrittle-

ment mechanisms driven by impurity-solute segregation,

phase instabilities and the production of He and H. In

addition, subcritical crack growth (fatigue and envi-

ronmentally assisted) and the realities of actual service

such as warm pre-stressing, shallow surface flaws, mul-

tiaxial/mixed mode loading, dynamic strain aging and

creep relaxation will also play a role.

The thermal creep performance of V alloys may need

improvement. The current reference alloy, V–4Cr–4Ti,

may not posses adequate creep strength. There is a need

to explore alternative alloying elements for improved

creep performance and He management and some steps

in this direction have already been taken [64,66]. Higher

dose irradiation creep data and an understanding of the

effects of alloy composition on irradiation creep is re-

quired. The effects of He and H on creep resistance,

swelling and post-irradiation tensile properties over the

range 6006 T 6 800 �C is needed. Development of an
alloy with a multiphase microstructure may be needed

for more efficient He management since the sink strength

of V–4Cr–4Ti for He trapping may not be adequate.
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