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Abstract

As a part of a program to screen several V±4Cr±4Ti containing Si, Al and Y alloys and optimize the amounts of Si,

Al and Y, the Charpy impact test of ®ve kinds of V±4Cr±4Ti±Si±Al±Y alloys by an instrumented Charpy impact testing

machine using miniaturized specimens (1.5 mm ´ 1.5 mm ´ 20 mm) have been conducted before and after neutron

irradiation. Charpy impact specimens were encapsulated in an aluminum vial ®lled with high purity He and irradiated

up to 1.06 ´ 1019 n/cm2 (E > 1 MeV, 156 h) at low temperatures (about 150°C) in Japan Materials Testing Reactor

(JMTR). The ductile brittle transition temperature (DBTT) of each alloy was determined by various methods on ab-

sorbed energy, brittle fracture ratio and lateral expansion from a quantitative analysis of fractography for broken

specimens after the Charpy impact test. Almost all specimens were embrittled after low temperature irradiation. De-

composition of primary precipitates could result in migration of interstitial elements to irradiation defects and many

precipitates are formed under irradiation. Radiation hardening then caused the substantial degradation of its fracture

toughness. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Vanadium alloys have an attractive feature for ®rst-

wall and blanket structural materials beyond the

DEMO reactor, because of their inherently low irradi-

ation induced activity, high potential for irradiation

stability and good compatibility with lithium coolant.

Kayano who is one of the authors in this paper has

presented a V±Cr±Ti±Si type alloy containing aluminum

and yttrium as a part of a newly developed vanadium

alloy which has a good resistance to oxidation in fusion

environment [1]. In previous experiments, the V±Cr±Ti±

Si containing aluminum and yttrium alloy has shown a

good resistance to swelling and a good tensile ductility

after heavy neutron irradiation at Fast Flux Test Fa-

cility/Materials Open Test Assembly (FFTF/MOTA) by

Satou et al. [2]. In general, the ductile to brittle transi-

tion temperature (DBTT) of body center cubic (bcc)

materials may be signi®cantly elevated after neutron

irradiation. However V±4Cr±4Ti has a good resistance

to irradiation embrittlement and its DBTT is still

maintained below liquid nitrogen temperature following

46 dpa irradiation [3].

At the recent IEA workshop which was held at Pet-

ten, it was reported that irradiation at low temperatures

to less than 1 dpa would cause signi®cant embrittlement

and the DBTT was elevated above the room tempera-

ture [4]. Alexander also reported low temperature irra-

diation embrittlement of V±4Cr±4Ti [5].

In this paper, the e�ects of neutron irradiation at low

temperature on the fracture properties of V±4Cr±4Ti±Si,

Al, Y alloys have been examined and discussed by

means of the small specimen technique. Therefore, their

results could provide an understanding of the mecha-

nism on the fracture toughness after irradiation at low

temperature and give a solution to improve the tough-

ness of V±4Cr±4Ti±Si, Al, Y.

Journal of Nuclear Materials 258±263 (1998) 1361±1368

* Corresponding author. Present address: Center for Ad-

vanced Research of Energy Technology, Hokkaido University,

Sapporo 060, Japan. E-mail: shiba@ufml.caret.hokudai.ac.jp.

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

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 2 0 2 - 5



2. Experimental procedure

Five kinds of materials provided in this study were

taken from 300 g laboratory heat produced by Daido

Bunseki Research Co. Ltd. (DBR). Table 1 shows the

detailed chemical composition of each alloy. Each ma-

terial contains Si, Y and Al from 0.1 to 0.5 wt% re-

spectively, otherwise two materials do not contain Al. Al

is one of the harmful elements for low activation,

therefore if Al may be found to be less contributed to

oxidation resistance, Al could be excluded in the next

heat which is currently being investigated. These plates

were supplied in the form of 30 mm (width) ´ 3 mm

(thickness) ´ 100 mm (length) after hot forging of

cladding stainless steel something like Japanese bento

box and hot rolling prior to machining from DBR. Fi-

nally cold rolling was done up to 40% in our laboratory.

Miniature size Charpy specimens which are so-called

JP-CVN-1, their dimensions being 1.5 mm ´ 1.5

mm ´ 20 mm with a 30° notch angle, 0.3 mm notch

depth and a 0.08 mm root radius were chosen in this

paper. The notch was machined to orient for crack

growth perpendicular to the rolling direction and par-

allel to the transverse direction. All materials had been

annealed at 1000°C for 1 h in which heat up ratio was

500°C/h in a vacuum less than 1 ´ 10ÿ7 Torr after ma-

chining to miniature size Charpy specimens. TEM

specimens were also provided to punch out from the

cold rolled sheet. These specimens were annealed at the

same condition as that of miniature Charpy specimens.

These specimens were irradiated up to 1.06 ´ 1019 n/

cm2 (E > 1 MeV, 156 h) by using a hydraulic irradiation

capsule in the Japan Materials Testing Reactor (JMTR)

in the Oarai establishment of Japan Atomic Energy

Research Institute (JAERI). The hydraulic irradiation

capsule was specially designed for this experiment to

reach low temperatures below 100°C during irradiation.

All specimens were in contact with both the inner and

outer capsules designed for transferring gamma heat

through thermal contact. The capsule consisted of an

outer capsule and an inner capsule which were made

from Al alloy. The hydraulic capsule does not have an

instrumented temperature measurement system during

irradiation, however its average temperature could be

kept below 150°C according to the results of the thermal

di�usion calculation by JAERI [6].

Charpy impact tests were conducted by using an

instrumented Charpy impact machine in a hot cell at the

Oarai Branch, Institute for Materials Research, Tohoku

University. A strain rate was kept in 5 m/s through

testing. DBTT was determined by lateral expansion,

absorbed energy and brittle fracture ratio separately.

Vickers hardness test was also conducted at room

temperature with a 200 g load on the side surface of the

miniature Charpy specimen which was far from a de-

formed region after impact testing and the measure-

ments were done at least at 10 points on both the side

surfaces on each specimen.

3. Results and discussion

The chemical composition of each V±4Cr±4Ti±Si, Al,

Y alloy is shown in Table 1. The chemical composition

of O, C and N on each V±4Cr±4Ti±Si, Al, Y alloy in this

study almost reached the speci®c level proposed by the

US fusion program [7]. However the oxygen level is in-

creased instead of decreasing the amount of small ad-

ditional elements. It is suggested that the resistance to

oxidation depends on the amount of small additional

elements. In general the ductility of vanadium alloy is

decreased with increasing additional elements. Therefore

it is a key issue to de®ne the speci®c amounts of small

additional elements on the development of an oxidation

resistance vanadium alloy. Fig. 1 shows the optical

metallographs of grain structure on each V±4Cr±4Ti±Si,

Al, Y alloy as-rolled and after annealing at 1000°C for 1

h. All micrographs were taken from TEM specimens,

however they appear the same as the micrograph taken

from the side surface of the miniature Charpy specimen.

No inclusions and subgrain structure were visible in

Fig. 1. The grain size of each specimen after annealing at

1000°C for 1 h is less than 40 lm. The ASTM number of

each alloy existed from 6.5 to 7.0. Further the grain size

of V±4Cr±4Ti±Si, Al, Y alloys is slightly smaller than

that of non-Al containing alloys. However it looks that

the grain size of their alloys would not depend on the

amount of small additional elements in this study.

Table 1

Chemical composition (mass%) of several vanadium alloys

Nominal composition Heat # Si Ti Cr Fe Y Al C O N H V

V±4Cr±4Ti (BL47) 0.081 4.3 4.1 0.020 0.035 0.022 Bal.

V±4Cr±4Ti (KINKEN) 3.71 3.72 0.0065 0.016 0.022 Bal.

V±4Cr±4Ti±0.5Si±0.5Al±0.5Y 1±3 0.46 3.99 3.96 0.20 0.49 0.018 0.012 0.011 0.0037 Bal.

V±4Cr±4Ti±0.3Si±0.3Al±0.3Y 3±3 0.34 4.07 3.96 0.10 0.29 0.011 0.025 0.010 0.0037 Bal.

V±4Cr±4Ti±0.1Si±0.1Al±0.1Y 5±3 0.14 4.08 3.96 0.05 0.08 0.011 0.101 0.010 0.0033 Bal.

V±4Cr±4Ti±0.5Si±0.5Y 7±3 0.46 4.04 4.00 0.22 ± 0.012 0.019 0.011 0.0034 Bal.

V±4Cr±4Ti±0.1Si±0.1Y 10±3 0.14 4.09 3.92 0.05 ± 0.012 0.060 0.009 0.0029 Bal.

V±5Cr±5Ti±Si±Al±Y (KAV6) 0.85 4.79 4.01 0.77 0.95 0.0126 0.014 0.0054 Bal.
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Fig. 2 shows the TEM micrographs of V±4Cr±4Ti±

Si, Al, Y alloys after annealing at 1000°C for 1 h. In

general Ti(O, C, N) type precipitates are recognized in

extruded, rolled and annealed plates of V±4Cr±4Ti for

US reference alloy [7]. However Ti (O, C, N) were not

characterized in these alloys except V±4Cr±4Ti±0.1Si±

0.1Al±0.1Y. The visible precipitates were spherical in

shape, and less than 100 nm in diameter and these pre-

cipitates were found to be Ti5Si3 by the analytical TEM.

The precipitates were uniformly distributed within the

grain, however no precipitates are visible on the grain

boundary. The precipitate density depended on the

amount of small additional elements. Few small pre-

cipitates were found on the fracture surface after impact

testing. These precipitates were de®ned to be Al2O3,

sul®de or unidenti®ed complex precipitates which con-

sisted of Al, Si, S, P and Y were also found.

Fig. 3 shows the typical load±de¯ection curve at

various temperatures (a) prior to irradiation and (b)

following irradiation. The signi®cant degradation of

de¯ection following irradiation is visible in Fig. 3 (b)

and the uniform elongation of each alloy prior to irra-

diation is one-half that prior to irradiation. The yield

strength of each alloy following irradiation at room

temperature is much higher than that prior to irradia-

tion [8]. Fig. 4 shows the Vickers micro-hardness of each

alloy at room temperature. The irradiation response of

Vickers micro-hardness on these alloys is quite similar to

the response of yield strength. Furthermore the hard-

ening behavior of each alloy depends on the amount of

small additional elements. The hardness of Al addition

alloy tended to be higher than the one of non-Al addi-

tion. At the IEA workshop, similar irradiation response

of V±4Cr±4Ti from 90°C to 290°C was presented [4].

Irradiation hardening at low temperatures could also

occur in this study. It is suggested that Al addition

would not be possible to control the irradiation hard-

ening at lower temperature. Al is also a harmful element

for reduced activation, however Al contributes to oxi-

dation. Therefore it is necessary to provide the exact

activation data of Al depending neutron energy to de®ne

the speci®c level for maintaining a good resistance to

oxidation, a good resistance to low temperature irradi-

ation hardening and reduced activation.

Fig. 2. Typical TEM micrographs of several V±4Cr±4Ti±Si±Al±Y alloys after annealing at 1000°C for 1 h.
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The result of Charpy impact testing on V±4Cr±4Ti

(KINKEN heat) is shown in Fig. 5. In this study the

only control V±4Cr±4Ti alloy had subsize Charpy im-

pact specimens. Size e�ects is clearly observed in Fig. 5.

A DBTT of V±4Cr±4Ti for miniature size specimen

could be below )190°C and for its subsize specimen was

Fig. 3. Typical load±de¯ection curve at various temperature: (a) prior to irradiation; (b) following irradiation.

Fig. 4. Vickers micro-hardness of each alloy at room temper-

ature.

Fig. 5. DBTT on V±4Cr±4Ti (KINKEN heat) following an-

nealed at 1000°C for 1 h.
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)110°C. In some cases, a crack perpendicular to the

notch was visible and an irregular load peak after

maximum load was observed in the load/de¯ection curve

on ductile cleavage fracture specimen. Therefore it

would be caused by sub-crack growth after yield point.

Therefore the irregular load peak was cut o� for eval-

uating the absorbed energy in this study.

Fig. 6 shows the result of Charpy impact testing on

several V±4Cr±4Ti±Si±Al±Y alloys. All miniature spec-

imens have DBTTs below )50°C. However the only

miniature specimen of V±4Cr±4Ti has a DBTT below

)190°C. Since the DBTT is one of the key issues to

decide the candidate material from the various alloys,

the DBTTs of these oxidation resistance vanadium al-

loys should be improved in near future. An increase in

the total amount of small additional elements resulted in

improved resistance to oxidation and DBTT in alloy

with Al. On the other hand, the DBTT of alloys without

Al does not depend on the total amount of small addi-

tional elements and the DBTT existed almost as same

value. The upper shelf energy of all specimens was kept

over 0.3 J/mm3. Only V±4Cr±4Ti±0.3Si±0.3Al±0.3Y has

a much higher upper shelf energy than the other alloys

and the lower shelf energy was also higher than the other

alloys. The results of DBTT on various vanadium alloys

prior to irradiation were varied and they depend on Al

addition. As a result of unirradiated data, V±4Cr±4Ti±

0.3Si±0.3Y±0.3Al alloy is a tentative candidate material

in this study.

Fig. 7 shows a comparison of impact properties of

unirradiated and irradiated miniature specimens on

several V±4Cr±4Ti±Si±Al±Y alloys. Upper shelf energy

of each alloy is constant. However lower shelf energy of

alloys with Al addition is somewhat lower than that

without Al addition. However it is quite clearly ob-

served that all irradiated alloys exhibited the brittle

fracture surface after 8.5 ´ 1018 n/cm2 (156 h) irradia-

tion. Irradiation for 4.6 ´ 1018 n/cm2 (84 h) at low

temperatures caused a slight increase of their DBTT and

a large degradation of the upper shelf energy for Al

addition alloys. Indeed for non-Al addition alloys, the

large shift of DBTT was observed with the increasing

amount of Al addition. Following irradiation, a yield

point was not be observed in Fig. 5 and these alloys fail

rapidly prior to yielding. Low temperature radiation

hardening of V±4Cr±4Ti±Si±Al±Y alloys could also

have occurred in this irradiation. In general radiation

hardening at low temperatures (below 250°C) would be

common for BCC alloys as in the case of ferritic/mar-

tensitic steels. The degradation of fracture toughness

would be caused by means of many small defects or ®ne

precipitates. Fig. 8 shows TEM micrograph on V±4Cr±

4Ti±0.3Si.±0.3Al±0.3Y irradiated to 8.5 ´ 1018 n/cm2

(156 h). Fine radiation defects are clearly observed in

Fig. 8 and small arrows indicate something like pre-

cipitates existing within the grain. It is suggested that

many carbide-like precipitates caused the substantial

degradation of fracture toughness after irradiation to

8.5 ´ 1018 n/cm2 (156 h) at lower temperature. One

possible reason for embrittlement of V±4Cr±04Ti±Si±

Al±Y type alloys irradiated at low temperatures is that

many vanadium carbide and ®ne defects clusters formed

during irradiation. Primary precipitates may be quite

unstable under irradiation and have released their in-

Fig. 6. Impact properties of miniature unirradiated specimens after annealing at 1000°C for 1 h on several V±4Cr±4Ti±Si±Al±Y alloys.
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terstitial elements by decomposition of primary precip-

itates. Their interstitial impurities migrate to irradiation

defects and many precipitates are formed under irradi-

ation. The hardening could cause the substantial de-

gradation of its fracture toughness. However it was hard

to de®ne the precipitates by a conventional microscopy

and it seems that irradiation temperatures in this study

are somewhat lower than migration temperature of in-

terstitial atoms such as C, O and N in vanadium alloy.

Additional work of a nano-probe analysis by something

like a ®eld emission transmission electron microscopy is

needed to verify the presence of such precipitates. Irra-

diation temperature cross check with JMTR is also

needed.

4. Summary

E�ect of small additional elements on DBTT of V±

4Cr±4Ti±Si±Al±Y type alloys irradiated up to

1.06 ´ 1019 n/cm2 at low temperatures (below 150°C)

was discussed. The summary is as follows:

(1) The DBTT of V±4Cr±4Ti±Si±Al±Y type alloys in

this study is much lower than the DBTT of V±5Cr±5Ti±

Si±Al±Y alloy.

(2) The yield and maximum strength of V±4Cr±4Ti±

Si±Al±Y type alloys prior to irradiation do not signi®-

cantly depend on the total amount of small additional

elements. However the increase in the amount of Al

addition cause a decrease in its maximum strength. Ir-

radiation response of hardness on V±4Cr±4Ti±Si±Al±Y

type alloys is quite similar to impact properties.

(3) The Al addition caused a decrease in DBTT.

However the DBTT of Al addition alloys after irradia-

tion for 84 h is lower than that of no Al addition alloys.

However more irradiation cause a serious sever degra-

dation of fracture toughness for alloys without Al ad-

dition.

(4) Many precipitates are observed within grains after

irradiation. It is tentatively proposed that the precipitate

could be an irradiation induced carbide. One possible

reason for embrittlement of V±4Cr±4Ti±Si±Al±Y type

alloys irradiated at low temperatures is that many va-

nadium carbide and ®ne defects clusters formed during

Fig. 7. A comparison of impact properties of unirradiated miniature specimens and irradiated miniature specimens on several V±4Cr±

4Ti±Si±Al±Y alloys.

Fig. 8. TEM micrograph on V±4Cr±4Ti±0.3Si.±0.3Al±0.3Y ir-

radiated to 8.5 ´ 1018 n/cm2 (156 h). The precipitates would be

irradiation induced carbide.
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irradiation. Primary precipitates may be quite unstable

under irradiation and they have released their interstitial

elements by decomposition of primary precipitates.

Their interstitial impurities migrate to irradiation defects

and many precipitates are formed under irradiation. The

hardening could cause the substantial degradation of its

fracture toughness.
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