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Four V-Ta-4Cr-4Ti quaternary alloys containing different quantities of Ta were investigated to determine the
effect of Ta content on the Charpy impact properties. Five button-shaped ingots of the V-4Cr-4Ti ternary alloy
and V-xTa-4Cr-4Ti quaternary alloys (x = 3, 9, 15, and 22 wt.%) were fabricated on a laboratory scale by using
non-consumable arc-melting in an argon atmosphere. Charpy impact tests were conducted at temperatures
ranging from 77 K to 293 K using an instrumented impact tester. Both the upper shelf energy and the ducti-
le-brittle transition temperature increased with increasing Ta content. The addition of 3 wt.% Ta resulted in solid
solution strengthening without any degradation of the Charpy impact properties. Thus, the addition of 3 wt.% Ta
(V-3Ta-4Cr-4Ti) is an appropriate amount to use in blanket structural materials for nuclear fusion reactors. The
spectra of TEM-EDS for V-3Ta-4Cr-4Ti quaternary alloy indicate that there is no significant enrichment of Ta in
the matrix as compared with that in the precipitate. However, thermal aging may result in the formation of the
Laves phase, causing the degradation of Charpy impact properties. The characterization of precipitates, thermal
aging, and creep tests of the V-3Ta-4Cr-4Ti quaternary alloy need to be investigated to determine the optimum
Ta content.

1. Introduction previously investigated [11]. Ta has relatively low levels of long-lived

radioactivity after neutron irradiation through fusion [12]. The Ta

Vanadium(V)-based alloys are attractive structural materials for
blanket systems in advanced fusion reactors owing to their potentially
low-induced activation characteristics, superior high temperature
strength, and excellent resistance against neutron irradiation damage
[1-3]. A V-based alloy nominally containing 4 wt.% Cr and 4 wt.% Ti (V-
4Cr-4Ti ternary alloy), which has favorable impact properties, has been
selected as the leading candidate for this application [4-6]. The creep
rupture strength is one of the key issues to determine the upper oper-
ating temperature, which is currently assumed to be approximately 973
K for V-4Cr-4Ti ternary alloy [7]. Although a higher Cr content can
improve the creep rupture strength of V-Cr-Ti alloys through solid so-
lution strengthening [8], it may also lead to an increase in the ductile-to-
brittle transition temperature (DBTT) and degradation of fabricability
[9,10]. The effects of tantalum (Ta) addition on the tensile properties
and rolling fabricabilities of V-4Cr-4Ti ternary alloys have been
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addition to V-4Cr-4Ti ternary alloy can improve their tensile strengths
without degrading their rolling fabricabilities. Although the addition of
Ta significantly improves tensile properties such as solid solution
strengthening [11,13-16], the impact properties of V-Ta-4Cr-4Ti qua-
ternary alloys have not yet been studied. The purpose of the present
study is to study the effect of Ta addition on the impact properties of V-
4Cr-4Ti ternary alloy for use as blanket structural materials in advanced
fusion reactors.

2. Materials and experimental methods

Table 1 lists the chemical compositions of a V-4Cr-4Ti ternary alloy
and four V-Ta-4Cr-4Ti quaternary alloys examined in this study. The
quantity of interstitial impurities such as O, N, and C in the V-Ta-4Cr-4Ti
quaternary alloys were controlled to give the same levels as those
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Table 1

Chemical compositions of the examined alloys (wt.%).
Code \Y Ta Cr Ti C N [e]
V-4Cr-4Ti bal. < 0.01 3.86 4.04 0.009 0.008 0.009
V-3Ta-4Cr-4Ti bal. 3.23 3.88 4.03 0.010 0.009 0.009
V-9Ta-4Cr-4Ti bal. 9.20 3.89 4.05 0.010 0.006 0.008
V-15Ta-4Cr-4Ti bal. 14.6 3.84 3.99 0.009 0.004 0.008

V-22Ta-4Cr-4Ti bal. 21.9 3.86 4.02 0.009 0.008 0.007
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Fig. 1. Recovery of hardness as a function of the annealing temperature after
cold rolling.

observed in the high-purity V-4Cr-4Ti reference alloy known as NIFS-
HEAT-2 [17,18]. Five different alloys consisting of V-4Cr-4Ti and V-
xTa-4Cr-4Ti (x = 3, 9, 15, and 22 wt.%) were fabricated using a non-
consumable arc-melting method in an Ar atmosphere to obtain button-
shaped ingots of approximately 30 g each. The V-22Ta-4Cr-4Ti alloy
contained 7.3 at.% of Ta content, which was below the solid solubility
limit of a Laves phase (VoTa) in the V-Ta phase diagram [19]. The
button-shaped ingots were cold-rolled into sheets with a thickness of 2
mm, representing an approximately 80 % reduction in thickness.

The sheet specimens for Vickers microhardness measurements were
cut from the alloy sheets, mechanically and electrolytically polished,
and then annealed at 1073-1473 K for 1 h under a pressure of less than 1
x 107 Pa. Vickers microhardness (HV s) tests were conducted at room

(a) V-4Cr-4Ti (b) V-3Ta-4Cr-4Ti

100 pm

(d) V-15Ta-4Cr-4Ti

(¢) V-22Ta-4Cr-4Ti
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Table 2
Summary of averaged grain size.

Code Annealing temperature (K) Averaged grain size (pm)
V-4Cr-4Ti 1273 20
V-3Ta-4Cr-4Ti 1273 20
V-9Ta-4Cr-4Ti 1373 36
V-15Ta-4Cr-4Ti 1373 48
V-22Ta-4Cr-4Ti 1373 51
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Fig. 3. Absorbed energy in the Charpy impact tests. These energies were
normalized by specimen width (B = 1.5 mm) and ligament size (b = 1.2 mm),
which is (B x b)*? = (1.5 x 1.2)*2%

Table 3

Summary of Charpy impact properties.
Code USE (J/mm®) DBTT (K)
V-4Cr-4Ti 0.41 Below 77
V-3Ta-4Cr-4Ti 0.46 Below 77
V-9Ta-4Cr-4Ti 0.51 77
V-15Ta-4Cr-4Ti 0.51 77
V-22Ta-4Cr-4Ti 0.51 100

(c) V-9Ta-4Cr-4Ti

hOO um

Fig. 2. Metallographic images obtained using optical microscopy of the grain structures of (a) V-4Cr-4Ti annealed at 1273 K, (b) V-3Ta-4Cr-4Ti annealed at 1273 K,
(¢) V-9Ta-4Cr-4Ti annealed at 1373 K, (d) V-15Ta-4Cr-4Ti annealed at 1373 K, and (e) V-22Ta-4Cr-4Ti annealed at 1373 K.
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(a) V-4Cr-4Ti, 26%

(b) V-3Ta-4Cr-4Ti, 26%

(¢) V-9Ta-4Cr-4Ti, 15%

Fig. 4. SEM images of the fracture surfaces where data for lateral expansion (LE) are indicated: (a) V-4Cr-4Ti, (b) V-3Ta-4Cr-4Ti, (c) V-9Ta-4Cr-4Ti, (d) V-15Ta-4Cr-

4Ti, and (e) V-22Ta-4Cr-4Ti tested at 77 K.

(b) V-22Ta-4Cr-4Ti L

Fig. 5. High magnification SEM images of the fracture surfaces tested at 77 K: (a) V-9Ta-4Cr-4Ti, and (b) V-22Ta-4Cr-4Ti.

temperature (in the range 293-298 K), with an indentation load of 4.9 N
(500 gf), and a dwell time of 30 s. Hardness was calculated by averaging
the results obtained from ten indentation tests. The grain sizes were
measured according to the ASTM E112-85 standard [20]. The Charpy V-
notch (CVN) specimens had dimensions of 1.5 x 1.5 x 20 mm3, a notch
angle of 30°, and a notch depth of 0.3 mm, so that the ligament size b
was 1.2 mm. The CVN specimens were adopted for comparison with
previous study [10]. Because the rolled V-4Cr-4Ti alloys have the
anisotropy on Charpy impact properties [27], the CVN specimens were
oriented in the longitudinal-transverse (L-T) direction, so that the crack
propagated perpendicular to the rolling direction and along the T di-
rection. CVN specimens were annealed at 1273 K x 1 h for the alloys V-
4Cr-4Ti and V-3Ta-4Cr-4Ti, and at 1373 K x 1 h for the three V-xTa-4Cr-
4Ti (x =9, 15, and 22 wt.%) alloys. Charpy impact tests were conducted
from 77 K to 293 K using an instrumented falling weight type impact
tester at the Institute for Materials Research (IMR), Tohoku University
[21]. Initial energy of the tester was 200 J. One sample was tested for
each test condition. The test temperatures were measured using a
thermocouple at the jig to fix a specimen just before the tests. A spec-
imen and the anvil were cooled together in the cryostat. In order to

minimize temperature loss, the specimen was removed from the cryostat
together with the anvil and subjected to an impact test. The crosshead
speeds of the Charpy impact tests were 5 m/s [22]. The fracture surfaces
were observed using scanning electron microscopy (SEM) to evaluate
the lateral expansion (LE) and determine the fracture mode. Micro-
structural observations were conducted using transmission electron
microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) at
IMR, Tohoku University. Disk specimens with a diameter of 3 mm were
electropolished with 20 % sulfuric acid solution by using a twin-jet
polishing machine to make thin films for the TEM observations.

3. Results
3.1. Hardness and recrystallization

Fig. 1 shows the hardness recovery as a function of the annealing
temperature after cold rolling. The minimum hardness was at 1273 K.
The minimum values increased with increasing Ta content. Fig. 2 shows
the metallographic images obtained using optical microscopy of the
grain structures of V-3Ta-4Cr-4Ti annealed at 1273 K, and V-9Ta-4Cr-



T. Miyazawa et al.

‘ Ti-rich
, <— precipitate

Fig. 6. TEM images of V-3Ta-4Cr-4Ti alloys annealed at 1273 K.
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Fig. 7. TEM-EDS analysis of the precipitate and matrix.

4Ti and V-22Ta-4Cr-4Ti both annealed at 1373 K. The fully recrystalli-
zation temperatures of the alloys were determined based on their
hardness and grain structure recovery. The recrystallization tempera-
tures of V-4Cr-4Ti and V-3Ta-4Cr-4Ti were determined to be 1273 K,
whereas those of V-9Ta-4Cr-4Ti, V-15Ta-4Cr-4Ti, and V-22Ta-4Cr-4Ti
were 1373 K. Thus, the recrystallization temperature increased with
increasing Ta content. All Charpy specimens were annealed at their
respective recrystallization temperatures. Table 2 summarizes averaged
grain size for the alloys annealed at their respective recrystallization
temperatures.
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Fig. 8. Dependence of DBTT on (Cr + Ti + Ta) content via a comparison of V-
xTa-4Cr-4Ti quaternary alloys with high-Cr V-xCr-4Ti and V-xCr-(4-5)Ti
ternary alloys [9,10].
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Fig. 9. Absorbed energy in the Charpy impact tests comparing V-3Ta-4Cr-4Ti
quaternary alloy annealed 1273 K with V-7Cr-4Ti ternary alloy annealed at
1223 K [28].

3.2. Impact properties

Fig. 3 shows the absorbed energies from 77 K to 293 K. The typical
sigmoidal DBT behavior seen V-Cr-Ti system did not be seen because the
present investigation only provides as rough estimate of the influence of
Ta addition to impact properties. The repeat tests will be required for a
more statistical estimate of the transition [23]. In the present study, the
DBTT is defined as the temperature where the energy is half of the
upper-shelf energy (USE). Table 3 summarizes USEs and DBTTs for the
alloys tested in the present study. The USE of V-4Cr-4Ti was 0.41 J/
mm?, which was equivalent to that of the reference alloy V-4Cr-4Ti
(NIFS-HEAT-2) [24,25]. DBTTs for V-4Cr-4Ti and V-3Ta-4Cr-4Ti alloys
were below 77 K; however, DBTTs for V-9Ta-4Cr-4Ti, V-15Ta-4Cr-4Ti
and V-22Ta-4Cr-4Ti were above 77 K. Both the USE and the DBTT
increased with increasing Ta content. Fig. 4 and Fig. 5 show SEM images
of the fracture surfaces of alloys tested at 77 K. Ductile fracture surfaces
with dimple patterns and lateral LE > 20 % were observed for V-4Cr-4Ti
and V-3Ta-4Cr-4Ti. The fracture surfaces for V-9Ta-4Cr-4Ti, V-15Ta-
4Cr-4Ti and V-22Ta-4Cr-4Ti showed a mixture of ductile and brittle
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fracture with river patterns.
3.3. Microstructural observations

Fig. 6 presents the bright field TEM images of V-3Ta-4Cr-4Ti
annealed at 1273 K. V-3Ta-4Cr-4Ti was found to contain precipitates
with sizes of 0.05-0.2 pm. Fig. 7 shows the spectrum of TEM-EDS ob-
tained from the matrix and the precipitate. The precipitate was Ti-rich
precipitates [26,27]. The spectra of TEM-EDS indicate that there is no
significant enrichment of Ta in the matrix as compared with that in the
precipitate. Although the current investigation did not reveal (Ti,Ta)
CON precipitates, they have been reported in other V-Ti-Cr systems and
cannot be ruled out. More detailed research is needed to clarify the
characterization of precipitates and distribution of Ta in the matrix of V-
3Ta-4Cr-4Ti.

4. Discussion

Fig. 8 summarizes the dependence of the DBTT on (Cr + Ti + Ta)
content by comparing V-xTa-4Cr-4Ti quaternary alloys with high-Cr V-
xCr-4Ti and V-xCr-(4-5)Ti ternary alloys [9,10]. Increasing Cr content
increases the DBTT of V-xCr-(4-5)Ti ternary alloys significantly.
Although increasing Ta content also increases the DBTT of V-xTa-4Cr-
4Ti quaternary alloys, the increment rate of DBTT with increasing Ta
content is much lower than that increasing Cr content. The Vickers
hardness of V-3Ta-4Cr-4Ti quaternary alloy annealed at 1273 K was 144
HV, which is approximately the same as that of V-7Cr-4Ti ternary alloy
annealed at 1273 K [28]. Fig. 9 shows the absorbed energy in the Charpy
impact tests for V-3Ta-4Cr-4Ti and V-7Cr-4Ti. The USE of V-7Cr-4Ti was
0.60 J/mm®, which was higher than that of V-3Ta-4Cr-4Ti. However, the
DBTT for V-7Cr-4Ti was above 77 K. For the V-Ta-4Cr-4Ti quaternary
alloys, both the USE and the DBTT increased with increasing Ta content.
To maintain the same DBTT as V-4Cr-4Ti ternary alloy, the addition of 3
wt.% (approximately 1 at.%) Ta is an appropriate amount for use in
blanket structural materials for advanced fusion reactors. In a previous
study on effect of substitutional solid solution elements (W, Mo, Al, Mn
and Cu) on the high temperature strength of 17Cr-14Ni austenitic steels
[29], the lattice distortion induced by solute elements improved the
steady creep rate. Additions of Mo and W were effective in improving
creep strength in austenitic heat resisting steels. Thus, the addition of 3
wt.% Ta is also expected to improve the creep rupture strength of V-4Cr-
4Ti ternary alloy.

This study revealed that the addition of 3 wt.% Ta resulted in solid
solution strengthening without the degradation of Charpy impact
properties, such as embrittlement, which is one of the key factors that
determines the lower operating temperature limit [7]. In general, having
favorable Charpy impact properties means having a long life until
irradiation embrittlement. It has been reported that the swelling of V-
base binary alloys depends on the atomic size factor of the solute atoms
[30]. Mo and niobium (Nb) in the V matrix are oversized solutes, which
suppress swelling. As Ta is also an oversized solute, it is expected to
suppress swelling as well. The addition of 3 wt.% Ta has the advantage
of expanding both the upper and the lower operating temperature limits
of V-4Cr-4Ti ternary alloy.

Having a solid solubility limit of 9 at.% in the V-Ta phase diagram
[19], Ta can form the Laves phase (V;Ta) in the V matrix. The phase
stabilities of 8-12Cr ferritic steels such as 12Cr-1Mo-V-W (HT9), 9Cr-
1Mo-V-Nb (T-91), and 8Cr-2W-V-Ta (F82H) have previously been re-
ported, as well as Laves phase (Fe;Mo, Fe;W) formation during thermal
aging [31]. The Laves phase precipitates formed at grain boundaries
during thermal aging caused the degradation of Charpy impact prop-
erties, leading to embrittlement [32,33]. While there was no significant
enrichment of Ta in the matrix as compared with that in the precipitate
for the V-3Ta-4Cr-4Ti quaternary alloy (Figs. 5 and 6), thermal aging
may still result in the formation of the Laves phase. In order to determine
the optimum Ta content, conducting creep tests on the V-3Ta-4Cr-4Ti
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quaternary alloy is necessary. Further investigation on effects of thermal
aging is also warranted.

5. Conclusions

The effect of Ta addition on the Charpy impact properties of V-xTa-
4Cr-4Ti alloys (x = 3, 9, 15, and 22 wt.%) was investigated. Both the
USE and DBTT increased with increasing Ta content. The addition of 3
wt.% Ta resulted in solid solution strengthening without the degradation
of Charpy impact properties. The addition of 3 wt.% Ta (V-3Ta-4Cr-4Ti)
is therefore an appropriate amount for use in blanket structural mate-
rials used in nuclear fusion reactors. From the TEM-EDS analysis, it was
observed that there is no significant enrichment of Ta in the matrix as
compared with that in the precipitate. However, thermal aging may
result in the formation of the Laves phase, causing a degradation of
Charpy impact properties. Thus, the characterization of precipitates,
thermal aging studies, and creep tests on the V-3Ta-4Cr-4Ti quaternary
alloy will be required in the future to determine the optimum Ta content.
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