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Reduction of interstitial impurities such as nitrogen (N) and oxygen (O) improves the mechanical properties
of V-4Cr-4Ti alloys. Yttrium (Y) addition effectively reduces O content by Y,Oj3 slag-out on the melting ingot
surface. The effects of Y addition on mechanical properties were investigated for V-4Cr-4Ti with N ranging from
0.009 to 0.29 mass% and O ranging from 0.009 to 0.36 mass%. The increase in yield stress (YS) and ultimate
tensile stress (UTS) for vanadium alloys was saturated above 0.1 mass% in O content, because Ti precipitates
increased with increasing O content regardless of Y addition. Y addition had little effect on YS and UTS of
V-4Cr-4Ti alloys at room temperature (RT). However, Y addition improved impact properties of alloys highly
doped with O. Y addition did not suppress hardening due to O doping but did increase deformation for crack

initiation.
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1. Introduction

V-4Cr-4Ti alloy, which is a vanadium-based alloy
containing Chromium (Cr) of 4 mass% and Titanium (Ti)
of 4mass%, is a candidate for blanket structural materi-
als for fusion reactor systems because of its low-activation
properties, good resistance to neutron radiation damage,
and good high-temperature strength [1]. Nitrogen (N) and
oxygen (O) have very high solubility limits of 1.7 mass%
and 2.7mass% at 1000°C in vanadium, and are potent
solid solution strengtheners [2,3]. Carbon (C) has a rel-
atively low solubility limit of 0.047 mass% at 1000°C in
vanadium [3]. Most lots of vanadium contain C in ex-
cess of the limit and hence V,C precipitates. Interstitial
C remains low in vanadium. The mechanical behavior
of V-4Cr-4Ti alloys is, therefore, strongly influenced by
solid solution hardening due to interstitial N and O im-
purities, which are possible contaminants during fabrica-
tion and under operation conditions. The effect of N and
O on ductile-to-brittle transition temperature (DBTT) for
pure vanadium has been reported [4]. The content of N or
O over 0.1 mass% raised DBTT above room temperature
(RT). Previous tensile tests at RT on vanadium demon-
strated that for embrittlement (fracture without plastic de-
formation) the threshold content of N was 0.24 mass% and
that of O was 0.48 mass% [5]. It is widely recognized that
control of these impurities is essential for workability and
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weldability [6]. It has also been clarified that yttrium (Y)
addition effectively reduces O content by Y,O3 slag-out
on the melting ingot surface [7]. The present study seeks
to clarify the effect of Y addition on the mechanical prop-
erties of V-4Cr-4Ti alloys with high O and N contents.

2. Experiment

Table 1 lists the V-4Cr-4Ti alloys used in this study
and their chemical composition. V-4Cr-4Ti-0.0190 is the
reference V-4Cr-4Ti alloy, called NIFS-HEAT-2, which
was fabricated by electron beam melting and vacuum arc
re-melting in 166 kg scale [8,9]. NIFS-HEAT-2 is high-
purity large scale ingots developed by National Institute for
Fusion Science, Japan. Three 15 kg-scale ingots were fab-
ricated by levitation melting [3]. 30 g-scale buttons and a
200 g-scale ingot were fabricated by arc-melting. N and O
contents were controlled by adding high-purity TiN pow-
der which was larger than 10 um and V,0s powder which
was larger than 20 um. Figure 1 indicates that N content of
these materials was systematically changed from 0.009 to
0.29 mass% and that O content was systematically changed
from 0.009 to 0.36 mass%.

Y,03 inclusions with 0.5 um or larger were already
observed in the as-melted ingot. They did not decompose
during annealing [7]. Two types Ti precipitates were ob-
served in V-4Cr-4Ti alloys; one was fine Ti precipitates
which were less than 0.1 um in size, and the other was large
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Table 1 Chemical composition for the alloys (mass%).

Code Scale Cr Ti Y C N O
V-4Cr-4Ti-0.0080 30g 3.87 4.02 <0.02 0.005 0.006  0.008
V-4Cr-4Ti-0.0100 30g 4.25 4.48 <0.02 0.007 0.008  0.010
V-4Cr-4Ti-0.0190 166 kg 4.11 4.15 <0.02 0.025 0.009  0.019
V-4Cr-4Ti-0.0510 15 kg 4.40 4.51 - 0.014 0.015  0.051
V-4Cr-4Ti-0.110 30g 4.27 4.46 <0.02 0.014 0.015 0.11
V-4Cr-4Ti-0.120 200 g 4.00 4.11 <0.01 0.012 0.010 0.12
V-4Cr-4Ti-0.180 30g 4.24 4.42 <0.02 0.009 0.018 0.18
V-4Cr-4Ti-0.360 30g 3.90 3.96 <0.02 0.010 0.016 0.36
V-4Cr-4Ti-0.080N 30g 3.91 3.89 <0.01 0.016 0.080  0.019
V-4Cr-4Ti-0.26N 30g 3.85 3.96 <0.02 0.013 0.26 0.020
V-4Cr-4Ti-0.29N 30g 3.93 4.07 <0.01 0.013 0.29 0.025
V-4Cr-4Ti-Y-0.0090 15 kg 4.23 4.17 0.11 0.011 0.009  0.009
V-4Cr-4Ti-Y-0.0270 30g 4.01 4.07 0.12 0.007 0.002  0.027
V-4Cr-4Ti-Y-0.0700 30g 3.28 3.96 0.01 0.014 0.014  0.070
V-4Cr-4Ti-Y-0.110 30g 3.86 4.01 0.01 0.017 0.019 0.11
V-4Cr-4Ti-Y-0.170 30g 3.54 3.88 0.004 0.014 0.024 0.17
V-4Cr-4Ti-Y-0.210 30g 3.89 3.97 0.02 0.013 0.019 0.21
V-4Cr-4Ti-Y-0.030 30g 4.23 3.92 0.08 0.021 0.023  0.030
V-4Cr-4Ti-Y-0.270 15 kg 3.87 3.99 0.06 0.010 0.018 0.27
V-4Cr-4Ti-Y-0.360 30g 4.19 3.89 0.02 0.013 0.021 0.36
V-4Cr-4Ti-Y-0.082N 30g 3.38 4.27 0.20 0.016 0.082  0.015
V-4Cr-4Ti-Y-0.24N 30g 4.28 4.56 0.19 0.011 0.24 0.017
V-4Cr-4Ti-Y-0.26N 30g 3.60 4.27 0.20 0.018 0.26 0.022
5 Q.' Miniature tensile specimens with a gauge size of
- 04 ° 1.2 x5 x0.25mm were used for tensile tests. Miniatur-
< o1 O e ized Charpy specimens were prepared with dimensions of
°3 T F ° 1.5 X 1.5 x 20 mm, a notch angle of 30°, and a notch depth
g [ O of 0.3 mm, so that ligament size was 1.2mm. The spec-
= [ ° ® imens were annealed at 1000°C for 7.2 ks for V-4Cr-4Ti
E 5 A o é) alloys, and at 950°C for 3.6ks for V-4Cr-4Ti-Y alloys
§ Ld in a vacuum better than 1 x 107 Pa. The grain size of
= 0.01 3 O ‘m ® 30-200 g-scale w/ Y each specimen after annealing was less than 30 um. Ten-
sh [ O 30-200 g-scale w/o Y sile tests were performed at RT at an initial strain rate of
S [ B 15 kg-scale w/ Y 6.67 x 10~*s~!. Microstructural observations were car-
i [ 15 kg-scale w/o Y . . . .
I A NIFS-HEAT-2 ried out using transmission electron microscopy (TEM).
I Charpy impact tests were conducted from —196°C to RT
0-005'00 1 S 0'0 1 e 0' 1 — using an instrumented Charpy impact test machine at In-

Nitrogen content / mass%

Fig. 1 N and O contents of the alloys used in the present study.
Open circles, square and triangle show N and O contents
for V-4Cr-4Ti alloys. Closed circles and squares show N
and O contents for V-4Cr-4Ti-Y alloys.

Ti precipitates which were not less than 0.1 um nor more
than 0.5 um in size [10]. Large precipitates were already
present after hot rolling, following melting. In the previ-
ous study, annealing as-melted NIFS-HEAT-2 at 950°C for
3.6 ks resulted in the formation of these precipitates [11].
Fine precipitates were formed at 700°C and disappeared
at 1100°C. It is assumed that TiN and V,0s5 were decom-
posed during melting, and then the dissolved N and O were
precipitated during fabrication and annealing.

ternational Research Center for Nuclear Materials Science,
Tohoku University. The crosshead speed of Charpy im-
pact tests was 5 m/s. Fracture surfaces were analyzed using
scanning electron microscopy (SEM).

3. Results

3.1 Tensile properties

Figure 2 plots the dependence of yield stress (YS) and
ultimate tensile strength (UTS) on O and N contents at RT.
YS and UTS for pure vanadium were also plotted for com-
parison [2]. Harrod and Gold reported that YS and UTS for
pure vanadium linearly increased with increasing O and N
contents in this range. The hardening coefficient per unit of
O content was 1900 MPa/mass% and that of N content was
2500 MPa/mass%. No precipitates due to O and N dop-
ing were observed in the microstructure for pure vanadium,;
thus, the hardening of pure vanadium was caused by solid

1405166-2



Plasma and Fusion Research: Regular Articles

Volume 8, 1405166 (2013)

500 | B X
£ u [ = 30 E].
= [ ™ - m
= 400 1 680 MPa/mass% R 0] [ | - 0
2 s Ll m
£ = CNN = =
£ 300 = a £ 20 [AA
= [A g I SR N A a2
£ I A V-4Cr-ATi(YS) S U A £ A
5200 | (] V-4Cr-4Ti(UTS) g
2 [ 1900 MPa/mass% | A V-4Cr-4Ti-Y(YS) = 10 /A V-4Cr-4Ti(UE)
“Bo 100 B V-4Cr-4Ti-Y(UTS) B [J V-4Cr-4Ti(TE)
= [/ C<0.025 mass% g LareV (Y5) | C, <0.025 mass% A V-4Cr-4Ti-Y(UE)
Room temperature Pure V (UTS) I Room temperature W VACr4Tiv(aE)
0 PR S T TR N TR T S T | PR IR T T 1 I
0 b 1 1
0 00-1 0{2 " 0-30/ 0.4 0 0.1 0.2 0.3 0.4
xygen content/ massvo Oxygen content / mass%o
|
= 500 | - 0O E
| 30
z 400 - [
% kd 4120 MPa/mass% . O -
= = H [
g 2500 MPa/mass% /\ V-4Cr-4Ti(YS) £ N A A A
5 200 |- 0 V-4Cr-4Ti(UTS) gL - AN
g i A V-ACr-4Ti-Y(YS) 2 ; .
) ] B V-4Cr-4Ti-Y(UTS) = 10 L JaN \-7-4Cr-4T}(UE)
S 100 /¢ <0.025mass% | < PureV(YS) ¢ <oorSmasst | & :jgrﬁn(y&)m
£ Room temperature |2 Pure V (UTS) | Co =D mass7o - T
0 b .p. N N Room temperature B V-4Cr4Ti-Y(TE)
0 0.1 0.2 0.3 0.4 0 |

Nitrogen content / mass%o

0 0.1

0.2

0.3 0.4

Fig. 2 Dependence of YS and UTS on O and N contents.

solution hardening by interstitial O and N. The dependence
of YS and UTS for V-4Cr-4Ti alloys on O and N contents
was similar to that for V-4Cr-4Ti-Y alloys. Y addition had
little effect on YS and UTS of V-4Cr-4Ti alloys at RT. YS
and UTS for the vanadium alloys linearly increased with
increasing O content up to 0.1 mass%. The hardening co-
efficient per unit of O content was 680 MPa/mass%, which
was much less than that for pure vanadium. YS and UTS
for the vanadium alloys did not increase above 0.1 mass%
in O content, but increased gradually with increasing N
content up to 0.29 mass%. The hardening coefficient per
unit of N content was 120 MPa/mass%. The hardening in
V-4Cr-4Ti alloys by N was less than that by O.

Figure 3 plots the dependence of uniform elongation
(UE) and total elongation (TE) on O and N contents at RT.
All the data on UE exceeded 15% in the range of O and
N contents in the present study. The previous tensile tests
at RT on unalloyed vanadium (pure vanadium) indicated
that the threshold content of N for embrittlement (defined
as UE = 0%) was 0.24 mass% [5]. Alloying suppressed
embrittlement due to N doping.

Nitrogen content / mass%

Fig. 3 Dependence of UE and TE on O and N contents.

3.2 TEM observation

Figure 4 presents bright field TEM images for vana-
dium alloys doped with O. Statistical analysis for the size
distribution of precipitates is presented in Fig.5. It has
been reported that two kinds of precipitates (fine and large)
were observed in TEM images of the NIFS-HEAT-2 speci-
mens annealed at 1000°C [12]. The size of fine precipitates
was less than 0.1 um and that of large precipitates was not
less than 0.1 um nor more than 0.5 um. These precipitates
were observed in V-4Cr-4Ti-0.110, V-4Cr-4Ti-0.180, V-
4Cr-4Ti-Y-0.210, and V-4Cr-4Ti-Y-0.270 alloys. Com-
parison of the distribution for V-4Cr-4Ti-0.110 and V-4Cr-
4Ti-0.180 alloys indicates clear that the number of fine
precipitates increased with increasing O content. The num-
ber density of precipitates increased with increasing O con-
tent in V-4Cr-4Ti alloy. Coarse precipitates with 0.5 um or
larger were observed in V-4Cr-4Ti-Y-0.270 alloy. Such
coarse precipitates were not observed in alloy with high O
content (V-4Cr-4Ti-Y-0.210 alloy). These precipitates are
considered to be Y,Os5 inclusions [7,13].
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Fig. 5 Size distribution of precipitates for vanadium alloys doped with O. Red and blue solid line exhibit Gaussian profiles for smaller

(Peak A) and larger (Peak B) precipitates, respectively.

V-4Cr-4Ti-0.110

Fig. 4 TEM images for vanadium alloys doped with O.

3.3 Charpy impact properties

Figure 6 plots absorbed energies from —196°C to RT.
These energies are normalized by specimen width (B =
1.5mm) and ligament size (b = 1.2mm). In the present
study, ductile-to-brittle transition temperature (DBTT) is
defined as the temperature where the absorbed energy is
half of the upper-shelf energy (USE). Table 2 summarizes

#\— V-4Cr-4Ti-0.0190

{ V-4Cr-4Ti-0.0510

< V-4Cr-4Ti-0.120
—— V-4Cr-4Ti-Y-0.0090
—l- V-4Cr-4Ti-Y-0.270

PRI S NN S S S ST S S R NI S
-200 -100 0 100 200
Test Temperature / °C

Fig. 6 Absorbed energy in the Charpy impact tests.

USEs and DBTTs for the alloys tested in the present study.
DBTTs for the alloys, except for V-4Cr-4Ti-0.120 alloy,
were below —196°C. The data for V-4Cr-4Ti-0.120 alloy
were insufficient to determine USE for that alloy. Assum-
ing USE is the average value (0.40 J/mm?) of USEs for the
other alloys, DBTT for V-4Cr-4Ti-0.120 alloy was esti-
mated as 0°C. Figure 7 presents SEM images of the frac-
ture surfaces of V-4Cr-4Ti-0.120 and V-4Cr-4Ti-Y-0.270
alloys. At RT and —-56°C, the fracture surfaces of V-4Cr-
4Ti-Y-0.270 alloy exhibited good ductility with 29% in
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Table 2 Summary of Charpy impact properties.

Code USE (JJ/mm’) DBTT (°C) Comment

V-4Cr-4Ti-0.0190 0.39 below -196

V-4Cr-4Ti-0.0510 0.46 below -196

V-4Cr-4Ti-0.120 (0.40)* 0 High O doping induced embrittlement.
V-4Cr-4Ti-Y-0.0090 0.35 below -196

V-4Cr-4Ti-Y-0.270 041 below -196 Y addition suppressed embrittlement due to O doping.

* Assuming that the USE for V-4Cr-4Ti-0.120 is 0.40 J/mm’ which is the average value of USEs for
the other alloys.

Fig. 7 SEM images for fracture surface (a), (b), (c) for V-4Cr-
4Ti-Y-0.270 alloy and (d), (e), (f) for V-4Cr-4Ti-0.120
alloy. Test temperature and data for lateral expansion are

indicated.
200
[ ¥ 3.9 mm
[ 1.5 mm
150 |
|
=100 |
3 I at around -50 °C
= ok —— V-4Cr-4Ti-0.120

—— V-4Cr-4Ti-Y-0.270

2 . 4 6 8 10
Displacement / mm

Fig. 8 Load-displacement curves at around —50°C for V-4Cr-
4Ti-Y-0.270 and V-4Cr-4Ti-0.120 alloys. Arrows indi-
cate crack initiation points.

lateral expansion ratio (LE). The fracture surface of V-4Cr-
4Ti-Y-0.270 alloy at —196°C and that of V-4Cr-4Ti-0.120
alloy at RT were a mixture of ductile fractures with dimples
and brittle fractures with secondary cracks. At —54 and
—196°C, the fracture surface of V-4Cr-4Ti-0.120 alloy in-
dicated fully brittle fracture characterized by cleavage and
secondary crack with random directions. Figure 8 plots

load-displacement curves at around —50°C for V-4Cr-4Ti-
Y-0.270 and V-4Cr-4Ti-0.120 alloys. No difference in YS
at around —50°C was observed for these alloys. The crack
initiation point is defined as the displacement at maximum
load on the load-displacement curve. The displacements at
crack initiation for V-4Cr-4Ti-0.0190, V-4Cr-4Ti-0.0510
and V-4Cr-4Ti-Y-0.0090 alloys exceeded 4 mm. Crack
initiation for V-4Cr-4Ti-Y-0.270 alloy occurred at 3.9 mm
in displacement, while that for V-4Cr-4Ti-0.120 alloy oc-
curred at 1.5mm. In these alloys highly doped with O,
displacement for crack initiation was increased by Y addi-
tion.

4. Discussion

The linear increase in YS is caused by solid solution
hardening due to N and O doping. The hardening coefi-
cient for vanadium alloys was smaller than that for pure V
because of the formation of Ti-CON precipitates accord-
ing to the previous study [12]. In a previous study for the
effect of impurities after liquid lithium exposure [14], pre-
cipitates were effectively formed even though significant
N contamination occurred. It is, therefore, assumed that
the hardening coefficient of N doping (120 MPa/mass%)
was smaller than that of O doping (680 MPa/mass%). The
amount of O in precipitates can be estimated from the total
volume of the precipitates. Assuming the precipitates are
spherical, the total volume V of precipitates is given as

s B

N = Nj + Ng, )

where N, is the number density of smaller (Peak A) pre-
cipitates, Np is the number density of larger (Peak B)
precipitates, ua is the mean size of the precipitates with
Peak A, ugp is the mean size of the precipitates with Peak
B. Table 3 lists estimated O content in precipitates deter-
mined using a mass density for TiO (4.93 g/cm?) and TiO,
(4.26 g/cm?) [15]. Assuming the precipitates are TiO,, all
the O in the alloys doped with O is scavenged as TiO, pre-
cipitates from the alloy matrix. It is thus assumed that pre-
cipitation is enhanced, and then solid solution hardening is
saturated above 0.1 mass% in O content. Because Ti pre-
cipitates are formed depending on O content regardless of
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Table 3 Estimated oxygen content in precipitates.

Code Volume fraction of Oxygen content in
precipitates (Vol. %)  precipitates (mass%)
V-4Cr-4Ti-0.110 1.2 0.24 (TiO)
0.34 (TiO,)
V-4Cr-4Ti-0.180 2.8 0.56 (TiO)
0.77 (TiO,)
V-4Cr-4Ti-Y-0.210 1.0 0.19 (TiO)
0.26 (TiO,)
V-4Cr-4Ti-Y-0.270 8.5 1.3 (TiO)
2.4 (TiOy)

Y, Y addition had little effect on YS and UTS of V-4Cr-
4Ti alloys. Precipitates in V-4Cr-4Ti alloys were, however,
identified as TiO in previous study [12]. Further study is
necessary to determine whether TiO, precipitates formed.

Coarse precipitates were observed in V-4Cr-4Ti-Y-
0.270 alloy, but not in alloy with high O content (V-4Cr-
4Ti-Y-0.210 alloy), as shown in Fig.4. In V-4Cr-4Ti-Y-
0.210 alloy, Y had little effect on precipitation, probably
because of low residual Y (0.02 mass%). The reasons for
the low residual Y are thought to be as follows: (1) Slag-
out could effectively work in V-4Cr-4Ti-Y-0.210 alloy be-
cause the distance from the center of the melt to the surface
is less than that of V-4Cr-4Ti-Y-0.270 alloy due to the dif-
ference in melting scale. (2) The difference in stirring con-
ditions due to the melting scale changed the efficiency of
slag-out. A large amount of Y, therefore, remained in the
larger scale ingot (V-4Cr-4Ti-Y-0.270 alloy). Y,0Oj3 inclu-
sions remained in the melted V-4Cr-4Ti-Y-0.270 alloy.

In Charpy impact test, Y addition improved ab-
sorbed energy in alloys highly doped with O, but did
not affect YS below RT. Y addition did not suppress
hardening due to O doping, but increased the displace-
ment where crack initiation occurred. These results
indicate that Y addition increased the deformation for
The absorbed energies for V-4Cr-
4Ti-0.120 alloy decreased because precipitates likely
induced crack initiation. It is assumed that precipitates
for V-4Cr-4Ti-0.120 alloy could be coarsened or be
formed with higher number density, compared with
V-4Cr-4Ti-Y-0.270 alloy with 0.06 mass% Y, where the
precipitates did not degrade the impact energy. Y addi-

crack initiation.

tion exceeding 0.3 mass%, however, formed many coarse
inclusions, which also degraded the impact energy [16]. It
is assumed that residual Y (0.05-0.1 mass%) is appropriate
for maintaining favorable impact properties.

S. Summary

The effects of Y addition on mechanical properties of
V-4Cr-4Ti alloys with high O and N contents were investi-
gated. Ti precipitates increased with increasing O, regard-
less of Y. Y addition had little effect on YS and UTS of
V-4Cr-4Ti alloys at RT but improved impact properties in
alloys highly doped with O. Y addition did not suppress
hardening due to O doping but did increase deformation
for crack initiation.
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