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� High-purity vanadium alloys were
developed for structural materials in
fusion reactor.

� Precipitates form when Ti
concentration is about 1 wt% in high-
purity V-4Cr-xTi alloys.

� Solid solution strengthening is
prominent and increases as Ti
concentration rises.

� 1 wt% Ti addition is presumably
proper from the viewpoint of
scavenging effect and precipitation
strengthening.
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Effects of Ti concentration on microstructure and mechanical properties of high-purity V-4Cr-xTi alloys
have been studied by means of scanning electron microscopy, transmission electron microscopy,
Vickers hardness and tensile tests. Results show that precipitation occurs with 1 wt% Ti addition and
above, whose diameter gradually increases as Ti concentration rises. Vickers hardness and tensile
strength increase with increasing Ti concentration. Moreover, strengthening mechanisms consisting of
solid solution strengthening (rSS), grain boundary strengthening (rGB), and precipitation strengthening
(rP) are theoretically estimated. The strength contribution sequence is rSS > rGB > rP. Solid solution
strengthening from Ti increases with increasing Ti concentration, and precipitation strengthening is
not significantly dependent on Ti concentration. Additionally, 1 wt% Ti is probably sufficient to scavenge
the interstitial impurities and provide comparable precipitation strengthening with V-4Cr-4Ti alloy.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Low-activation vanadium alloys have been considered as candi-
date structural materials for the first wall/blanket applications in
fusion reactors [1–4]. V-4Cr-4Ti alloy has been selected as the most
promising alloy composition with a level of interstitial impurities
(C, N and O) of �1000 wppm in 1990s [5,6]. Although interstitial
impurities are beneficial to enhance the strength of vanadium
alloys by solid solution strengthening and/or precipitation
strengthening, they give rise to loss of ductility at high concentra-
tions [7–10]. Moreover, irradiation-induced defects, clusters and/

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.111390&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2022.111390
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shen.jingjie@nifs.ac.jp
https://doi.org/10.1016/j.matdes.2022.111390
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


J. Shen, T. Nagasaka, M. Tokitani et al. Materials & Design 224 (2022) 111390
or precipitates result in hardening and embrittlement of vanadium
alloys containing interstitial impurities after ion/neutron irradia-
tion [11–16]. It is expected that reduction of these interstitial
impurities should have a good effect on the irradiation damage
resistance of vanadium alloys. Thanks to the improvement of man-
ufacturing technology, high purity vanadium alloys [17–21] con-
taining much lower interstitial impurities, �300 wppm, have
been developed at National Institute for Fusion Science (NIFS) in
collaboration with Japanese industries. Furthermore, Ti, an alloying
element in vanadium alloys, is added, firstly, to scavenge the inter-
stitial impurities by forming Ti(CON) precipitates and keep impu-
rity level in the matrix low; secondly, to enhance the mechanical
properties via solid solution strengthening; and thirdly, to improve
the fabricability and irradiation swelling resistance [22]. Loomis
et al. [23] demonstrated that the swelling of V-Ti alloys and V-
Cr-Ti alloys under neutron irradiation at 420 and 600℃was signif-
icantly dependent on Ti concentration, and V-Cr-Ti alloys with
higher than 3 wt% Ti showed better swelling resistance. Similarly,
Matsui et al. [24] and Fukumoto et al. [25] reported that Ti addition
showed remarkable swelling resistance in V-Fe alloys and 3 at% Ti
addition evidently suppressed the cavity formation under irradia-
tion at 380 – 615 ℃. On the other hand, Ti produces a long-lived
radioactive isotopes under fusion irradiation environments, 42Ar
[26], whose half-life decay period is �32 years. It is therefore dis-
advantageous to recycling and waste management after shutdown
of the fusion reactors. Cheng [27] reported that the allowable Ti
concentration in vanadium alloys should be lower than 1.4 wt%
to reduce the cooling time to less than 100 years as a hands-on
recycling level. Aiming at shortening the recycling period of V-
Cr-Ti alloys after shutdown of the fusion reactors, it is necessary
to keep the level of high-activation elements, interstitial impuri-
ties, and Ti concentration as low as possible. High-purity vanadium
alloys with much lower concentration of high-activation elements
and interstitial impurities were fabricated. To further reduce the
cooling time of V-Cr-Ti alloys, minimizing Ti concentration is con-
sidered. However, there was no systematic research on the influ-
ence of low-Ti levels (�4 wt%) in high-purity vanadium alloys. In
the present study, the effects of Ti concentration on microstructure
and mechanical properties have been investigated.
2. Experimental

2.1. Materials

High-purity vanadium alloys with nominal composition of V-
4Cr-xTi (x = 0, 1, 2, 3, and 4 in wt%) were made by arc-melting pro-
cess, which are hereafter marked as V-4Cr, V-4Cr-1Ti, V-4Cr-2Ti, V-
4Cr-3Ti, and V-4Cr-4Ti alloys. The chemical composition of speci-
mens is listed in Table 1.

Each ingot was sealed in a vacuum stainless steel container, and
then hot forged in the temperature range of about 1000 – 1200 ℃.
Afterward, the specimens were machined to remove the deformed
stainless-steel container and finally rolled at room temperature
from about 4 mm to 0.25 mm in thickness. Dog-bone shape tensile
Table 1
The chemical composition of high-purity vanadium alloys (wt%).

Specimens Cr Ti C

V-4Cr 3.90 0.002 0.00
V-4Cr-1Ti 4.02 0.96 0.00
V-4Cr-2Ti 3.89 1.92 0.00
V-4Cr-3Ti 3.92 2.99 0.00
V-4Cr-4Ti 4.11 3.89 0.00

Note: Cr, Ti: inductively coupled plasma optical emission, C: combustion infrared absorpt
absorption.
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specimens with a gauge size of 5 � 1.2 mm and discs with a diam-
eter of 3 mm were punched out from the cold rolled sheets. Spec-
imens were mechanically ground with SiC sandpapers from grit
No. 400 to No. 800. Subsequently, the specimens were put into a
tantalum box wrapped with zirconium foil and annealed in a vac-
uum at 1000 ℃ for 1 h.

2.2. Microstructure characterization

As for the grain size estimation, the annealed specimens were
electro-polished at 13 V in a solution of 20 vol% H2SO4 and
80 vol% CH3OH at �5 ℃, and then etched in 25 vol% HF, 25 vol%
HNO3 and 50 vol% H2O at room temperature. The etched grains
were characterized by JEOL JSM-5600 scanning electron micro-
scope (SEM) at an accelerating voltage of 20 kV. Five SEM images
were taken on the rolling plane under 400� magnification for each
specimen to estimate the grain size. The average grain size was
determined via the linear intercept method, and the standard devi-
ation was set as an error. Besides, the precipitates in the matrix
were observed by JEOL JEM-2800 transmission electron micro-
scope (TEM) at 200 kV. TEM specimens were prepared by twin-
jet electro-polishing in Struers TenuPol-5. Several TEM images
were taken to get plenty of precipitates for quantitative estimation
by GATAN DigitalMicrograph. The average diameter was obtained
by measuring each area of several hundred precipitates via ImageJ
under an assumption that all precipitates are spherical, and the
standard deviation was set as an error. Regarding the number den-
sity of precipitates, thickness of the observed areas was approxi-
mately estimated at two-beam conditions by counting the
thickness fringes.

2.3. Vickers hardness and tensile tests

Vickers hardness tests were conducted at room temperature by
Mitutokyo HM-200 with a load of 0.3 kg for a dwell time of 30 s.
The average hardness value was obtained by measuring 10 points,
and the standard deviation was set as an error. Three tensile spec-
imens were prepared for each alloy. The thickness of the gauge was
averaged by measuring three times with a micrometer caliper, and
the width was measured by a laser microscope. Tensile tests were
carried out at room temperature with a strain rate of 6.67 � 10-4

s�1, and the displacement during test was recorded by linear vari-
able displacement transformers. After tensile tests, tensile proper-
ties, such as yield stress, ultimate tensile stress, uniform
elongation, and total elongation, were obtained from engineering
stress–strain curves.

3. Results

3.1. Microstructure

3.1.1. Grain size
Fig. 1 shows the SEM images of vanadium alloy with various Ti

concentration. Equiaxial grains can be clearly seen in all the spec-
N O V
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Fig. 1. SEM images of high-purity vanadium alloys with various Ti concentration: (a) V-4Cr, (b) V-4Cr-1Ti, (c) V-4Cr-2Ti, (d) V-4Cr-3Ti, and (e) V-4Cr-4Ti.
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imens which were annealed at 1000 ℃ for 1 h, indicating comple-
tion of recrystallization. The grain size was estimated by several
SEM images, and the average diameter as a function of Ti concen-
tration is plotted in Fig. 2. The grain size decreases to the smallest,
12.2 ± 3.2 lm, with increasing Ti concentration up to 3 wt%. Then,
it slightly increases to 14.6 ± 3.8 lm for the V-4Cr-4Ti alloy. In
addition, the grain sizes of vanadium alloys with 2 – 4 wt% Ti addi-
tion are smaller in comparison with the V-4Cr and V-4Cr-1Ti
alloys, indicating 2 wt% Ti and above would retard the migration
of grain boundaries.
3.1.2. Precipitation
Fig. 3 shows bright-field TEM images of high-purity vanadium

alloys with various Ti concentration. It is evidently noted that there
are no precipitates in V-4Cr alloy, in contrast, precipitation occurs
with higher Ti concentrations in V-4Cr-(1�4)Ti alloys, suggesting
that there is a threshold of Ti concentration for occurrence of pre-
cipitation in these high-purity vanadium alloys.

Fig. 4 shows the precipitate size distribution in V-4Cr-1Ti, V-
4Cr-2Ti, V-4Cr-3Ti, and V-4Cr-4Ti alloys. Fig. 5 plots the corre-
sponding average diameter and number density of precipitates as
a function of Ti concentration. As can be seen, precipitates gradu-
Fig. 2. Grain sizes of high-purity vanadium alloys dependence on the Ti
concentration.
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ally coarsen from 38.1 ± 13.1 nm to 74.5 ± 25.9 nm as Ti concentra-
tion increases. By contrast, the number density of precipitates in V-
4Cr-1Ti, V-4Cr-2Ti, and V-4Cr-3Ti alloys do not significantly
change and keep at the same order of magnitude, 1019 m�3. As
for V-4Cr-4Ti alloy, it drops to 9.4 � 1018 m�3, which is slightly
lower than other V-4Cr-4Ti alloy containing higher interstitial
impurities [28].

Fig. 6 shows the TEM images of precipitate and corresponding
electron diffraction patterns in V-4Cr-1Ti alloy. According to the
analysis on diffraction patterns, the precipitate is a fcc crystal
structure with a lattice parameter of �0.433 nm. The orientation
relationship between precipitates and matrix is (111)p//(110)m,
and [011]p//[001]m, where subscript p and m denote precipitate
and matrix, respectively. Ti(CON) particles with NaCl crystal struc-
ture are the common precipitates in V-4Cr-4Ti alloys, which are
significantly affected by interstitial impurities and heat treatment
conditions [29,30].

3.2. Vickers hardness and tensile properties

Fig. 7 shows the Vickers hardness of high-purity vanadium
alloys with various Ti concentration. Vickers hardness of V-4Cr,
V-4Cr-1Ti, V-4Cr-2Ti, V-4Cr-3Ti, and V-4Cr-4Ti alloys are
95 ± 2.4, 104.7 ± 2.2, 111.4 ± 4.4, 122.2 ± 3.3, and 137.3 ± 3.2,
respectively. Note that the hardness gradually increases with
increasing Ti concentration.

Fig. 8 summaries the tensile properties of high purity vanadium
alloys tested at room temperature, such as ultimate tensile stress
(UTS), yield stress (YS), total elongation (TE) and uniform elonga-
tion (UE). UTS and YS indicate a similar tendency on Ti concentra-
tion with Vickers hardness. The tensile strength gradually
increases as increasing Ti concentration. V-4Cr-4Ti alloy has the
highest UTS and YS, which are 389 ± 2 MPa, and 297 ± 6 MPa. With
respect to elongation, TE of V-4Cr-2Ti alloy is 33.2 ± 4.6 % that is
greater than others, and UE of the alloys is similar in the range of
15.6 – 17.4 %. In fact, both TE and UE do not evidently alter with
increasing Ti concentration, indicating that there is no significant
dependence upon Ti concentration for elongation at this range.

4. Discussions

It is generally known that there are several strengthening
mechanisms in metals, such as solid solution strengthening (rSS),



Fig. 3. Bright-field TEM images of high-purity vanadium alloys with various Ti concentration: (a) V-4Cr, (b) V-4Cr-1Ti, (c) V-4Cr-2Ti, (d) V-4Cr-3Ti, and (e) V-4Cr-4Ti.

Fig. 4. Size distribution of precipitates in high-purity vanadium alloys with virous
Ti concentration. Specimens from top to bottom are V-4Cr-1Ti, V-4Cr-2Ti, V-4Cr-
3Ti, and V-4Cr-4Ti, respectively.

Fig. 5. Diameter and number density of precipitates in high-purity vanadium alloys
as a function of Ti concentrations. Error bars for average diameter and number
density indicate the standard deviation, and maximum and minimum, respectively.
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grain boundary strengthening (rGB), precipitation strengthening
(rP), and dislocation strengthening. Since all the vanadium alloys
in this study were recrystallized, the dislocation density was so
low that cannot be seen in TEM images, which is hereby neglect-
able for strengthening. Hence, the yield stress can be expressed
by a linear summation of all the strengthening contributions as fol-
lows [31–35]:

rY ¼ r0 þ rSS þ rGB þ rP ð1Þ

where r0 is friction stress of single crystal pure vanadium.
4

With respect to solid solution strengthening, interstitial impuri-
ties (i.e., C, N and O), Cr and Ti atoms serve as solute in the vana-
dium alloys. Due to occurrence of precipitation in V-4Cr-(1�4)Ti
alloys, it is therefore assumed that the interstitial impurities were
scavenged out from the matrix and the precipitation strengthening
would be considered instead of strengthening contributed by inter-
stitial impurities.

Nagasaka et al. [36] investigated the effects of the nitrogen and
oxygen concentrations on hardness of vanadium and the following
equation for hardness estimation was deduced in the recrystallized
vanadium.

H ¼ H0 þ 0:12CN þ 0:057CO ð2Þ



Fig. 6. Micrographs of a precipitate in V-4Cr-1Ti alloy. (a) Bright-field TEM image, (b) Dark-field TEM image, (c) Selected area diffraction pattern with indices of precipitate in
green and matrix in white. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Vickers hardness of high-purity vanadium alloys dependence on Ti
concentration.

Fig. 8. Tensile properties of high-purity vanadium alloys at room temperature as a
function of Ti concentration. Some error bars are so small that they are covered by
the symbols.

Fig. 9. Relationship between Vickers hardness (HV) and yield stress (rY) of high-
purity vanadium alloys.
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where H0 is a constant obtained by linear fitting, 48 kg�mm�2,
which is the hardness of vanadium containing carbon interstitials,
CN and CO are nitrogen and oxygen concentration in wppm. Regard-
ing strengthening from interstitials, Thompson et al. [7] reported
that the hardness of vanadium markedly increased as rising N con-
centration, and carbon had a relatively little effect on hardness. Kai-
numa et al. [8] demonstrated that the strengthening potency at an
equivalent concentration was different and the order was N > O > C.
Besides, Harrod et al. [9] reported that carbon was about half as
5

potent as nitrogen or oxygen for solid solution strengthening in
vanadium. Obviously, the hardening coefficient of nitrogen is 2.1
times as high as that of oxygen in Equation (2). Therefore, it is rea-
sonably assumed that the hardening coefficient of carbon is half of
oxygen. The strengthening contribution from carbon is approxi-
mately 0.028 CC, where CC is carbon concentration. It is able to cal-
culate the strengthening contribution from carbon, nitrogen and
oxygen by substituting the concentration from Table 1.

It is noted that the calculated value via Equation (2) is Vickers
hardness, which is needed to convert to strength in Equation (1).
The unit of Vickers hardness is kg�mm�2, which can be converted
into MPa by multiplying 9.806 N�kg�1. Fig. 9 plots Vickers hardness
and yield stress of high-purity vanadium alloys. Equation (3) is
established by linear fitting with R-square value of 0.998.

HV ¼ ð4:605� 0:09ÞrY ð3Þ

where, both HV and rY are in MPa.
Based on Equations (2) and (3), the corresponding strengthen-

ing contributions from carbon, nitrogen, and oxygen in V-4Cr are
5.4 MPa, 7.7 MPa, and 21.8 MPa, respectively. Total strengthening
contribution from interstitials (rCNO) is 34.9 MPa. Furthermore, the
strength of single crystal pure vanadium can be estimated by sub-
tracting the carbon strengthening from H0, namely, r0 = 9.806 (H0

– 0.028 CC)/4.605 = 96.8 MPa. This value is smaller than that of
vanadium in Refs. [7,8], because it is inevitable to eliminate all
the foreign elements from the matrix, and some are polycrystalline
including grain boundary strengthening. Additionally, the strength
contributed from Cr atoms (rCr) can be decided from the V-4Cr
alloy with rCr = rY – r0 – rCNO – rGB, which is considered as the
same in other alloys. Consequently, the strength contributed from



Table 2
Yield stress from tensile tests and strengthening contributions from calculation (MPa).

Specimens Yield stress r0 rGB rCNO rCr rP rTi

V-4Cr 195 96.8 46.2 ± 1.5 34.9 17.1 ± 1.5 – –
V-4Cr-1Ti 208 96.8 47.7 ± 2.7 – 17.1 ± 1.5 11.5 ± 2.4 34.9 ± 6.6
V-4Cr-2Ti 250 96.8 58.0 ± 11.4 – 17.1 ± 1.5 14.6 ± 2.6 63.5 ± 15.5
V-4Cr-3Ti 260 96.8 59.8 ± 6.4 – 17.1 ± 1.5 14.7 ± 2.5 71.5 ± 10.4
V-4Cr-4Ti 297 96.8 54.7 ± 2.6 – 17.1 ± 1.5 11.9 ± 1.5 116.5 ± 5.6
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Ti atoms in other alloys can be calculated by rTi = rY – r0 – rCr –
rGB – rP.

With respect to the grain boundary strengthening, Hall-Petch
relationship [37,38] is widely utilized to determine the strength
increment in polycrystalline materials.

rGB ¼ kH�PD
�1=2 ð4Þ

where kH-P is Hall-Petch coefficient, whose value is 209 MPa�lm1/2

[39] for recrystallized vanadium, and D is the average grain size,
which is shown in Fig. 2.

Regarding precipitation strengthening, the precipitates can act
as barriers to impede the movements of dislocations. Orowan’s
model [40] is generally used to describe the strengthening contri-
bution as follows:

rP ¼ aMlb Ndð Þ1=2 ð5Þ
where a is the obstacle strength of the precipitates, M is Taylor fac-
tor (3.06 [40] for polycrystalline bcc metals), l is the shear modulus
of the matrix (46.7 GPa [41]), b is the magnitude of Burgers vector
(0.26 nm [41]), N is the number density of precipitates, and d is the
average diameter of precipitates shown in Fig. 5. The obstacle
strength a is estimated by the critical bowing angle when a disloca-
tion propagates through the obstacle. In principle, the value of a is
equal to 1 for the impenetrable particles, whereas it is generally
used as 0.81 – 0.84 for a random distribution [42]. By contrast, for
the penetrable particles, a is smaller than 0.8, such as irradiation-
induced dislocation loops, defect clusters [12]. As shown in Fig. 6,
there exists evident orientation relationship between precipitates
and the matrix, indicating the coherent and penetrable precipitates.
Tougou et al. [43] analyzed the obstacle strength of Ti(CON) precip-
Fig. 10. Strength contributions from friction stress of single crystal vanadium (r0),
solid solution strengthening (rCNO, rCr, rTi), grain boundary strengthening (rGB),
and precipitation strengthening (rP) in high-purity vanadium alloys with various Ti
concentration. The total stress values correspond to the yield stress of the high-
purity V-4Cr-xTi alloys.
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itates in V-4Cr-4Ti alloy via in situ TEM observations and deter-
mined the average obstacle strength as a = 0.3, which is taken in
this study.

Table 2 lists the calculated values from grain boundary
strengthening (rGB), precipitation strengthening (rP) and solid
solution strengthening (rCNO, rCr, and rTi).

Fig. 10 separately plots the corresponding strength contributors
in columns as a function of Ti concentration. It is clearly seen that
the sequence of strengthening contribution in V-4Cr-(1�4)Ti alloys
is rSS > rGB > rP. With respect to solid solution strengthening from
Ti, it gradually increases with increasing Ti concentration, leading
to the highest value in V-4Cr-4Ti alloy. Precipitation strengthening
is the lowest strength contributor and not obviously changed upon
Ti concentration, suggesting that 1 wt% Ti addition in the high pur-
ity vanadium is proper for scavenging the interstitial impurities,
and results in comparable precipitation strengthening with V-
4Cr-4Ti alloy.

5. Conclusions

The effects of Ti concentration on microstructure and mechan-
ical properties of high-purity V-4Cr-xTi alloys are systematically
investigated by SEM, TEM, Vickers hardness and tensile tests. The
following conclusions can be drawn:

(1) Precipitates are observed in high-purity vanadium alloys
with 1 wt% Ti and above, whose size increases with increas-
ing Ti concentration.

(2) Both Vickers hardness and tensile strength gradually
increases with increasing Ti concentration.

(3) Strengthening mechanisms for the recrystallized vanadium
alloys are comprised of solid solution strengthening (rSS),
grain boundary strengthening (rGB), and precipitation
strengthening (rP). The sequence of strength contributors
is rSS > rGB > rP. Solid solution strengthening from Ti
increases with increasing Ti concentration, and precipitation
strengthening is not obviously dependent upon Ti
concentration.

(4) Ti concentration is reasonably reduced to 1 wt% for scaveng-
ing the interstitial impurities and providing comparable pre-
cipitation strengthening with V-4Cr-4Ti alloy.
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