
ISSN 2075�1133, Inorganic Materials: Applied Research, 2015, Vol. 6, No. 2, pp. 138–142. © Pleiades Publishing, Ltd., 2015.
Original Russian Text © Aung Kyaw Zaw, I.I. Chernov, M.S. Staltsov, B.A. Kalin, V.S. Efimov, 2014, published in Perspektivnye Materialy, 2014, No. 7, pp. 30–36.

138

INTRODUCTION

Vanadium alloys with the rapid reduction of the
induced activity of a V–Ti–Cr system are considered
to be promising structural materials for application in
future fusion reactors (FRs) of a DEMO type [1–3].
There is an interesting idea to use vanadium alloys as a
fuel element cladding in fast neutron reactors (FNRs)
with sodium cooling, where the required high�tem�
perature strength is provided by a vanadium alloy and
required corrosion resistance is provided by clad layers
made from ferritic steel [4]. Embrittlement of vana�
dium alloys during operation can occur in contact
with hydrogen isotopes [5–9]. For example, in [7], it
is shown that a reduction in the relative elongation of
V–Ti–Cr alloys in a hydrogen atmosphere (P ≈ 0.13
kPa) begins at a concentration of 360 wppm H2. There
are a number of sources where hydrogen penetrates
into structural material in FRs and FNRs: the main
one is transmutation reactions of type (n, p), (n, d), (n,
t), and (n, nIp), which have a threshold (energy) char�
acter. It should be noted that the amount of hydrogen
accumulated in vanadium in FRs significantly exceeds
that in FNRs. For example, it was calculated that
~20 appm is accumulated in vanadium after 560 days
of irradiation in the BN�600, whereas ~680 appm H is
accumulated in the DEMO RF [10].

Hydrogen can be specifically introduced into a liq�
uid metal coolant to eliminate oxide deposits. Another
source of hydrogen input to the structural materials of
the first FR wall is plasma radiation.

Vanadium alloys which contain titanium, a strong
hydride�forming element, are currently considered as
structural materials for nuclear reactors [3, 11, 12].
The most promising alloy for application in FR is the
ternary alloy V–4% Ti–4% Cr. This work was aimed at
finding the regularities of the retention of hydrogen
depending on the titanium content in the V–Ti alloys
saturated with hydrogen.

EXPERIMENTAL

The first stage was to produce the samples of V–Ti
alloys, namely, to prepare a master alloy (alloy with a
maximum titanium content V–10 wt % Ti) by alloying
vanadium with titanium in a MIFI�9 vacuum arc fur�
nace. Model alloys with 0.5, 1, 5, and 10% Ti additions
were prepared by alloying the master alloy with vana�
dium. The content of titanium was determined using a
Camebax SX�50 microanalyzer. Pure vanadium served
as a reference. The deviation of alloy composition
from the calculated one was not more than 5%.

After repeated rolling with intermediate homogeniz�
ing annealing at 1080 K to a final thickness of ~0.25 mm,
the samples with dimensions of 25 × 7 × 0.25 mm3 were
annealed in a vacuum of 10 MPa at 1273 K for 2 h and
then cooled together with a furnace. Before hydrogen
saturation, the samples were electropolished to a mir�
ror finish in a solution of H2SO4 (concentrate) +
5% ethanol.

The content of hydrogen in the initial samples,
which was determined using a Leco RH�402 gas ana�
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lyzer, was at the level of 0.0006 ± 0.0003%. The sam�
ples were saturated with hydrogen for 2000 h at a tem�
perature of 620 K in an autoclave, where hydrogen was
fed at a pressure of 16.8 MPa. All samples were
weighed on AND GR�202 scales with an accuracy of
±0.01 mg for the subsequent determination of the
amount of hydrogen captured. Prior to the study, we
registered a hydrogen signal from a container for stor�
age of samples by thermal desorption spectrometry
(TDS). It was found that samples with hydrogen give a
signal that is more than two orders of magnitude
higher, so the signal from the container was neglected.
The study of gas release was carried out at a rate of uni�
form heating of 2 K/s.

A highly sensitive Leco RHEN�602 gas analyzer
was used to measure the absolute amount of hydrogen
captured by the materials by the reductive melting
method with the induction heating of samples in a fur�
nace in a nitrogen stream (two series of experiments).

RESULTS AND DISCUSSION

Figure 1 shows hydrogen thermal desorption spec�
tra of vanadium alloy samples. Two main gas release
peaks are observed: low�temperature and high�tem�
perature. All the spectra exhibit low�temperature peak
I in the temperature range of 780–790 K, the height of
which depends on the alloy composition in contrast to
its position on the temperature scale, and high�tem�
perature peak II at 870–880 K, the height and position
of which on the temperature scale depend on the alloy
composition. As Fig. 1 suggests, an increase in the tita�
nium content in vanadium results in the change in the
intensities of peaks I and II: at 0.5 wt % Ti, the ratio
between the heights of these peaks hardly changes; at
1 wt % Ti, the height of peak I increases and the inten�
sity of peak II decreases; and vice versa, at 5 and 10 wt %
Ti, the height of peak I decreases and the intensity of
peak II increases, this effect being more pronounced
in the range from 5 to 10 wt % Ti. TDS spectra (Fig. 1)
show a nonmonotonic titanium effect on the intensi�
ties of TDS peaks and the position of peak II.

It is seen from the dependence of the amount of
hydrogen retained on the titanium content, which was
determined by the TDS method (Fig. 2), that 0.5 wt %
Ti reduces the hydrogen concentration by nearly a fac�
tor of 3 as compared with that captured by vanadium;
at 1 wt % Ti, the amount of hydrogen retained returns
to the initial level; the maximum hydrogen concentra�
tion is observed in the V–5% Ti alloy and it is ~5.5 ×
1020 at H/g (ratio of the number of hydrogen atoms to
the number of atoms of the alloy at H/at V is ~4.5%).
The amount of hydrogen retained decreases to ~4.5 ×
1020 at H/g (at H/at V ~ 3.8%) as the titanium content
increases to 10%. In such a way, the effect of the Ti
concentration in V on the amount of hydrogen
retained is as nonmonotonic as its effect on the posi�
tion of peak II in the TDS spectrum (Fig. 1).

Figure 3 shows the results of the study of the abso�
lute amount of hydrogen retained in V–Ti, which was
determined in the RHEN�602 gas analyzer. The
dependence of the amount of hydrogen retained on
the titanium content (Fig. 3) is similar to that obtained
by the TDS method (Fig. 2).

The regularities of the capture, retention, and
release of hydrogen and the effect of alloying ele�
ments, in particular, Ti in V, on these processes are
largely determined by the state in which hydrogen
occurs in metals. It is widely believed [12–14] that
hydrogen in materials can exist in one of the following
states: atomic (H0), ionic (H+ and H–), molecular
(H2), in compounds with metals (hydrides MmHn),
and in compounds with impurities (e.g., CH4, H2S).
In addition, hydrogen can form complexes with point
defects, for example, with vacancies HmVn (V means a
vacancy; m and n are the number of hydrogen atoms
and vacancies in the complex, respectively) and with
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Fig. 1. Spectra of hydrogen thermal desorption from vana�
dium alloy: (1) V; (2) V + 0.5% Ti; (3) V + 1% Ti; (4) V +
5% Ti; (5) V + 10% Ti; (6) V + 5% Fe at a uniform heating
rate of 2 K/s.
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Fig. 2. Amount of hydrogen retained vs. titanium content
in vanadium calculated from TDS studies.
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vacancies and impurities HmXnVk (X means an intersti�
tial impurity), and other complexes [15].

The presence of two gas release peaks in the TDS
spectra indicates the existence of two main types of
traps for hydrogen in vanadium and its alloys. Hydro�
gen was introduced into the samples in the autoclave
without causing radiation damage to their structure.
Since the position of low�temperature peak I on the
temperature scale is independent of the chemical
composition of the material (Fig. 1), we have assumed
that traps for hydrogen in the temperature range of
780–790 K are such defects, whose energy of binding
with hydrogen and hydrogen capacity are not affected
by the presence of atoms of the alloying elements in
solid solution. Since vanadium hydrides are thermally
unstable, namely, they dissolve already at tempera�
tures from 270 K [16, 17], such traps can be thermal
vacancies [15], dislocations, grain boundaries, twins,
discontinuities, and other hereditary defects, which in
combination with hydrogen atoms have a positive
binding energy. For example, in α�Fe, the binding
energy is 0.45–0.53 eV for H–V, 0.71–0.90 eV for H–
Vm (m > 4), 0.24–0.62 eV for H�dislocation, 0.78 eV
for H�pore, 0.75–0.70 eV for H�helium bubble, and
0.29 eV for H–TiC [12]. It is shown by calculation [15]
that in vanadium one vacancy can hold twelve hydro�
gen atoms when they are introduced simultaneously
and six hydrogen atoms when they are introduced
sequentially. It is shown in [6] that in vanadium alloys
the chemical composition of the alloy is responsible

for the amount of hydrogen trapped. The fact that the
intensity (height) of peak I depends on the Ti content
may indicate, for example, that titanium atoms change
the concentration of this type of traps and/or the bind�
ing energy between them and hydrogen atoms.

Traps of the second type, from which hydrogen
escaping upon heating results in the appearance of
peak II, are more effective for trapping the hydrogen.
In this case, both the intensity of peak II and its posi�
tion on the temperature scale are determined by the
titanium concentration (Fig. 1), whose influence on
them and the amount of hydrogen retained are non�
monotonic (Figs. 2, 3). It can be assumed that, in
addition to hydrogen captured by the traps of the first
type, it is trapped by titanium hydrides, or complex
hydrides like Ti1 – xVxHy, or γ titanium hydrides like
TiH2 (Fig. 4), since the standard enthalpy of formation
of titanium hydride is less (–144.4 kJ/mol [18]) than
that of vanadium hydrides (–39.9 kJ/mol [19]).

It was shown in [20] that initial V included 0.08 ±
0.01% O2 and 0.0090 ± 0.0003% N2, and the initial V–
5% Ti alloy contained 0.32 ± 0.01% O2 and 0.0064 ±
0.0003% N2. It is established in the same paper using
internal friction measuring methods and X�ray phase
analysis that titanium at low concentrations partici�
pates in the formation of various complexes such as
Ti–O, Ti–O–V, VTiOx, and others, and nitrides. This
occurs because the enthalpy of their formation is sig�
nificantly less than that of titanium hydride (table),
i.e., titanium in an amount of 0.5 wt % (0.53 at %) is
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not involved in the formation of hydrides, but is con�
sumed for binding oxygen and nitrogen, the total con�
centrations of which in vanadium amounts to 0.58 at %
[20]. It seems that this should not lead to a decrease in
the amount of hydrogen retained in the V–0.5% Ti
alloy compared with that in vanadium. This reduction
in the amount of hydrogen is possible in the case where
oxygen and nitrogen in a vanadium solid solution pro�
mote retention of hydrogen; for example, they greatly
distort the crystal lattice as interstitial impurities. Such
interstitial places play the role of vacancy sinks and,
hence, they trap hydrogen atoms. The titanium�
induced escape of oxygen and nitrogen from the solid
solution reduces the number of such traps and leads to
a reduction in the hydrogen concentration in the V–
0.5% Ti alloy (Figs. 2 and 3).

The amount of hydrogen retained again increases
with increasing Ti content to 1 and 5 wt %, since only
a fraction of titanium is involved in the formation of
oxides and nitrides, while the rest forms hydrides with
a decomposition temperature of 870 K and above,
which becomes clear from comparing the temperature
of peak II (Fig. 1) and the temperature at which γ tita�
nium hydride decomposes (Fig. 4).

It is shown in [22] that, at a content of ~10% Ti,
vanadium begins to take up part of the electron density
from titanium. Therefore, a decrease in the electron
density of titanium atoms reduces the number of
hydrides formed and, correspondingly, reduces the
amount of hydrogen retained in the V–10% Ti alloy as
compared with that in the V–5% Ti alloy (Figs. 2 and 3).

Thus, the effect of titanium content on the capture
and retention of hydrogen by vanadium alloys is non�
monotonic. In this case, the specific behavior of
hydrogen in V–Ti alloys is observed in the same con�
centration ranges (tenths of a percent and more than
5% Ti) as the nonmonotonic Ti content dependence of
mechanical and high�temperature properties [3, 23],
internal friction [20], the laws of the capture and
release of helium [24], and the parameters of helium
gas porosity and swelling [25].

CONCLUSIONS

(1) It was established that all the spectra of the V–
Ti alloys saturated with hydrogen in the autoclave
exhibit two peaks: low�temperature peak in the tem�
perature range of 780–790 K, the height of which
depends on the alloy composition in contrast to its
position on the temperature scale, and high�tempera�
ture peak at 870–880 K, the height and position of
which on the temperature scale depend on the alloy
composition.

(2) As compared with the hydrogen trapped in
vanadium, titanium was shown to nonmonotonically
affect the amount of hydrogen retained: an addition of
0.5% Ti decreases, 1 and 5% Ti increases, and 10% Ti
again decreases the amount of hydrogen in the alloy.

(3) A physical explanation of the appearance of the
two peaks of hydrogen thermal desorption and non�
monotonic influence of titanium on the amount of
hydrogen in vanadium was proposed.
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