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a b s t r a c t

In this article, hydrogen absorption properties of bcc single-phased as-cast Ti–Al–Nb alloys near pseudo-
binary section at about 50 at.% of Ti are considered. Possible reasons of enhancing hydrogen capacity with
the increasing of Nb content from ∼34 to ∼42 at.% and decreasing Al content from ∼13 to ∼6 at.% are
discussed. The alloys and corresponding hydrides have been characterized by X-ray diffraction. Ti–6 at.%
vailable online 16 June 2010
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Al–42 at.% Nb is found to absorb maximum hydrogen H/M = 1.88 (∼2.81 wt.%) to form a hydride at 500 ◦C
temperature and 1.2 MPa. Beneficial effect of mild cold rolling deformation on hydrogen capacity is noted.
All the studied compositions demonstrate good kinetics and absorb hydrogen quickly, within 20–30 min
after activation.

© 2010 Elsevier B.V. All rights reserved.

inetics
hase transitions

. Introduction

Ti–Al–Nb system represents a numerous group of alloys and
ntermetallic compounds. Alloys with relatively low additions of
b mainly based on �2 (hcp crystal lattice) phase and being in

he ordered state consist of the orthorhombic O-phase and/or
rdered B2-phase (bcc lattice). They have become the focus of
ttention as potential high temperature structural materials for
ircraft engine and airframe applications due to their attractive
igh specific strength and fracture toughness [1]. However, several
ears ago a few publications about hydrogen storage properties
f such class of Ti–Al–Nb alloys appeared [2–5]. Well-established
nowledge of the nature of phase equilibria and transformations in
he above system [6–9] allows for systematic control over differ-
nt microstructures. Using Ti–22Al–27Nb as a base alloy hydrogen
bsorption/desorption behavior in B2 ordered single-phase state
efore and after deformation [2], multiphase effects [3] and bene-
cial effect of orthorhombic O-phase on the hydrogen absorption
4] were studied. Authors of the above articles supposed that bcc-
ased phases of Ti–Al–Nb system occurring by adding Nb to Ti3Al
ay have a greater hydrogen absorption capacity since loosely

acked bcc-based structures are usually superior to closely packed

cc- and hcp-based structures in hydrogen absorption. The maxi-

um hydrogen capacity of the alloys investigated [2–5] does not
xceed 2.0 wt.%. It should be noted, however, that all samples in
he above studies were subjected to high temperature treatment

∗ Corresponding author. Tel.: +7 343 378 3829.
E-mail address: patselov@imp.uran.ru (A.M. Patselov).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.026
in order to receive different single or multiphase microstructures
before hydrogenation.

Different from the authors who were quoted above we decided
to increase the range of Ti–Al–Nb system alloys in order to assess
a potential influence of the chemical composition on hydrogen
capacity of these alloys. We also intended to check on the effect
of the influence of mild deformation on the hydrogen capacity of
our alloys compositions. We studied alloys with 34–42 at.% Nb and
6–13 at.% Al, Ti content being about 50 at.%. Since the preliminary
studies (see Fig. 5 in [10]) as well as our unpublished results indi-
cate that the hydrogen capacity of the as-cast specimens exceeds
that of the homogenized specimens (solution treatment at 1360 ◦C,
24–36 h) by ∼1.5 we used only as-cast specimens in our further
work. To avoid possible influence of such parameters as multi-
phase effects, degree of ordering, etc. on hydrogen capacity, we
took into account state diagrams published elsewhere. As a pos-
sible guide we used the pseudo-binary section of the Ti–Al–Nb
system at 50 at.% Ti taken from [11] which, in its turn was taken
from Bendersky et al. [12] with data sourced from references
[7,13] (see Fig. 15 from [11]). Composition-induced disordering
of the bcc phase was observed in several Ti–Al–Nb alloys and
higher Al contents favor the ordered B2 structure [7,12,14]. Accord-
ing to [11], for Ti–15Al–33Nb the ordered B2 structure was not
detected in the as-processed (899 ◦C) and solution-treated con-
ditions. The authors of [11] reported that the B2-phase had not

expected as the bcc composition could not contain more than
15 at.% Al and less than 33 at.% Nb and thus the temperature
range of stable B2-containing microstructures was significantly
reduced for lower Al-containing and higher Nb-containing alloys.
The above explain our choice of composition range for as-cast

dx.doi.org/10.1016/j.jallcom.2010.06.026
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Hydrogen absorption capacity in H/M units.

Source Ala Nb Ti H/M

Data of [17] 14.8 25.9 Bal. 0.74
Our data 13.4 34.2 Bal. 0.83
Our data 10.4 36.9 Bal. 1.00
Our data 10.6 39.9 Bal. 1.42
Our data 06.1 39.8 Bal. 1.58
Our data 06.1 41.9 Bal. 1.88

a Composition of alloys in at.%.
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lloys, where instead of ordered B2-phase only disordered �-solid
olution expected.

. Experimental

The purities of the raw materials, niobium, titanium and aluminum were 99.9,
9.95 and 99.995 wt.%, respectively. The ternary alloys with nominal compositions
–13 at.% Al, 34–42 at.% Nb, balance – Ti were prepared into rod shaped ingots
f about 30 or 50 g in a vacuum arc-melt furnace under purified helium atmo-
phere. To achieve macro-homogeneity of composition, the ingots were remelted
–4 times before crystallization into copper ingot mould. The specimens were var-

ously shaped, the thickness being about 1.2–1.3 mm thick cut of the rod by an
lectrodischarge machine, with follow up chemical polishing to remove machine
amage and surface contamination.

Each alloy was hydrogenated to the maximum storage capacity using high pres-
ure Sieverts apparatus. Hydrogenation was carried out with high-purity hydrogen
as obtained by decomposition of LaNi5Hx hydride. The samples were activated by
acuum heat treatment before exposure to hydrogen. In each activation process, the
amples were evacuated to the pressure of 0.1 Pa and heated at 500 ◦C for 15–30 min.
he variations of the pressure versus time were recorded. Hydrogen storage capacity
as measured by weight method.

The macro- and microstructures were examined using an optical microscope
OM) and scanning electron microscope (SEM) equipped with an energy dispersive
-ray spectrometer (EDS) to determine chemical composition of the samples. The

attice parameters of the samples before hydrogen absorption were detected by X-
ay diffraction (XRD) analysis using Cu K� radiation. The dislocation structure of
s-cast alloys was studied in a JEM200CX transmission electron microscope (TEM).
. Results and discussion

The results of hydrogenation of as-cast alloys specimens are
hown in Table 1. The order of presenting the results follows
he variations in the composition: Nb content increasing gradu-

Fig. 1. Microstructure of the Ti–11Al–40Nb: (a) as-cast, (b) after aging
ally and Al content decreasing. It is obvious that such tendency
leads to enhancement of the hydrogen capacity within the range
of the tested compositions. But before proceeding to discussing the
obtained results, characteristic features of the metastable �-solid
solutions, their structure before hydrogenation as well as kinetics
of the hydrogenation process proper should be reviewed.

Most of the commercial �-titanium alloys are metastable
with regard to the �-phase. Typical (TEM) microstructure of the
metastable as-cast alloy is presented in Fig. 1a. In the real experi-
ment metastability is determined by occurrence of diffusion lines

in between �-phase reflections on TEM microdiffraction image
(insertion in Fig. 1a). Metastability allows for adjustment of the
mechanical properties with respect to the specific applications by
means of a two-step heat treatment. In a first step usually a solution

and (c) fragment of X-ray diffraction pattern for aging sample.
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F ions marked by ‘+’ sign, a, b, and c) and X-ray diffraction pattern for Ti–10Al–40Nb (d).
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Table 2
EDS analysis for distribution of base elements in dendrites structures.

Position Tia Nb

Average per volume 49.94 40.41
I order dendrites arms 47.50 43.00

obvious that all the bulk samples studied absorb hydrogen quickly
(within 20–30 min) after activation. After hydrogen absorption
they transform into coarse powder with the average size of par-
ticles 0.1–1.0 mm. Some alloys were machined into chip scrap
before hydrogenation to see what will happen with the kinetics
ig. 2. SEM micrographs of cross-sections with dendrite structures (analyzed posit

nnealing above or slightly below the �-transus1 is carried out. It
s typical of this type of alloy that the �-phase is not transformed
uring quenching to room temperature. The final strength of the
aterial can be adjusted by aging at intermediate temperature

typically between 350 and 600 ◦C) and results from the precipi-
ation of fine � or � needles or plates embedded in the � matrix.
or some triple Ti–Al–Nb alloys with certain Al/Nb ratio at fixed
itanium concentration the precipitation of orthorhombic O-phase
s possible [7–9]. Electron-microscopic bright-field image in Fig. 1b
s well as X-ray diffraction pattern fragment in Fig. 1c confirming
ccurrence of O-phase precipitation are examples of such structure
hich resulted from the above two-step treatment. The second step

n the above example was aging at 650 ◦C during 5 h with subse-
uent furnace cooling. According to [15] aluminum additions make

t possible to avoid �-phase precipitations in Ti–Nb solid solutions.
hese are metastable as-cast alloys with corresponding aluminum
oping level as well as accelerated procedure of hydrogenation that
elp avoiding second phase precipitation.

Structures of as-cast samples before hydrogen absorption
xperiments have dendrite character. Fig. 2a–c illustrates the ∼90◦

ngle between the dendrite arms, which is a characteristic fea-
ure of the cubic phase. It can be assumed that enhanced hydrogen
apacity of the as-cast alloys (in comparison with homogenized
pecimens) could be accounted for by internal surfaces between
endrites and interdendritic space. Another reason may be exis-
ence of �-phases of different composition inside dendrites and
nside interdendritic space as well as better absorption of hydrogen
y one such phases. To determine the controlling factor changes in
i and Nb content in dendrite arms and interdendritic space had
o be established using EDS system of scanning electron micro-

cope. Such measurements were performed for the Ti–9.65 at.%
l–40.41 at.% Nb sample (Ti–10Al–40Nb). According to the EDS
nalysis results which are shown in Table 2, niobium was accumu-
ated in the center of the dendrite arms whereas the interdendritic

1 �-Transus is the �–� transformation temperature in titanium alloys.
II order dendrites arms 46.90 43.30
Interdendritic regions 52.96 37.66

a Composition in at.%.

regions were enriched with Ti. Positions for EDS analysis are
marked by plus sign in Fig. 2a–c. The X-ray analysis also confirms
the appearance of fundamental reflections of the disordered base-
centered cubic �-phase of as-cast samples for all the compositions
described here (Fig. 2d).

Fig. 3 shows kinetics curves of some investigated alloys. It is
Fig. 3. Kinetics curves of hydrogen absorption: 1 – Ti–13Al–34Nb; 2 –
Ti–11Al–40Nb; 3 – Ti–6Al–42Nb
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ture this specimen did not differ from the samples treated by cold
rolling. According to [7], only the total strain in three units of true
logarithmic strain is able to break the cast structure of disordered
Ti–Al–Nb solid solutions. According to the plot for alloys with lower
ig. 4. Effect of deformation on hydrogen capacity of cast disordered bcc alloys
or two sets of composition (a) and X-ray diffraction pattern for cold rolled
i–10Al–36Nb (b).

f hydrogenation. As a result the time needed for accomplishing
he hydrogenation process was about 3–5 min. Probably it is due
o a larger surface of chip scrap in comparison with the relatively
hick bulk samples as well as shorter hydrogen diffusion paths.
he hydrogenation process begins with the formation of intersti-
ial solid solution of hydrogen atoms in bcc lattice of the Ti–Al–Nb
lloy and finishes with the hydride phase. It is known [16] that
ressure increasing, hydrogen solubility in metals grows and when

t reaches the ultimate value corresponding with the beginning
f the second, higher hydrogen phase appearance the plateau of
qual pressures forms on the solubility isotherms. Pressure remains
onstant until the two-phase region is replaced by a single-phase
ne with hydrogen content higher than in solid solution. But nei-
her of the examined compositions showed the above plateau. The
bsence of plateau does not allow calculating the enthalpy of the
ydride phase because Van’t Hoff equation requires the plateau
ressure value. Also, the same absence of plateau was noted in
17] for Ti–14.8 at.% Al–25.9 at.% Nb alloy on pressure-composition
sotherms at 500 ◦C. According to [4] Ti–22Al–27Nb alloy hydride
ormation enthalpy is 30–45 kJ/mol H2. It should be noted that
he process accelerates with Nb content increasing and Al con-
ent decreasing in all specimens within the examined composition
ange.

In [2] it was shown that mild deformation improves
oth absorption and desorption properties of B2 single-phased
i–22Al–27Nb alloy. The results of our studies into the effect of
eformation on hydrogen capacity of cast disordered bcc alloys are
resented in Fig. 4a. The graph shows two series of experimental
oints. The first set relates to the results of measurements of hydro-

en capacity in solid solutions with aluminum content from 10.4
o 10.9 at.%, niobium from 36.4 to 41.1 at.%, balance – titanium. The
econd series contains data on hydrogen capacity for alloys with
ower concentration of aluminum (from 5.0 to 7.4 at.%), niobium
Fig. 5. TEM microstructures of specimens before hydrogen absorption: high-density
of long-distanced, jogged, twisted dislocations, tangled configurations.

(from 39.4 to 40.5 at.%), balance – titanium. Deformation for points
in both series, designated by the word “chip scrap”, was deter-
mined by chip scrap shrinkage calculations, and according to these,
it does not exceed 15%. The penultimate (last but one) point in the
series “11–37” was taken for a sample subjected to hot rolling in
a stainless steel can at 950 ◦C for several reductions. We allowed
ourselves to include this result into the series because the cast
structure in this treatment was preserved and in terms of struc-
Fig. 6. Diffraction pattern of the Ti–6Al–41Nb samples: (a) before and (b) after
hydrogenation.
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[15] V.A. Vozilkin, T.L. Trenogina, S.B. Volkova, Phys. Met. Metallogr. 5 (1992)
A.M. Patselov et al. / Journal of Allo

luminum content (marked on the plot as “6–40” series), besides
ising and drop sections of hydrogen capacity, there is a relatively
traight section for a range of strains from about 20 to 50%. The same
lot section can be identified for the series with high aluminum
ontent, denoted as “11–37”series. If not to take into account the
catter of (widely varying) data for the undeformed state, then a
endency is clearly observed. According to X-ray diffraction stud-
es no phase changes are observed, only rearrangement of integral
ntensities due to texture of rolling is visible (see Fig. 4b). It is seen
hat 28% (engineering strain) deformation by cold rolling resulted
n about quarter increase of hydrogen capacity in comparison with
ndeformed alloy of the same composition. Another piece of the
bove alloy was cold rolled to 97% (engineering strain) deforma-
ion to see what will happen with hydrogen capacity. The resulting
alue is 0.56 H/M of hydrogen in the first hydrogenation cycle.
he authors of [2] proposed an explanation that beneficial effect of
ild deformation on the hydrogen absorption behavior should be

losely associated with the structure of well-aligned and uniformly
istributed screw dislocations. In work [2] term “mild deformation”
as applied to samples that were subjected to 5 and 10.5% thick-
ess reduction deformation. According to TEM investigations of [2]
orresponding microstructures of the above samples do contain
lot of well-aligned and uniformly distributed dislocations. The

ecalculating 5–10% thickness reductions into true effective defor-
ation will give us the assurance that we indeed deal with initial

tages of deformation and the occurrence of aligned and distributed
islocations is characteristic feature of the above stage. As for the
8% deformed cold rolled sample it already demonstrates a lot of
urvilinear intersect dislocations including tangled configurations
n TEM microstructures (see Fig. 5). Nevertheless, we have about
5% increases in hydrogen capacity for deformed samples. There
eems to exist a more complex explanation of beneficial effect of
eformation on the hydrogen absorption behavior but additional
ork on this phenomenon in a future independent investigation

s required. Comparison of the data on deformation behavior with
tructural changes requires a lot of illustrative information—TEM,
EM images, diffraction patterns. We think that it will be more
orrect to present such comparison in a separate article.

The hydrogenation process begins with the formation of a
Ti–Al–Nb)–hydrogen solid solution with the follow up formation
f the hydride phase. X-ray diffraction patterns for Ti–6Al–42Nb
lloy before and after hydrogenation are shown in Fig. 6 as an
xample. The initial single-phase has bcc structure with the lat-
ice parameter a = 0.329 nm. As for the phase which appears after
he first cycle of hydrogen absorption its diffraction pattern can be
escribed as a fcc lattice with the parameter a = 0.447 nm.

The received hydrogen capacities are presented in the right hand
olumn of Table 1 for as-cast alloys and in Fig. 4a for as-cast and
eformed alloys. These values vary within wide range from 0.56
o 1.88 H/M depending on both basic elements content and defor-

ation treatment. It is obvious that the investigated as-cast alloys
ave the same and only single metastable �-phase before hydro-
en absorption. At the same time they demonstrated more than
00% difference in a maximum of attainable hydrogen capacity for

hem. A general tendency in such a row of as-cast alloys is the rise
f hydrogen capacity at increasing of niobium content and decreas-
ng of aluminum content. Taking into account that both Ti and Nb,
nlike Al, are hydride forming elements, we come to the conclu-
ion that increment of hydride forming elements in solid solution

[

[
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leads to corresponding enhancing of hydrogen capacity and vice
versa. It is exactly the situation we observe in Table 1. The increase
of bcc crystal lattice parameter as well as microporosity of as-
cast structure giving some additional looseness and contributing to
enhancing of hydrogen absorption capacity should not be neglected
either.

4. Conclusion

In this work, a general tendency in improving the hydrogen
absorption capacity after the first hydrogenation cycle with the
increasing Nb content in the range of 34–42 at.% is shown for the
as-cast bcc disordered Ti–Al–Nb alloys. Ti–6 at.% Al–42 at.% Nb is
found to absorb maximum hydrogen H/M = 1.88 (2.81 wt.%) to form
a hydride at 500 ◦C temperature and 1.2 MPa. It should be noted,
however, that the above tendency is limited by phase stability of
the disordered bcc �-solid solution within the temperature range
of hydrogen treatment as well as duration of activation process.
Also, beneficial effect of certain extent of deformation on hydro-
gen capacity is confirmed. However, additional independent work
is needed to clarify this phenomenon.
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