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e The stored-strain energy activates the cold-rolled p Ti—40Nb alloy for hydriding.
¢ Extensive cold rolling produced samples with stacked layers of the material.

e Synergistic effect of defects and layer thickness improves H-sorption properties.
o Deformation led to better absorption at RT than at 300 °C for undeformed samples.
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ABSTRACT

B Ti—Nb BCC alloys are potential materials for hydrogen storage in the solid state. Since
these alloys present exceptional formability, they can be processed by extensive cold
rolling (ECR), which can improve hydrogen sorption properties. This work investigated the
effects of ECR accomplished under an inert atmosphere on H, sorption properties of the arc
melted and rapidly solidified p Ti40ONb alloy. Samples were crushed in a rolling mill pro-
ducing slightly deformed pieces within the millimeter range size, which were processed by
ECR with 40 or 80 passes. Part of undeformed fragments was used for comparison pur-
poses. All samples were characterized by scanning electron microscopy, x-ray diffrac-
tometry, energy-dispersive spectroscopy, hydrogen volumetry, and differential scanning
calorimetry. After ECR, samples deformed with 40 passes were formed by thick sheets,
while several thin layers composed the specimens after 80 passages. Furthermore, defor-
mation of p Ti—40Nb alloys synthesized samples containing a high density of crystalline
defects, cracks, and stored strain energy that increased with the deformation amount and
proportionally helped to overcome the diffusion's control mechanisms, thus improving
kinetic behaviors at low temperature. Such an improvement was also correlated to the
synergetic effect of resulting features after deformation and thickness of stacked layers in
the different deformation conditions. At the room temperature, samples deformed with 80
passes absorbed ~2.0 wt% of H, after 15 min, while samples deformed with 40 passes
absorbed ~1.8 wt% during 2 h, excellent results if compared with undeformed samples
hydrogenated at 300 °C that acquired a capacity of ~1.7 wt% after 2 h. The hydrogen
desorption evolved in the same way as for absorption regarding the deformation amount,
which also influenced desorption temperatures that were reduced from ~270 °C, observed

E-mail addresses: moreira@ufscar.br, Jorge. Moreira@lepmi.grenoble-inp.fr (A.M. Jorge Jr).

https://doi.org/10.1016/j.ijhydene.2019.05.211

0360-3199/© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:moreira@ufscar.br
mailto:Jorge.Moreira@lepmi.grenoble-inp.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2019.05.211&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2019.05.211
https://doi.org/10.1016/j.ijhydene.2019.05.211
https://doi.org/10.1016/j.ijhydene.2019.05.211

20134

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 20133—20144

for the undeformed and samples deformed with 40 passes, to ~220 °C, for specimens rolled
with 80 passes. No significant loss in hydrogen capacity was observed in the cold rolled

samples.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Besides being a renewable energy resource and economically
sustainable, hydrogen is also recognized as a clean energy
vector, which does not emit any toxically gases [1—3]. Because
the high effectiveness of hydrogen in generating power, apart
from its traditional uses in the oil industry and the synthesis
of ammonia and methanol, it could be employed as fuel for
power generators such as fuel cells and electric vehicles,
having the as significant advantage the generation of water as
the only by-product [4,5].

However, the use of hydrogen as energy vector must
envisage the implementation of a storage method that is
simple, safe and economically viable, allowing the widespread
employment of H, as the future energy carrier [6]. Conven-
tional means of hydrogen storage comprised liquid hydrogen
and high-pressure gas cylinders. Technological challenges
restrict such kinds of storage; respectively, the temperatures
at the cryogenic level and advanced high-pressure containers
for the highly compressed hydrogen gas, and in both cases,
the large weights and sizes [7].

For the sake of solving the hydrogen storage issue, among
others in the current literature [8—14], the use of metal hy-
drides as solid-state hydrogen storage media is an interesting
perspective to overwhelm the mentioned shortcomings of
gassy and liquid options [15,16]. Among reversible hydrides to
store hydrogen, alloys with BCC structure such as B-Ti-based
alloys, which are traditionally used in biomedical and other
functional applications [17—31], are also being considered as
likely materials for hydrogen storage [32—40].

Furthermore, numerous investigations in such types of
alloys have been performed considering phase trans-
formation under hydrogen atmosphere [41,42], hydrogen
permeability [43—45], hydrogen diffusion [46,47] and hydrogen
influence on plastic deformation behavior [48|.

The B-Ti-based alloys can be produced by alloying the
transition metals Ti and Nb. Ti—Nb equilibrium phase dia-
gram exhibits two solid phases: o and B. The a-phase has a
hexagonal crystal structure (hP2), and pure Ti has an allo-
tropic phase transformation at about 890 °C changing to a
body-centered cubic crystal structure (BCC), or B-phase (cI2)
[49]. Nb addition lowers the o — B transformation tempera-
ture being a stronger B stabilizer, having the same effect as
other transition metals such as Mo and V. In Ti—Nb alloys the
B-phase, which is a solid solution with extensive solid solu-
bility, can be stable until room temperature. Besides these two
stable phases, the Ti—Nb system exhibits non-equilibrium
phases such as hexagonal martensite («’), orthorhombic
martensite («”) and hexagonal v phase [19,50,51].

The BCC alloys of the Ti—Nb system produces hydrides
with a face-centered cubic structure (FCC) [33,37]. The Nb
content influences their hydrogen capacities and desorption
temperatures. The increase of Nb content in the alloy leads to
areduction in hydrogen storage capacity and a decrease in the
desorption temperature [33,52]. Furthermore, the hydrogen
storage at niobium containing sites results in a higher diffu-
sion coefficient due to the lower activation energy for
hydrogen diffusion on these sites [47], assisting in improve-
ments of hydriding kinetics.

Both Ti and Nb are hydride formers. However, Ti hydrides
or Nb hydrides have large negative enthalpies of formation
[53], which are responsible for the main drawback of such
single metal hydrides with desorption temperatures above
500 °C for TiH, and in the range of 120 °C—480 °C for NbH, and
NbH [33]. Appreciably reduced enthalpies of formation can be
obtained from alloys and intermetallic compounds when
compared with single metal hydrides, and for example, the
Ti—Nb hydrides reach desorption temperatures between
those for NbH, and TiH, [33], indicating that Nb diminishes
the enthalpies for the Ti—Nb hydride formation, thus
decreasing the bond strength of metal-hydrogen as compared
to Ti—H system.

In addition to the choice of alloy composition, another
challenging aspect is the choice of the correct route for pro-
cessing metallic hydride formers to optimize their hydrogena-
tion properties. Several distinct processing routes to produce
Ti-Nb  alloys are described in the literature
[17,18,23,33,37,54,55]. Amid these routes, one of the most used
is the high-energy ball milling (HEBM), which is a solid-state
process that can synthesize such alloys from their elemental
powders. The reduction of crystallite sizes to the nanosize
range and refinement of particles induced by ball milling
techniques improves the kinetics of H-absorption and desorp-
tion [15]; even if particles are agglomerated, they are retained in
the nanoscale range. Smaller crystallite sizes will lead to a vast
increase of interfaces, and the specific surface area is increased
by the reduction of particle sizes, both leading to a positive
effect on the H-absorption/desorption kinetics.

The beneficial effects of Nb on the microstructural features
of B-Ti-Nb-based BCC solid solution alloys led to a positive
influence on the kinetic behavior and desorption tempera-
tures [36,52]. However, the decreased thermodynamic stabil-
ity of formed hydrides is one of the challenges that hinder the
application of these alloys as hydrogen storage material, as it
was shown in recent studies [33,52] that reported high H-
desorption temperatures for such alloys. However, beneficial
effects of the Nb associated to HEBM on the decreasing H-
desorption temperatures and novel techniques such as
plasma milling and magnetron sputtering have been shown to
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improve the dehydriding kinetics and the thermodynamic
behaviors of hydrides [56—62].

In our previous work [52], we have reported the production
of different compositions with Ti/Nb atomic ratios of 1.0, 1.5
and 2.3 by mechanical alloying (MA) and reactive milling (RM),
and the composition effects on the microstructure and the
hydrogenation properties were characterized. The results
demonstrated a significant influence of Ti/Nb atomic ratios on
lattice parameters, crystallite and particle sizes, effective ki-
netic parameter, hydrogen storage capacities, reversibility,
and desorption temperature ranges. The hydrides synthesized
by RM acquired better H-absorption/desorption properties
than the ones produced by MA.

Nonetheless, ball milling is invariably a challenge. The
contamination by oxygen during ball milling, even in an argon
atmosphere, results in a notable decrease in the hydrogen ca-
pacity [34]. Such contamination leads to the formation of TiO,
oxide on the sample surface that reduces the hydrogen
permeation, which is critical for the H absorption kinetics [63].
Furthermore, other drawbacks are the long processing time, the
potential fire risk due to powder reactivity and health concerns.

To surpass these various deficiencies and in an attempt to
improve the hydrogenation properties at room temperature of
the Ti—40Nb alloy, we have used in the present work a new
route combining rapid solidification in water-cooled copper
crucible followed by cold rolling. Arc-melted Ti—Nb alloys
exhibit a complex array of fine columnar dendrites with the
possibility of Nb microsegregation [64]. Fast cooling can lead to
very fine grain sizes, which can be further refined by addi-
tional cold rolling [19]. It is also reported that cold rolling
deformation has a beneficial effect on the hydrogen storage
capacity [36]. The use of such combined processing is justified
by the refinement of grains and particles and the introduction
of cracks that may favor the hydrogen absorption due to the
increase in the specific surface area [15].

Experimental

The raw materials used in this work were powders of Ti
(<45 pm and 99.98% purity) and Nb (<45 pm and 99.8% purity),
both from Sigma-Aldrich.

The powders were weighted according to the atomic ratio
(Ti/Nb) of 1.5 and then mixed in the Fritsch Pulverisette 6
planetary mill. The mixture was carried out under an argon
atmosphere with no milling balls for 1 h at 400 rpm. The
resulting mixture was first compacted by hand under purified
argon using a die with 16.2 mm diameter, followed by a hy-
draulic pressing at a maximum pressure of 2 tons under air.

Compacted samples were evacuated to 1072 mbar and then
arc-melted under 1000 mbar of argon, in an Arc Melting
D72379 Edmund Biithler GmbH. After four operations of
remelting to assure chemical homogeneity, the resultant
ingot was rapidly solidified in a water-cooled copper crucible.
Such ingot was then crushed in a rolling mill producing
slightly deformed particles. Part of this particulate was cold
rolled with 40 passes (CR40) and 80 passes (CR80) at 40 Hz
inside an MBRAUN glove box under high-purity argon atmo-
sphere. The oxygen and moisture levels were below 0.1 ppm.
To compare the hydrogen absorption properties in samples

processed by different routes, part of the as-crushed material
was kept without further processing.

The morphological, microstructural, and chemical char-
acterizations were performed by scanning electron micro-
scopy (SEM), using an FEI Inspect S-50 microscope equipped
with energy-dispersive spectroscopy (EDX) system (EDAX-
AMETEK). Chemical microanalyses were carried out on five
random regions of the matrix (dendrite and interdendritic
arms) of the as-cast material.

X-ray diffraction (XRD) analyses were performed in a
Siemens D 5005 diffractometer using CuKoa radiation
(A =1.5418 A). The samples were scanned using the 26 range of
5—-90° with an angular step of 0.032°, and a time/step of 1 s.

Crystallite sizes, microstrain values, and the fraction of
phases were evaluated only for mechanically processed
samples, through the Rietveld refinement using the Maud
software [65,66]. Refinement of XRD spectra for hydrogenated
samples was not performed because of CIF files that could fit
the spectra of the FCC hydride were not found in the literature.
Indeed, the literature reported the Tip ¢Nbg 4H; o FCC hydride
[33]. However, the CIF file for such phase was not published.

Here it could be interesting to remember that the only
phases present in the Ti—Nb system are either cubic, hexag-
onal, trigonal (w, which can also be hexagonal) or ortho-
rhombic («" martensite). Except for the orthorhombic
martensite, no other phase produces Bragg's reflections close
to peaks observed in the XRD patterns of non-hydrogenated
samples. All CIF files for orthorhombic martensite belong to
the space group Cmcm, which produces peaks closer to the
ones seen in such XRD patterns. However, none of such CIF
files for the orthorhombic phase could exactly fit any of our
spectra. By observing peak positions for such martensite in
our previous work [52], it was noticed that they have a strong
CFC character, which is not feasible for the Ti—Nb system. The
observation that EDX analyses for dendrites resulted in ~20 at
% of Nb allowed estimating an atomic occupancy.

Furthermore, this amount of Nb can confirm the presence
of the orthorhombic-o" phase because it favors its formation
[19,49—-51]. Therefore, the CIF file ICSD 166690, which presents
almost the same occupancy and produces Bragg peaks closer
to the ones of the XRD spectra, was modified using the soft-
ware VESTA (http://jp-minerals.org/vesta/en/) to simulate
parameters that could represent the phase.

Finally, simulations indicated the Fmm?2 space group, giv-
ing a face-centered orthorhombic structure. The resulting
peaks' positions of such simulation can be seen in Figure S1
(supplementary file).

For the refinement of the cubic B phase, it was used the CIF
file ICSD 645545 that was also decided according to EDX ana-
lyses that gave the value of ~50 at% of Nb for the matrix,
indicating the occupancy and directing us to such ICSD file.

Hydrogen absorption kinetic curves were obtained using a
home-made Sievert-type apparatus. The purity of the H, gas is
99.998%. Measurements started with an initial pressure of
2 MPa. Parameters related to the kinetic experiments are
detailed in Table 1.

For calculation the percentage by weight of H,, the
following procedure was used. Considering the hydrogen as
an ideal gas, the Volumetric Method was applied to obtain H,
wt% using the equations suggested by Varin et al. [15]:
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Table 1 — Parameters used to determine the hydrogen
absorption kinetics.

Samples Temperature Time
As-crushed sample 300 °C 15h
Sample CR40 RT (~25 °C) 2h
Sample CR80 RT (~25 °Q) 15 min
wt. % H, = (mH X 100)/(ml-lydride) (1)
my = <2.016 x AP x V/(R « T)) 2
Muydride = My +mg (3)

Where wt.% H, is weight percent of molecular hydrogen, my is
the molecular mass of absorbed hydrogen calculated using

the number of gas moles (An = (AP X V/(R « T)) ), and m; is

the metal mass (mass of Ti—Nb alloy). Thus my + m; is the
hydride mass. To calculate the molecular mass, R is universal
gas constant (R = 8.314472 ] mol~* K%), V}, is the calibrated
volume of the holder at the furnace temperature, V= Vy, + Vi,

V, is the calibrated volume at the reservoir temperature. T (K)
represents either T (H-absorption temperature inside of the
furnace) or T, (the room temperature), and AP is the range of
pressure of hydrogen gas in the system during hydrogen
absorption.

Differential scanning calorimetry (DSC) measurements
characterized the thermal stability of the phases in the
Ti—40Nb alloy and the hydrogen desorption temperatures,
while thermogravimetric analyses (TGA) simultaneously
measured the hydrides’ gravimetric capacities. All thermal
analyses were performed in the NETZSCH STA-449C equip-
ment using 10 mg of hydrogenated samples at a heating rate
of 10 K/min under an argon flow of 25 ml/min.

Results and discussions
Characterization of the samples

Fig. 1 presents secondary electrons (SE) SEM images showing
typical morphological aspects of the as-cast sample (a), as-
crushed sample (b), and the cold rolled samples, CR40 in (c)
and CR80in (d). Fig. 1a shows that the solidification mode was
dendritic. The inset of Fig. 1a presents a chemical composition

Fig. 1 — SE-SEM images. (a) as-cast sample showing the formation of dendrites. The inset shows the chemical composition
map of a region of the sample, where the green color (dendrites) represents Ti, and the red one represents Nb. (b) As-crushed
particles, (c) sample after 40 cold rolling passes, (d) sample after 80 cold rolling passes. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article).
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map acquired by the EDX system, where the green color
(dendritic arms) represents a Ti richer composition and the
red color (interdendritic region) an Nb richer composition.
EDX analyses revealed that the matrix (interdendritic region)
is composed of ~50 at% of Nb, while within dendrites the
amount of Nb is ~20 at%.

From Fig. 1b, it can be observed that the as-crushed sample
presents irregular coarse and thick particles. Measurements
indicate that most of these particulates have about 0.8 mm in
length and 0.6 mm in width, with an average thickness of
about 0.8 mm.

Cold rolling of crushed particles (Fig. 1c and d) have
broken and redistributed dendrite arms (darker regions in
the figures) and also resulted in the formation of plate-like
particles composed by overlapped layers of foils, probably
the result of the stacking of several deformed particles over
each other. Also, measurements gave an average value of
4 mm for particles' surface size for sample CR40 and 3 mm for
sample CR80.

Fig. 2 presents the details of particulates shown in Fig. 1c
and d. As one may observe, the foils are cracked, stacked, and
not entirely bonded like a “puff pastry.” Evaluation of the
thickness of such foils indicates that it is not uniform in the
sample CR40 (Fig. 2c), which is composed by few foils of
around 2 um thick on the surface (Fig. 2c upper) and 25 um
thick at the center (Fig. 2c lower) with much fewer layers than

in the sample CR80 where thicknesses of foils are homoge-
neous and are about 2 um thick (Fig. 2d). These features may
be necessary for the hydrogenation properties since the sur-
face area of the samples will be the result of a high number of
very thin stacked foils in the sample CR80 when compared
with thicker and fewer foils forming sample CR40. Further-
more, reports in the literature [67—70] mention the influence
of sample thickness in the hydrogenation properties, sug-
gesting that the thinner the samples, the better the properties.

Fig. 3a presents XRD patterns with the structural evolution
of the mechanically processed samples. The indexation of
Bragg peaks of such XRD patterns revealed the presence of the
phases BCC-B and the orthorhombic-a". In the methodology
topic, a description was given how the o" was identified, and
the Rietveld refinement was performed. However, it is worthy
to emphasize here that the only phase whose Bragg reflections
were close to the observed peaks in the patterns of Fig. 3 was
the «". No other possible phase for the system Ti—Nb had the
same characteristics.

Furthermore, according to the EDX analyses, dendritic re-
gions (Fig. 1) of the as-cast ingot presented ~20 at% of Nb,
which may favor the formation of the orthorhombic-«" phase
[19,49-51].

Additionally, there are reports where similar XRD patterns
to the ones of this work that shows the presence of the
orthorhombic-a" in Ti—Nb based alloys [71,72].

Fig. 2 — SE-SEM images presenting details of samples deformed with 40 (a and c) and 80 (b and d) cold rolling passes.
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Table 2 — Fraction of phases (%) present in the

mechanically processed samples, the crystallite size (D) (1 ! 1) (0200) A " (orthorhombic)
and microstrains (e) of the B-phase after mechanical (220)
processing. Data obtained from the XRD patterns after - . (301 1)
Rietveld refinement. S A A
Sample Fraction of phases (%) D (nm) e (%) Gof® 8 CR80
Phase .Z’
o B(BCC) B (BCC) 2
(orthorhombic) & CR40
As-crushed 21 79 24 04 135 E as-crushed
As-rolled (CR40) 23 77 19 07 12 M
As-rolled (CR80) 23 77 11 09 115 T T " 1
40 60 80

# Gof = *Goodness of fitting (Gof = Rw/Rexp), satisfactory < 1.3.

20 (degrees)

Moreover, besides the composition range, high cooling
rates, as the one used in this work, were reported [71] as being
one of the processing parameters responsible for allowing
martensitic o" transformation, while slow cooling facilitates
the direct conversion of the B to the o phase. As stated before,
confirming the observed in the literature, possible Bragg's
peaks for a-phase are far from the ones found in the patterns
of Fig. 3a, clearly suggesting the presence of " phase.

Table 2 displays data obtained from the XRD patterns of
Fig. 3a after Rietveld refinement: the fraction of phases pre-
sent in the mechanically processed samples, and crystallite
size (D) and microstrains (e) of the B-phase, which are the
most important for this study. A complete set of results from
Rietveld refinement, including Rietveld refined XRD patterns,
are presented in the supplementary material (Figs. S2—S4 and
Tables S1-S5). As one may observe in such Figures and Tables,
except crystallite size and microstrains, all other parameters,
as expected, were kept almost constant, small differences
may be related to refinements. Regarding Table 2, only a slight
increase in the martensite fraction was observed with
increased deformation, which is a positive aspect of cold
rolling since the presence of «" phase is deleterious for the
hydrogen storage capacity [52]. This behavior can also be
clearly observed in the XRD results of Fig. 4, whose patterns
suggest that, unlike B-Ti, the «” phase did not transform into a
hydride at the evaluated hydrogenation conditions used in
this work.

Another feature that can be observed in Fig. 3a is the
presence of texture along the (200) and (211) crystalline
planes, which was developed during ECR processing.

Fig. 4 — XRD patterns showing results for as-crushed
sample hydrogenated at 300 °C for 15 h, sample CR40
hydrogenated at RT for 2 h, and CR80 hydrogenated at RT
for 15 min.

However, the acquired textures are similar for CR40 and CR80
samples. Rietveld refinement, presented in Table 2, revealed
that after fast cooling, the crystallite size of the p-phase was
about 24 nm. After ECR processing, such refinement indicated
that the crystallite sizes reduced to 19 nm for sample CR40 and
11 nm for sample CR80. Also, lattice strains are presented in
Table 2, which shows that they were 0.4%, 0.7%, and 0.9%
respectively for samples as-crushed, CR40, and CR80.

Fig. 3b presents DSC analyses of the samples Ti40Nb alloy
for different mechanical processing conditions. DSC curves
exhibit a massive change in enthalpy within the range of
temperatures of 100—700 °C before the martensitic trans-
formation peak, denoting that stress relief and recrystalliza-
tion are taking place. In other words, such significant enthalpy
change represents a massive elimination of stored energy in
the form of dislocations and subgrain boundaries, even grain
boundaries by recrystallization, which are the predominant
defects in the mechanically processed sample, and leading,
finally, to grain growth. The inset of Fig. 3b summarizes the
values of stored energy for the three mechanically processed
samples obtained by DSC tests. The stored energy increases
with the amount of deformation from 27.6 to 35.4 kJ/mol, and
peak temperatures decrease for higher deformation amounts.

0.2

R @ (BCC) > = As-crushed
& Aa" (orthorhombic) ,”"\‘;.v v CR40
— Exo /
5 alla R 'éa g agt Dy CREOD
© A creo £V ¥4 reset
— (110)  (200) 3 X N
> @11) = ¥ L
2 CR40 (o 0.0{* Sample  Area (ki/mol)
§o) ) As-crushed 276
- as-crushed O CR40 29.0
01 CR80 354
3 40 50 60 70 &0 150 300 450 600 750 900

(a) 20 (degrees)

Fig. 3 — (a) XRD patterns showing the structural evolution of mechanically processed samples. (b) DSC analysis of the
samples Ti40NDb alloy for the different mechanical processing condition.

(b)

Temperature (°C)
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The approximate value of the absorption activation energy
for these samples, without the influence of ECR, was calcu-
lated using milled powders of the same composition, that
were previously heated under vacuum in the Sieverts appa-
ratus to eliminate any effect of deformation. In this way, the
apparent activation energy for absorption was calculated
using the Arrhenius-type equation:

In(tos) = — (%) +A

where ty s is the time for 50% of transformation, E is the acti-
vation energy, kg is the Boltzmann constant, T is the absolute
temperature, and A is a constant. The slope of the straight line
of the plot In (t0.5) vs. (1/T) gave the value for the activation
energy. The used temperature range was between 25 °C and
300 °C.

Finally, the resulting value was about 119 + 6 kJ/mol. Un-
fortunately, data for comparison are not available in the
literature for this composition and even in this range of tem-
perature. However, as one may observe, the stored energy,
presented in the graph of Fig. 3b, may contribute significantly

e dbbdddd,
AA AL L L LY L L £ ¢
A A XTTTTY T 4
e9%2000c0e®
ss990ccee

SppPOOQQAN
PPPPIIIN

to a decrease in the apparent activation energy. Such a
reduction is inside the range of 23—30%, values considerably
high.

Characterization of hydrides and hydrogenation properties

Fig. 4 presents the XRD patterns of hydrogenated samples.
Hereitisimportant to remember that, as shown in Table 1, the
as-crushed sample was hydrogenated at 300 °C for 15 h,
sample CR40 at RT for 2 h, and sample CR80 also at RT, but for
only 15 min. As it can be observed in Fig. 4, the BCC B phase
(Fig. 3) was transformed into an FCC hydride after hydroge-
nation of mechanically processed samples. Within the above
conditions, one can see that the hydrogenation process was
not completed even after 15 h in the case of the as-crushed
sample. As observed in our previous work [52], the incom-
plete hydrogenation is due to the presence of «”-Ti phase.
These values can be compared with the Ti—Nb hydride,
TipeNbg 4H; o reported in the literature [33], whose hydrogen
storage capacity is 2.87 wt% and desorption temperature at
360 °C.

(d)

Fig. 5 — Comparison of the final structure of the orthorhombic phase after simulation in (a), compared to the cubic one in (b).
Simulation of high-resolution electron transmission microscopy of the density distributions of the projected potential taking
into account the variations in the z-direction on the frozen (001) surfaces, respectively for the «” phase and the B-matrix.
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It could be interesting discussing the reason why the o’-Ti
phase could not be hydrogenated, as it was not done before in
our previous work [52]. Such lack of hydrogenation may be
related to packing efficiency and number of possible tetrahe-
dral and octahedral sites for hydrogen penetration. Fig. 5
compares the final structure of the orthorhombic phase after
simulation (Fig. 5a) compared to the cubic one (Fig. 5b). As one
may observe, the orthorhombic phase is much more compact
than the cubic. Indeed, calculations gave the values for the
packing efficiency of ~78% and ~68%, respectively for the «”
and B. Furthermore, irrespectively the size of void sites, the
BCC phase has 12 tetrahedral and six octahedral sites per unit
cell (a total of 18 void sites), while the orthorhombic phase has
only eight tetrahedral sites and four octahedral sites (a total of
12 sites). In other words, in a competition between o” and B, it
will be easier for the hydrogen penetration in the last than in
the former.

For the sake of confirming such a hypothesis, JEMS soft-
ware [73] was employed to simulate high-resolution trans-
mission electron microscopy (HRTEM) of the Density
Distribution of the Projected Potential (DDPP) taking account
of variations in the z-direction on the frozen [001] surfaces.
Fig. 5c and d present the results of such simulations, respec-
tively for the o” and B phases. The reaction with hydrogen on
the surface of the sample is kinetically hampered due to its
relatively weak ability to dissociate H2 or to the formation of a
stable surface which limits the diffusion of atomic hydrogen
into the matrix. From these simulations, one may observe that
the highest degree of minimal energy positions are found for
the cubic phase, and the lowest extent is found for ortho-
rhombic one. The local minima in Fig. 5d, corresponding to the
blue color, are more noticeable, and these sites can be a stable
surface for hydriding. Such stability improves the rate-
limiting dissociation of the hydrogen molecules on the sam-
ple surface and diminishes the limit for hydrogen atomic
diffusion into the B-matrix, which is not the case for the o
phase.

Fig. 6a present kinetic measurements of the first absorp-
tion for the mechanically processed samples hydrogenated
with the conditions indicated in Table 1. To better visualiza-
tion and comparison, the curves are plotted only up to 140 min
(2.33 h). For complete information regarding final capacities,
please refer to Table 3 that summarizes the hydrogen ab-
sorption capacities for all the samples.

Absorption results indicate that the increase of deforma-
tion accelerates hydrogenation rates, even comparing with
the as-crushed sample that was hydrogenated at 300 °C
(Fig. 6a). Also, one may anticipate that the hydrogenation re-
action ends faster in more deformed samples. The H-absorp-
tion kinetics for samples hydrogenated at RT and 300 °C and
the ranging of absorption rates indicates faster kinetics as the
deformation increases.

In general, faster kinetics are attained for samples
deformed by cold rolling, increasing with the number of CR
passes. If one pay attention in Fig. 2 (please see related dis-
cussion), as earlier reported [67—70], faster kinetics could be
readily correlated with the different sample thicknesses. The
cooperative effect of the stacking of very fine foils (~2 um) with
a very high surface area in sample CR80 will allow the full
hydrogenation of partial thin bulk layers rapidly. However, in
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Fig. 6 — (a) Hydrogen absorption kinetics at 300 °C for as-
crushed and cold rolled samples, (b) DSC analysis, (c) TGA
desorption properties of the hydrogenated samples.

Table 3 — Results of volumetric measurements (Sievert's
method) for samples as-crushed, CR40, and CR80.

Sample Sievert's-type apparatus
Absorption
Time Temperature H, Pressure H,
(h) (°C) (MPa) (wt.%)

As- 15 300 2 2.14
crushed 2 1.65
CR40 2 RT 1.75
CR80 0.25 1.95
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the sample CR40, except for some foils on the surface, the
middle of the sample is formed by a ~25 um thick layer, thus
hampering fast hydrogen diffusion into the whole bulk. The
worst condition is for the as-crushed sample, in whose vol-
ume, even after hydrogenation at 300 °C, there is the absence
of any residual porosity (interlayer in the case of samples CR40
and CR80), consequently, not creating an easily accessible
path for hydrogen penetration into the thick bulk of about
1 mm?®. Additionally to the effect of thickness, the kinetics
could have a synergetic effect of crystallite size and sample
deformation (Table 3), by increasing the surface area and
density of defects, respectively, as the deformation increases.

As can be observed in Table 3, the capacities for samples
processed by ECR are lower than for the as-crushed one. The
presence of the o’-Ti phase (Fig. 4) could be one reason for this.
However, the amounts of «” in the ECR samples are very
similar, thus not justifying the difference between them. In
this case, it must be born in mind that the hydrogenation of
the as-crushed sample was thermally assisted, while in the
other two cases, it was at the room temperature. Also, in the
case of sample CR40, one can observe that it did not reach its
maximum capacity. This fact is apparent since its respective
absorption curve would continue growing with a slow rate to
achieve a steady-state as it happened with the as-crushed
sample that took 15 h to reach its maximum capacity assis-
ted by the high absorption temperature.

Furthermore, regarding capacities, it is imperative to
emphasize the importance of the processing route, sample
morphology, and the conditions of the sample surface (for
instance, cracks). By comparing our previous results for
powders of the same alloy [52], it is possible to see that the
sample CR80 reached almost the same capacity as powders
hydrogenated at 100 °C. Indeed, the kinetics in the case of
those powders was much faster than in the case of sample
CR80 in the initial stage of the hydrogenation because of the
much higher surface area and higher absorption temperature.

Other few results can be found in the literature for com-
parison. Table 4 presents comparative results between ECR
samples of this work and samples with similar characteristics
found in the literature. Despite the different variables used in
each work, some conclusions can be drawn from the com-
parison. For example, the H-absorption times to reach half of
the theoretical H-storage capacity of B-Ti alloys (1.44 wt% H,)
can be used to contrast the results. As one may observe,
despite the higher pressure, which was applied to hydroge-
nate sample Tip¢;Nbg 33 [37], our sample CR80 produced re-
sults kinetically similar undoubtedly due to the particular
microstructure and morphology with particle size (surface) of
about 3 mm stacked with very thin layers full of defects
(crystalline defects (dislocations, grain/subgrain boundaries),
cracks, and stored strain energy).

Fig. 6b and c present DSC analysis and thermogravimetric
desorption properties of the hydrogenated samples, respec-
tively. In this case, please refer to Table 5, which resumes
desorption temperatures values obtained from DSC analysis
and desorption capacities obtained from TGA data. Consid-
ering absorption at RT, from those plots, it is clear that the
amount of desorbed hydrogen also increases with the in-
crease of CR passes. Evidently, the as-crushed sample des-
orbed a bit more just because it absorbed more. As evidenced
in our previous work [52], desorbed capacities were smaller
than the absorbed ones. The tendency of desorption verified
for all mechanically processed samples of the studied alloy is
per the literature [33]. As suggested before [53], desorption
capacities of Ti—Nb alloys decrease due to the hydrogen
entrapping inside octahedral sites that can impair desorption
capacities and the reversibility of such alloys [47,53,74—78].

Itis also to be noted the decrease in the starting desorption
temperature (Fig. 6b and c and Table 5) of sample CR80, which
evidences the importance of the morphology of the samples
and, again, the influence of thin layers. More evident is the
peak temperature for desorption, which clearly decreases

Table 4 — Comparative results between ECR samples of this work and similar samples reported in the literature. H-

absorption times to reach half of the theoretical H-storage capacity of B-Ti alloys (1.44 wt % H,).

Sample Sievert's-type apparatus (Absorption) Ref.
Activation Temperature (°C) H, Pressure (MPa) Time (min)

CR40 Mechanical RT 2 76.4 This work

CR80 Mechanical RT 2 4.93

Tio.67Nby 33 alloy® Thermal RT 2.5 <1 [37]

BCC Ti—Al-Nb alloys® Thermal 500 1.2 6.92 [36]

@ Alloys are in the form of powders.

Table 5 — Results regarding desorption temperatures values and desorption capacities obtained by calorimetry (thermal

analysis) for the samples as-crushed, CR40, and CR80.

Sample Absorption Time (h) Thermal Analysis after the first absorption
DSC analysis TGA
Desorption Temperatures
Onset (°C) Peak (°C) (wt. %)
As-crushed 15 268 329 -1.91
CR40 2 268 318 —1.15
CR80 0.25 216 301 -1.84
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with the amount of deformation. It is interesting to note that
desorption temperatures are smaller than observed for pow-
der samples of the same composition reported in our previous
work [52], highlighting again the importance of the processing
route, the quality of the surface, assured by cold rolling under
protective atmosphere, and the sample morphology.

Summary and conclusions

Refined B Ti—40Nb alloy, to be used as hydrogen storage ma-
terial, was produced by a combined route of rapid solidifica-
tion and extensive cold rolling (ECR) under a controlled inert
atmosphere. ECR of the crushed quenched alloy resulted in
two kinds of stacking layers; thicker ones for 40 CR passes and
thinner for 80 CR passes. Both types of samples had high
densities of crystalline defects, cracks, microstrains, and
clean surfaces. After analyzing results and related discus-
sions, it was possible to reach the following conclusions:

v ECR of B Ti—40Nb alloy performed under inert atmosphere
resulted in very fast hydrogen sorption properties at room
temperature without any previous thermal activation
procedure.

v/ High densities of crystalline defects (dislocations, grain/
subgrain boundaries, cracks, microstrains, and clean sur-
faces had a significant effect in improving the kinetic
behavior for hydrogen absorption at low temperature.
Such an improvement was also correlated to the synergetic
effect of the above-resulting features after deformation
and thickness of stacked layers in the different deforma-
tion conditions.

v/ At room temperature, samples deformed with 80 passes
acquired better kinetics and absorbed 1.95 wt% of H, in
15 min, while 1.75 wt% was the amount absorbed after 2 h
by samples deformed with 40 passes.

v The worst sorption kinetics was presented by undeformed
samples that were hydrogenated at 300 °C and acquired a
capacity of 1.65 wt% after 2 h. Such a result is related to the
absence of defects and the large thickness of the samples.

v The hydrogen desorption evolved in the same way as for
absorption regarding deformation, which also influenced
desorption temperatures that increased from ~220 °C, for
specimens rolled with 80 passes to ~270 °C for samples
deformed with 40 passes and samples undeformed.

v No significant loss in hydrogen capacity was observed in
the cold rolled samples, despite the formation of the o”
phase, which does not contribute to the formation of TiNb
hydride.
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