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Abstract: Morphological, structural and chemical evolution in Ti/B/H, system is studied in detail as a function of mechanical treatment.
Ti/B powder continuously changes both in composition and morphology during ball-milling in H, flow: The powder composition varies
from Ti/B to TiH,./B causing a change in mechanical properties. The role of boron additive also changes from preventing the Ti
nanoparticles from sticking together in the early stages to a matrix material participating in Ti — B interface reactions in the intermediate
and final stages of the process. Boron atoms participating in the formation of nanoscopic holes give rise to new H states in the hydride by
changing the local atomic state of Ti atoms. The dynamics of the formation of these sites and the redistribution of hydrogen between dif-
ferent types of occupation sites in dependence of phase composition and milling time of the powders are also studied.
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1. INTRODUCTION

Hydrogen storage is one of the most important issues in devel-
oping a hydrogen economy. The storage in form of hydrides bears
several positive aspects: Unlike pure hydrogen, hydrides are safe to
handle, and the hydrogen density is high. However, since most
metal hydrides are thermodynamically quite stable, high tempera-
tures and long times are needed to charge and release the hydrogen,
an aspect that is in most prospective applications rather unfavor-
able. One path to overcome this problem is to reduce the hydride
particle size to the nanometer range, e.g. by mechanical milling.

Mechanochemical synthesis is widely used to ease manufactur-
ing of different inorganic compounds from elements, including
metal hydrides [1-6]. Ball-milling stimulates solid state and gas—
solid reactions by decreasing the size of the intermixing reactants
and increasing the number of chemically active surface and bulk
sites. Mechanical energy, the driving force for mechanically stimu-
lated synthesis, is stored in form of strain and defects (grain
boundaries, dislocations, vacancies) introduced into the lattice of
powder particles [7]. As a result, the juvenile powder surface
formed during ball milling significantly enhances gas—solid reactiv-
ity. Concurrently, gas transportation from the surface to the bulk is
faster along the new grain boundaries. A highly reactive fine metal
powder can be easily prepared by milling with additives, such as
carbon or liquids with surfactant properties [8-10].

Titanium hydride has been an attractive material for the purpose
of hydrogen storage [11]. The approach to mechanochemical syn-
thesis of Ti-hydride presented in this work is to use solid additives
as matrix forming material containing nanosized Ti and TiH, par-
ticles. A basically inert matrix protects fresh Ti-hydride nanofrag-
ments from atmospheric impact but assures hydrogen access to the
fresh surface of Ti nanofragments. Ball-milling of Ti and graphite
in H; is a highly effective technique to synthesize nanocrystalline
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Ti-hydride powder [3,6,12,13]. However, the formation of a TiC
surface layer can block the Ti surface and suppress the Ti—H, inter-
action [12,13]. The application of other materials, in particular bo-
ron, to promote the mechanochemical synthesis of metal hydrides is
poorly studied. Dobrovol’skii and co-workers studied the Ti-B-H
sytem where TiH, was the hydrogen source and found a marked
reduction in thermal stability of the hydride [14]. Fang and co-
workers observed in situ formation and rapid decomposition of
titanium tetrahydroborate Ti(BH,); by mechanical milling LiBH,
with TiF; [15]. Since the titanium tetrahydroborate decomposes at
temperatures beneath 100 °C without undesired hydrogen impuri-
ties [15,16], boron seems to be an additive that is worth studying.

The aim of this work is to study in detail morphological, struc-
tural and chemical evolution in Ti-B-H, system as a function of
mechanical treatment.

2. EXPERIMENTAL

Starting powders are elemental titanium with a purity of 99.5 %
consisting of spherical particles of about 200 pm in diameter with a
specific surface area S = 0.015 m%/g as well as amorphous boron
with a purity of about 99 % and S = 5.4 m%/g.

The synthesis of Ti/B nanocomposites was carried out at room
temperature and atmospheric pressure in a flow mechanochemical
reactor with an average energy intensity of 1.0 W/g. The stainless-
steel container was loaded with 1.8 g of reaction mixture (1.5 g Ti
and 0.3 g B, S = 0.9 m%/g) together with 19.8 g of hardened steel
balls of 3 — 5 mm in diameter. Hydriding experiments were carried
out in a gas flow containing 55 vol. % H,/He at a flow rate of 8 —
10 ml/min. Hydrogen absorption and effluent gas composition were
continuously monitored by a gas-chromatograph combined on-line
with the milling device. The interval of mechanochemical treatment
was 15 — 206 min. The samples will in the following be called
Ti/Bys ... Ti/Byge with the milling time as subscript.

The specific surface area S was measured by low-temperature
Ar adsorption. Microstructure and morphology of the powders were
characterized by scanning electron microscopy (SEM) using a mi-
cro probe Cameca MBX-1M, and by transmission electron micros-

© 2011 Bentham Science Publishers Ltd.



2 Current Nanoscience, 2011, Vol. 7, No. 5

copy (TEM ) as well as high resolution transmission electron mi-
croscopy (HREM ) using a Philips CM 200 UT at an acceleration
voltage of 200 kV. Samples for TEM and HREM were prepared in
an ethanol suspension and placed on copper grids covered by amor-
phous carbon. Phase composition and structural characteristics were
studied by X-ray diffraction (XRD) of as-milled powders on differ-
ent steps of preparation and treatments using a Dron-3 diffractome-
ter with Cu Ko radiation. The phase composition of solids was
identified using JCPDS files provided by the International Center
for Diffraction Data. The hydrogen content in TiH, is calculated
after [17], where a linear relationship between the lattice constant of
8Tip, and the hydrogen deficiency X is stated. The amount of hy-
dride in the samples is calculated by using the H/Ti ratios evaluated
during milling. The block size d, and microdistortions %" were
calculated from the difference in angular dependence of the physi-
cal broadening of Ti(002) — (004) diffraction maxima. The physical
broadening was determined by an approximation procedure using
the same diffraction maxima of original Ti as reference values. The
errors of parameters determination were Ad =~ + 10 % and AehH =
+ 15 %, respectively [18]. The deformation stacking fault probabili-
ties in basal and prismatic planes of Ti were calculated according to
[19-22].

Temperature desorption spectroscopy (TDS), which allows to
evaluate hydrogen desorption and trapping characteristics, was used
to characterize the hydrogen state in Ti-hydride produced during the
mechanochemical treatment. The TDS measurements were carried
out at a heating rate of 10 — 11°/min from 293 to 1100 K under flow
conditions at a flow rate of 100 ml/min using pure Ar. A flow
quartz reactor was charged with 0.1 g of testing powder. The testing
powder was mixed with about 70 wt. % quartz powder in order to
minimize the temperature difference between the sample and the
surroundings of the reactor caused by the heat of dehydrogenation
reactions and to prevent powder caking. H, emission was monitored
continuously with a gas chromatograph, in which a thermal-
conductivity detector was applied to monitor changes in hydrogen
concentration in the carrier stream. The amount of hydrogen emit-
ted was calculated by integrating the area under the TDS curves.

Positron annihilation spectroscopy (PAS) was carried out for
the samples Ti/Bgg, Ti/Bygs, and additionally, for pure B powder as
well as TiH,/B milled for 66 min in He. For PAS, a *Na,CO, posi-
tron source with an activity of 1.5 MBq deposited on a 2 um thick
mylar foil was used. The source was placed in the center of a small
cylindrical chamber with a diameter of 8 mm and a height of 5 mm.
Subsequently, the chamber was completely filled with the measured
powder and closed. Dimensions of the chamber ensure that virtually
all positrons are thermalized inside the chamber and, thereby, anni-
hilate in the studied powder.

Positron lifetime (PL) measurements were performed on a digi-
tal PL spectrometer described in Refs. [23,24]. The spectrometer is
equipped with BaF, scintillators and fast photomultipliers Ha-
mamatsu H3378. Detector pulses are directly digitized using a cou-
ple of 8-bit ultra-fast digitizers Acqiris DC 211 with sampling fre-
quency of 4 GHz and stored in a PC. Analysis of digitized pulses
and construction of PL spectrum is performed off-line using so
called integral true constant fraction technique described in Ref.
[25]. The spectrometer exhibits excellent timing resolution of 145
ps (FWHM ?*Na). The PL spectra, which always contained at least
107 positron annihilation events, were decomposed using a least
square fitting program LT (version 9) described in Ref. [26]. The
source contribution to PL spectra consisted of two weak compo-
nents with lifetimes of ~368 ps and ~1.5 ns and corresponding in-
tensities of ~8 % and ~1 %.

X-ray emission spectra (XES) were recorded for Ti/Bgs and
Ti/Bsg powders. For the sake of comparison, TiH,/B and Ti/B pow-
ders milled in He flow for 66 min were also studied. We have
measured Ti L, ; (3d4s—2p transition), B K& (2p — Is transition)
X-ray emission spectra of all four samples. XES measurements
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were performed at Beamline 8.0.1 of the Advanced Light Source at
the Lawrence Berkeley National Laboratory. The emitted radiation
is collected by a Rowland circle-type spectrometer with spherical
gratings and recorded with an area-sensitive multichannel detector.
The total experimental resolution in the Ti x-ray emission region is
0.7 eV. All emission spectra are normalized to the number of pho-
tons falling on the sample, monitored by a highly transparent gold
mesh in front of the sample.

3. RESULTS

3.1. Effect of Mechanochemical Treatment on Ti/B Powder
Morphology and Microstructure

The morphology of original Ti and as-milled Ti and Ti/B pow-
ders is shown in the SEM micrographs of Fig. (1). The original Ti
powder consists of spherical particles with a narrow size distribu-
tion. After 66 min of ball-milling of Ti in H,/He flow without bo-
ron, deformed, flat particles, 150 — 300 pm in size, with rough sur-
faces were formed, see Fig. (1(b)). The small particles about 5 — 20
um in size are most probably brittle Ti-hydride formed under the
treatment. The specific surface area increased from 0.015 to 0.24
mz/g. Fig. (1(c), and (d)) show Ti/B;s, and Ti/B;qo. Three features,
namely (i) fragmentation of titanium particles, (ii) boron powder
size reduction, and (iii) covering of Ti fragments by fine boron
powder partially agglomerated to an average size of about 5 um are
observed after 15 min of milling, see Fig. (1(C)). As a result, the
Ti/B powder surface area is increased from 0.9 to 3.3 m%/g. In con-
trast to pure Ti powder, titanium debris were prevented from ag-
glomeration by further intermixing with the boron component. The
powder milled for 100 min was 1 — 5 pm in size, see Fig. (1(d)). Its
surface area S increased to 11.1 m?%g. Fig. (2) shows TEM and
HREM micrographs of Ti/Bg powders: (a) overview of a Ti/TiH,.
«/B nanocomposite particle. The filament-like structure is the car-
bon grid serving as sample-holder.

Figure. (2(b)) is a close-up, dark spots are nano-sized Ti or Ti
hydride particles in a boron matrix, 2(c) is a HREM micrograph,
where an ellipsoidal TiH,., particle about 4 x 8 nm in size is encir-
cled, and the arrow points to a crystalline flake-like boron particle,
2(d) is a HREM micrograph, where the lattice fringes stem from
TiH, particles. A similar powder architecture was observed earlier
for Ti/graphite and Ti/h-BN as-milled powders [13,27].

3.2. H, Uptake Under Mechanochemical Treatment And Sub-
sequent TP Desorption

Figure. (3(a)) shows kinetics of H, uptake under mechanical
treatment and during post-milling period for 25 and 36 min of
treatment. Hydrogen sorption can be observed after about 10 min of
incubation period. The total hydrogen sorption after these treat-
ments was 1.24 x 10° mol/g Ti (H/Ti= 0.12) and 2.88 x 10~ mol/g
Ti (H/Ti = 0.28), respectively. The most noticeable feature of short
milling treatment is a prolonged and remarkable post-milling effect:
Hydrogen absorption continued for approximately 30 to 40 min
after interrupting the milling and yielded 64 % and 40 % of the total
uptake for 25 and 36 of milling, respectively. Table 1 summarizes
the H, up-take data. Fig. (3(b)) shows kinetics of H, absorption
during 51, 66 and 78 min of milling. The total hydrogen sorption
after these treatments was 5.44 x 107 mol/g Ti (0.52 H/Ti), 9.1 x
10~ mol/g Ti (0.87 H/Ti) and 9.98 x 10 mol/g Ti (0.96 H/Ti),
respectively. The relative post-milling hydrogen sorption decreased
with milling time, and was found to yield 37 %, 20 % and 13 % of
the total H, uptake, respectively. However, the absolute post-
milling uptake stayed in the same order of magnitude. Fig. (3(C))
shows kinetics of H, absorption during 100 min of milling. Total
saturation of titanium metal by hydrogen was reached before the
end of the milling, i.e. after about 90 min when 1.44 x 10 mol/g Ti
(1.46 H/Ti) was absorbed.

Figure. (4(a)) shows TDS spectra recorded for Ti/B;s, Ti/B,s,
and Ti/Bs¢ in comparison with that recorded for original Ti powder
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(c)

Fig. (1). SEM micrographs of original and as-milled powders: Ti - (a) original and (b) milled for 66 min in H./He flow; Ti/B - (c) milled for 15 min, and (d) for
100 min in Hy/He flow.

(a) (b)

(c) (d)

Fig. (2). TEM and HREM micrographs of Ti/B as-milled powders after 100 min of milling in H./He flow: (a) overview of Ti/tin../B nanocomposite (b) close-
up, dark spots are nano-sized Ti or TiH,. particles in a boron matrix, (c) HREM, encircled is an ellipsoidal TiH, particle about 4 x 8 nm in size, the arrow
points to a crystalline boron particle, (d) HREM, the lattice fringes stem fron TiH,. particles.
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Fig. (4). TDS spectra recorded on different stages of Ti/B and H; interaction in comparison with that of Ti original: (a) — early stages; (b) — intermediate stages
and (c) - final stage. Insert: an example of TDS curve Gaussian fitting.

Table1. Effect of Milling Time on H, Uptake Under the Milling Conditions

Sample MiII[i:ngi;n';ime H. Up-ta[I:neoll.}lg:_ei]r Milling H. Up-t?rlr:zli/g i?]St-EffeCt Total H, Up-take [mol/g Ti] H/Ti ratio
TilBis 15 - - - -
Ti/Bas 25 4.42 x 10 7.97 x 10 1.24x10° 0.12
Ti/Bss 36 1.73x10° 1.15x 10° 2.88x 107 0.28
Ti/Bsy 51 3.38x 107 2.06x 107 5.44 x 107 0.52
Ti/Bes 66 7.44x 107 1.66 x 10° 9.1x10° 0.88
Ti/Byg 78 8.78 x 107 12x10° 9.98 x 107 0.96
Ti/B1oo 100 1.42x 107 1.42x 107 1.36
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milled for 66 min in Hy/He flow. The latter clearly exhibits one
single peak at T =1000 K. The sample milled for 15 min also shows
one single peak at about the same maximum temperature. The TDS
spectra from the powders milled for 25 and 36 min seem to be a
combination of two overlapping peaks, where the high-temperature
peak at 882 and 946 K has a desorption activation energy of 270.6
+ 6.6 kJ/mol in the case of Ti/Bsg; the low-temperature peak with
peak maxima 563 and 755 K has a desorption activation energy
roughly estimated as 60 kJ/mol, again in the case of Ti/Bzs. TDS
parameters are summarized in Table 2. Fig. (4(b)) shows TDS spec-
tra recorded for as-milled samples Ti/Bsy, Ti/Bgg, and Ti/Byg, re-
spectively. According to Gaussian multi-peak fitting, the curves
consist of three to four overlapping peaks: One high-temperature
peak at about 950 K, detected for Ti/Bs; and Ti/Bgg, which is not
observed for Ti/Bzg, together with a second high-temperature peak
at about 850 K, which is the highest one in case of Ti/B;g. Then
there is a peak with a maximum at about 750 K, the intensity of
which increases from 10 to 30 % of the total integral intensity, as
milling time increases from 51 to 78 min. A low-temperature
desorption peak appears at a temperature around 600 — 650 K. The
amount of hydrogen desorbed at these temperatures increases from
23 to 34 % of the total hydrogen content, as the milling time in-
creases. The effective activation energies were estimated for this
desorption step on base of TDS curve Gaussian fitting as about 60,
36, and 41 kJ/mol for milling times 51, 66, and 78 minutes, see
Table 2.

The Ti/B1g spectrum exhibits a remarkable resemblance to that
recorded for TiH,/B milled for 60 minutes. It should be noted that
in case of Ti/Bys, Ti/Bsg, Ti/Bsy, Ti/Bsg, and Ti/B1go the amount of

Table2. Parameters of TDS Process
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hydrogen desorbed is smaller than the hydrogen uptake during mill-
ing. The amount of non-desorbed hydrogen is about 70 % of the
total hydrogen in case of Ti/B,s, and 6 %, 10 %, 0.8 %, and 1.4 %
in case of Ti/Bgs, Ti/Bsy, Ti/B7g, and Ti/Byg, respectively. How-
ever, the absolute value is below 1 x 107 mol/g Ti in all cases.

For the samples Ti/Bs; and Ti/Bgg the desorption process was
interrupted at the temperatures indicated in Fig. (4(b)) in order to
check the phase compositions after each of the different desorption
peaks by XRD. TDS spectra recorded for Ti/Bjgo and as-milled
TiH,/B powders are shown in Fig. (4(c)): There is a low-
temperature desorption step at 640 K, and a high-temperature dou-
ble-peak at 750/799 K. As follows from Gaussian fitting of TDS
curves (Fig. 4(c), insert), about 80 % of total H, content was
desorbed at T .« = 640 K. The activation energy of this peak is E,
=46.7 + 0.9 kJ/mol. About 10 % of the total hydrogen content was
desorbed in each of the high-temperature peaks.

3.3. XRD Results
3.3.1. After Milling

Figure. (5(a)) shows XRD patterns recorded from the original
Ti powder, pure Ti milled for 66 minutes in H,/He, and Ti/Bys,
Ti/Bys, and Ti/Bge. The original Ti powder consists of hcp oTi with
lattice parameters a = 0.295 nm and ¢ = 0.469 nm. The milled pow-
ders contain oTi and titanium hydride. All Ti peaks are broadened,
but there is no peak shift compared to the original peak positions. A
peak shape analysis reveals that peak broadening is due to a high
defect concentration and high stacking fault density in the prismatic
plane — up to 8 % after 15 min of milling. The detected Ti-hydrides

Sample Tmax [K] Ea [kd/mol] H-desorbed [mol/g Ti]
Ti/Bis ~ 1000
Ti/Bas 563 8.7x10°
882 28x10*
Ti/Bss 775 ~60 13x10°
946 270.6 £6.6 1.4x10°
Ti/Bs; 651 60.1+1.2 1.2x10°
752 5.2x10*
846 935 1662 £2.8 1.95x 10%1.2x10°
3639+7.9
Ti/Bss 635 36.0 £0.7 3.1x10°
770 1.1x10°
854 164327 41x10°
952 470.0 £15.2 8.0x 10"
Ti/Bzs 592 41208 29x10°
752 28x10°
855 148 +2 42x10°
Ti/B1go 640 46.7£0.9 1.2x10?
750 1.1x10°
799 180+3 1.1x10°
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Fig. (5). XRD patterns for Ti/B powders milled in Hy/He flow: (a) Ti origi-
nal, Ti milled for 66 min in Hy, Ti/B milled for short times, (b) Ti/B milled
for intermediate times, (c) Ti/Biqo and TiH,/B milled for 66 min.

can be attributed to either cubic 8Ti,., tetragonal €TiH,, or a com-
bination of both. Because of extremely broad corresponding XRD-
peaks, these phases are not easy to distinguish. For the sake of
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simplicity, the hydrides were identified as cubic 8TiH,« phase
(JCPDS 25-982), the lattice constant of which ranged from a =
0.4402 - 0.4429 nm, see Table 3, where the XRD results after mill-
ing are listed. Ti-hydride was detected in the XRD pattern after 15
minutes of milling, when the hydrogen deficiency x is about 0.45.
After 25 min of milling, TiHqs is present in an amount of about 18
%. In Ti/Bgs, about 17 % of TiHy; is present. Fig. (5(b)) shows
XRD patterns recorded for powders milled for intermediate periods
of time. Ti/Bs; consists of two phases: oTi with an average crystal-
lite size of about 50 nm and about 30 % of TiH; g with an average
crystallite size of about 5 nm. In both Ti/Bgg and Ti/Bzg, TiH; g5 was
formed in amounts of about 50 %. The average crystallite size was
calculated by the Scherer equation for TiH, (200) peak as about 4
nm. XRD pattern of Ti/B powder milled for 100 min in H, flow is
virtually the same, as that of TiH,/B powder milled for 66 min in
He flow, see Fig. (5(c)). The Ti/B1go sample consists of about 75 %
of the cubic phase TiH; g5 with an average crystallite size of about 4
nm.

Table 3. Effect of Milling Time on Lattice Parameters in (Ti-
B)/H, System
Lattice Parameters [nm]

Sample hep fcc

a c a
Tior. 0.2954 0.4693
Ti/B1s 0.2958 0.4698 0.4410
Ti/Bys 0.2959 0.4698 0.4402
Ti/Bgs 0.2955 0.4689 0.4429
Ti/Bs; 0.2963 0.4692 0.4447
Ti/Bgs 0.4459
Ti/Bzs 0.4461
Ti/B1oo 0.4453

3.3.2. After Thermal Desorption

Figure. (6) shows XRD spectra of Ti/Bis, Ti/B,s, and Ti/Bgg
after thermal desorption. Obviously, Ti hydride totally decomposed
during the heating. The spectra can be interpreted as a combination
of two hexagonal phases, oTi and a solid solution of H or B in Ti,
identifiable by a low-angle asymmetry in XRD peaks observed after
TDS, see Fig. (6), insert. The two phases have very close a and
different c lattice constants. The solid solution accounts for roughly
20 % of the sample. A similar effect, the formation of a Ti(H) solid
solution after TDS, was detected for pure Ti milled in H,, see Fig.
(6), insert.

To study the structural evolution during TDS, the phase compo-
sition of powders milled for 51 and 66 min was determined on dif-
ferent stages of interrupted TDS: 688 and 680 K as well as 812 and
841 K, respectively, as marked in Fig. (4(b)). The results are shown
in Fig. (7(a)) for Ti/Bs; and (7(b)) for Ti/Bgg. After the first TDS
peak (688 K), the Ti/Bs; sample lost 22 % of the total hydrogen
content. Two phases, namely hexagonal oTi (a = 0.295 nm, ¢ =
0.469 nm) with an average crystallite size of about 20 nm and cubic
TiH,, X = 0.4, were detected in the corresponding XRD pattern,
see Fig. (7(a)), curve 1. The hydride crystallite size was 16 nm at
this stage. After the second TDS peak (812 K), the Ti/Bs; sample
lost 65% of total hydrogen content. Now, two hexagonal phases
were detected in corresponding XRD pattern, see Fig. (7(a)), curve
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Fig. (6). XRD patterns recorded on early stages of Ti/B and H, interaction
after TDS. Insert: details of Fig. (6). TPD: Temperature programmed
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2: aTi (a = 0.295 nm, ¢ = 0.469 nm), with an average crystallite
size of about 20 nm and a solid solution in Ti (a = 0.296 nm, ¢ =
0.474 nm). Cubic TiH,., x = 0.5, crystallite size about 30 nm, was
left over in an amount of less then 10 wt. %. In case of the sample
Ti/Bgg, a hydrogen loss of 30 % was observed after the first TDS
peak (680 K). Two major phases: 50 — 80 wt. % of cubic TiHy, (x =
0.5) with an average crystallite size of about 20 nm and aTi (a =
0.295 nm, ¢ = 0.469 nm) with an average crystallite size of 50 —70
nm were detected, see Fig. (7(b)), curve 1. After the second inter-
rupted TDS (841 K), the sample lost 95 % of total hydrogen. As a
result, only traces of Ti-hydride were detected. The major phase is a
hexagonal phase (a = 0.296 nm, ¢ = 0.475 nm) attributed to a solid
solution in Ti. Additionally, some amount of oTi (a = 0.296 nm, ¢ =
0.471 nm) can be detected. A special feature of these two XRD
spectra is the background profile distortion between 26 = 33 — 47°,
which looks like an amorphous halo or the result of very wide over-
lapping peaks.

Figure. (7(c)) shows XRD patterns recorded after final TDS
(1033 - 1046 K) for the samples Ti/Bsy, Ti/Bgg and Ti/Bg, respec-
tively. These XRD patterns are best represented by a combination
of two or three hexagonal phases. For Ti/Bs;: about 40 wt % of aTi
(a=0.295 nm, c = 0.469 nm) and a solid solution in Ti (a = 0.296
nm, ¢ = 0.474 nm). As for the samples Ti/Bgg and Ti/Bsg, only a
small amount of oTi could be detected after TDS, see Fig. (7(c)),
insert. A remarkable small-angle shift of XRD peaks shows the
formation of a new hexagonal structure with lattice constant a simi-
lar to that of pure oTi and lattice constant c significantly larger (a =
0.297 nm, ¢ = 0.477 — 0.479 nm). According to mass balance, after
TDS the sample Ti/Bgg contains less than 1 % of residual hydrogen
and sample Ti/B-g is completely free of hydrogen.

Again, a background profile distortion between 26 = 33 — 47°,
which looks like amorphous halo or result of overlapping very wide
peaks is clearly seen in Fig. (7(c)). The halo intensity increases in
the range Ti/Bs; — Ti/Bgg —TiB7g. Very similar XRD patterns
were obtained after TDS for Ti/Bygo and as-milled TiH,/B samples,
see Fig. (8) and Table 4: both consisted of a hexagonal phase with
lattice constants being remarkably lager than pure oTi (a = 0.297
nm, ¢ = 0.476 — 0.479 nm) and an amorphous halo between 26 = 33
— 47°, which looks similar to the one observed in XRD spectra of
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Fig. (7). XRD patterns recorded after TDS experiments depicted in Fig. (6
(b)): (a) for Ti/Bs; after 688 K (1) and 812 K(2); (b) for Ti/Bes after 680 K
(1) and 841 K (2); (c) for Ti/Bs;, Ti/Bg and Ti/Byg, respectively, after the
total TDS. Insert: details of Fig. (7 (c)).

TiBge and Ti/Bg samples after TDS, compare Figs. (7(c) and 8). In
the case of Ti/Byqo, the halo intensity is significantly higher than for
TiH,/B. Virtually no aTi was detected.
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Table 4. Phase Compositions of Ti/B Powders After Interrupted and Total TDS
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Sample Treatment Phases Structure Lattice Constants [nm]
Ti/B1s TDS hex aTi a=0.295 c=0.469
hex aTi-5at. % H a=0.296 c=0473
Ti/Bzs TDS hex aTi a=0.295 c=0.470
hex aTi-3at. % H a=0.2955 c=0471
Ti/Bss TDS hex aTi a=0.295 c=0.470
hex aTi-5.5at. % H a=0.296 c=0474
Ti/Bs TDS to 688 K hex aTi a=0.295 c=0.469
cub STiHo a=0.4407
TDS to 812 K hex aTi a=0.295 c=0.469
hex aTi-5.5at. % H a=0.296 c=0474
cub STiHo a=0.4401
TDS hex aTi a=0.295 c=0.469
hex aTi-5.5at. % H a=0.296 c=0.475
halo
Ti/Bgs TDS to 680 K hex aTi a=0.295 c=0.469
cub STiHo a=0.4402
TDS to 841 K hex aTi a=0.296 c=0471
hex aTi-6.3at. % H a=0.296 c=0.475
halo
TDS hex aTi(B) a=0.296 - c=0473-
halo 0.298 0.480
Ti/Bzs TDS hex aTi(B) a=0.297 c=0477-
halo 0.479
Ti/B1oo TDS hex aTi(B) a=0.298 c=0.475-
halo 0.480

hex = hexagonal; cub = cubic.

3.4. PAS Measurements

Table 5 shows the results of positron lifetime spectroscopy for
initial B powder, Ti/Bgg, Ti/Bygs, and TiH,/B ball milled in He at-
mosphere for 66 min. The symbols 7 and I; denote lifetimes and
relative intensities of positron components. The last three columns
in Table 5 are related to positronium contribution, which will be
discussed in the following text. Estimated errors (1 standard devia-
tion) are given in parenthesis. It was found that the initial B powder
exhibits a single component PL spectrum (except of the source
contribution) with lifetime 7, = 194 ps. This testifies that virtually
all positrons in the sample annihilate from one single state. The
experimental lifetime 7; is remarkably longer than calculated bulk
positron lifetime in B and even longer than the lifetime of positrons
trapped at monovacancy in B, 163 ps [28]. This indicates that B
powder contains open volume defects larger than monovacancies.

The PL spectra of Ti/Bgg and Ti/Bygg exhibit a short-lived and
long-lived positron component besides a positronium (Ps) contribu-
tion. In porous media positrons can form Ps, i.e. a hydrogen-like
binding state of a positron and an electron. A Ps atom having a size
of about 0.1 nm is an ideal probe of nanoscopic pores. One can
distinguish between singlet para-Ps (p-Ps) and triplet ortho-Ps (o-

Ps) states which are formed in the ratio 1:3. In vacuum the lifetimes
of p-Ps and o-Ps are 0.125 and 142 ns, respectively [29]. In solid
material, however, the o0-Ps lifetime is reduced due to pick-off an-
nihilation with electrons of opposite spin from the surrounding
medium. Due to spin exchange repulsion between the electron
bound to the positron and core electrons, Ps is pushed into open
holes. The probability of pick-off annihilation of o-Ps located in a
nanoscopic hole depends on the overlap of the o-Ps wave function
with the walls of the hole. Hence, o-Ps lifetime depends on the size
of the hole. The mean lifetime of the 0-Ps component 7, ps and the
size (width) oy.ps Of distribution of o-Ps lifetimes are listed in Table
5 together with the intensity of the Ps contribution lps. A p-Ps com-
ponent with lifetime fixed at 7,.ps = 125 ps and intensity l,.ps = % Ips
was assumed in fitting. The appearance of the Ps contribution in PL
spectra of Ti/B and TiH,/B specimens testify presence of nano-
scopic pores, most probably localized at the Ti/B interfaces [28].
The lifetime of 0-Ps component and the intensity of Ps contribution
in Ti/B specimens decrease with increasing milling time, see Table
5. The PL spectrum of TiH,/B exhibits significantly lower intensity
of Ps contribution, and a larger dispersion of 0-Ps lifetime then the
Ti/B specimens.
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Table5. Results of Positron Lifetime Spectroscopy
Sample tomin (MinN) (D) 1; (%) T, (ps) 1, (%) Tops (NS) Go.ps (NS) lps (%)
B powder - 194.4(2) 100 - - - - -
Ti/Bss 66 173.3(6) 58.3(4) 344(3) 27.4(4) 1.89(1) 0.52(6) 14.3(2)
Ti/Baos 206 184(1) 55(1) 330(5) 37(1) 1.00(9) 0.60(9) 8(1)
TiH./B 66 193(1) 55.1(5) 348(2) 43.5(5) 1.75(5) 0.82(6) 1.48(4)
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Fig. (8). XRD patterns recorded on final stage of Ti/B and H, interaction after TDS. Insert: details

3.5. XES Measurements

The results obtained by XES for Ti/Bgg and Ti/B-g are presented
in Fig. (9). Pure Ti, TiB,, Ti/B mixture, TiH,, and TiH,/B, all
milled for 66 min in He flow, are shown. Ti L, 3 XES correspond to
3d4s—2py2 31, dipole transitions and probe occupied Ti 3d4s-states.
Ti L3 XES has a rather simple structure which is formed by Ti-Ti
bonds where Ti Lz and Ti L,-bands are separated by 6.4 eV, which
corresponds to spin orbital splitting of Ti 2pz/, and 2py, core levels.
In spectra of TiB, a low energy chemical shift of about 0.6 eV of
the Ti L, 3 XES takes place due to the shift of Ti 2p-core levels. Ti
L, 3 XES of Ti/B, which corresponds to ball milling of Ti with B in
He atmosphere, Ti-B bonds are formed, which is detected by the
low energy chemical shift close to that of TiB,. Ti L3 XES of TiH,
and TiHy/B is characterized by an additional peak at 447.3 eV
pointing to Ti-H bonds. The spectrum of Ti/Bgg ball milled in H,
atmosphere shows a slight peak at 447 eV and Ti L, 3 peaks without
a noticeable chemical shift. In contrast, Ti/Bsg ball milled in H,
atmosphere shows a pronounced Ti-H peak and a shift of the Ti L, 3
peaks in the same direction as the Ti-B shift.

4. DISCUSSION

As follows from experimental data, Ti/B powder continuously
changes in composition and morphology during the ball-milling
treatment in H, flow. As a result, the original powder varies in
composition from Ti/B to TiH,.,/B which is closely accompanied
by a change in mechanical properties. The large concentration of

different surface defects generated during crushing of the Ti parti-
cles promotes H, dissociative chemisorption. However, the durabil-
ity of these active sites is not evident: fresh Ti surface may be easily
covered by Ti-hydride that locks the active sites, as was observed
for pure Ti powder [27]. The prolonged post-milling sorption sug-
gests that long-living active sites are localized not on Ti surface, but
in positions, where no continuous titanium hydride layer can be
formed, whereas hydrogen diffusion into the bulk goes rapidly.
According to [27], it might be Ti/TiO, interfaces or grain bounda-
ries: compare hydrogen diffusion coefficients in Ti at 303 K for
grain boundary diffusion equal to 9.1 x 10° m%s [30] with that in
bulk Ti and TiH, equal to 2.6 x 10™* m?/s[30] and 3.8 x 10™** m?/s
[31] respectively. Ti-hydride nucleation goes preferably along the
cracks and nearby structural defects because of the interaction of H
atoms with bulk stress centers. According to [32-34], this process
increases the density of strain-induced vacancies, which, in turn,
leads to the formation of nanocracks and nanovoids. The latter
promote additional Ti-hydride precipitation. Thus, the Ti-hydride
emerging inside Ti nanocrystals is limited by two factors: (i) the
propagation of bulk nanocracks and extended defects and (ii) the
amount of H atoms introduced into the bulk. The observed pro-
longed Ti post milling charging can thus be explained by the dura-
bility of surface active sites responsible for H, dissociative chemi-
sorption, and rapid bulk and grain boundary diffusion of H atoms in
Ti [30], as well as additional precipitation of Ti-hydride inside Ti
crystallites due to the propagation of inner cracks caused by Ti-
hydride formation [32-34]. The powder size reduction exhibits two
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Fig. (9). Ti L3 XES of Ti/B and TiH,/B ball-milled nanocomposites.

regimes: a slow one for milling times up to 51 — 66 min, and a
faster one for longer milling times, see Fig. (10), where the evolu-
tion of the specific surface area vs. milling time is plotted. Morpho-
logically, the transition from slow to fast powder size reduction is
accompanied by the formation of a homogeneous three-phase com-
position Ti/TiH,../B, see Fig. (1 (c), (d)), consisting of a boron
matrix with Ti and/or Ti-hydride fragments of few nm in size ran-
domly distributed, see Fig. (2(b)). At the transition, the hydride
amount is 30 % (Ti/Bs;) — 50 % (Ti/Bgs), and the brittle hydride
eases further powder size reduction. Moreover, the influence of the
boron powder gets ever stronger, keeping Ti particles from agglom-
erating.

The fact that the desorption of pure Ti and of Ti/Bs exhibits
only one high-temperature peak indicates that at this stage, only one
type of site is available for H atoms, corresponding to hydrogen
interstitials on tetrahedral positions in the Ti lattice. After pro-
longed milling, low-temperature peaks appear, indicating that new
occupation sites are available for hydrogen after milling. The fact
that pure Ti, milled for 66 min in H, flow exhibits only the high-
temperature peak indicates that the presence of boron plays a cru-
cial role in the generation of new occupation sites. Fig. (11) shows
the amount of hydrogen desorbed vs. the desorption temperature for
the samples milled with boron for different milling times. The re-
sults for Ti/B,s may not be very meaningful because the absolute
amount of desorbed hydrogen is very small, and will not be dis-
cussed in the following. As for the other samples, four groups of
peaks can be distinguished: (i) a high-temperature peak at about
950 K corresponding to the single peak observed for pure Ti and
Ti/Bys, which disappears after 66 min of milling, (ii) a peak at about
850 K, (iii) a peak at 750 — 800 K, and (iv) a low-temperature peak
at 600 — 650 K that appears only after 51 min of milling. The high-
temperature peak can be associated with hydrogen in bulk sites in
Ti. After 66 min of milling, when this desorption peak disappears,
no o-Ti is detected in XRD, corroborating this interpretation. The
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Fig. (11). Hydrogen evolution during TDS vs. desorption peak temperature
of Ti/B ball milled composites. The numbers (e.g. 51-100) give the range of
milling times in minutes for each of the desorption temperature clusters.

peaks at 850 K and 750 — 800 K can be attributed to the desorption
of hydrogen from TiH,., unaltered by boron, since TiH, exhibits
two prominent desorption peaks in these temperature ranges [35].
The low-temperature peaks, finally, stem from sites that are present
due to interaction with boron. It should be noted that the vanishing
of the high-temperature peak and the appearance of the low-
temperature peak coincide with the transition from slow to fast
powder size reduction.

The role of the boron additive is versatile: One task is to pre-
vent the Ti particles from sticking together easing hydrogen sorp-
tion by offering short diffusion lengths. Another one is to form a
matrix accommodating the nanoscopic Ti, later TiH,, particles.
Here, the boron also prevents the fresh Ti surface from forming an
oxide layer, further easing H sorption. However, two additional
features related to boron promote the formation of low-temperature
desorption peaks: the formation of nanoscopic holes available for
hydrogen, and an interstitial solution of boron in the TiH,,. Both
issues will be discussed in the following.

One possible cause for weakly bound hydrogen associated with
low desorption temperatures was found with PAS. The lifetime
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determined experimentally in initial B powder, (194.4 £ 2) ps, is
comparable to the lifetime calculated for positrons trapped at di-
vacancies in B [28]. Note that even longer positron lifetime of (243
+ 5) ps was measured on commercial B powder in Ref. [36]. Unfor-
tunately no details about this powder were mentioned. However, it
is likely that the B powder investigated in Ref. [36] contains larger
vacancy clusters than the B powder studied in this work. In case of
milled Ti/B and TiH,/B composites, nanoscopic holes were found.
In Table 6, parameters related to the free volume size in Ti/B nano-
composites ball milled in H,/He effluent gas and TiH,/B nanocom-
posite ball milled in He atmosphere are listed. The nanocomposites
were ball milled for the period ty;;. The symbols Ryean and Viean,
respectively, denote the mean radius and volume of pores. The PL
results suggest that the size of nanoscopic pores in Ti/B nanocom-
posites decreases with milling time. This is indicated by a decrease
in the probability of Ps formation reflected by a drop in intensity of
the Ps component Ips, see Table 5. This effect can be explained by
an increased level of intermixing of Ti particles with boron addi-
tive, which leads to a reduction of pore sizes; and/or a filling of
nanoscopic pores by hydrogen, which is absorbed in and Ti/B
nanocomposites. Hydrogen can be present inside the nanoscopic
pores either absorbed on the inner surfaces of the pores or in form
of H, molecules. It seems logical to assume that hydrogen stored in
these nanoscopic holes in either way will be desorbed at substan-
tially lower temperatures than hydrogen stored in TiH,. or in inter-
stitial sites in Ti. Since Ti/Bygo desorbed much more hydrogen from
these sites than Ti/Bs;.7g, it also seems logical to assume that the
nanoscopic holes do not decrease in size but rather get filled with
hydrogen, making the holes appear smaller for Ps. Additionally, it
seems obvious that the appearance of the nanoscopic holes is re-
lated to the presence of boron. They are most probably situated at
the Ti-B interfaces [28]. The size of the nanopores as given in Table
6 is rather small which makes it unlikely that more than one or two
hydrogen atoms or molecules are situated in each one of them. It
can therefore be concluded that by no means all of the hydrogen is
stored in these nanopores.

Table 6. Parameters Related to the Free Volume Size in Ti/B
Nano-composites
Sample trmin (h) Rimean (NM) Vinean (NM?)
Ti/Bss 66 0.27(2) 0.082(8)
Ti/Baos 206 0.12(1) 0.008(6)
TiH./B 66 0.24(3) 0.059(8)

As follows from XES data, which gives detailed information
about the local atomic and electronic structure of Ti and B atoms,
boron atoms change the local bonding structure of Ti in the Ti/TiH,.
«/B nanocomposites. In case of Ti/B;g a pronounced Ti-H peak
and a shift of the Ti L, 3 peaks in the same direction as the Ti-B
shift are observed. This is not the case for Ti/Bgg. When TiH,/B or
Ti/B are milled in He for 66 min, the same chemical shift is ob-
served. Therefore, one can conclude that Ti-B interaction takes
place only when Ti-H bonds are saturated. The mechanical acti-
vation in Hy/He gives preference for the formation of Ti-H bonds.
When these bonds are saturated after the formation of TiH, an
incorporation of B atoms to TiH; lattice and the formation of
additional Ti-B bonds take place.

This leads to the other major effect of the powder evolution, i.e.
the introduction of boron atoms into the Ti and/or TiH, lattice,
which was detected by XRD measurements, see Figs. (7(c) and 8).
A significant increase in lattice parameters of the hexagonal phase
after desorption was observed and a remarkable broadening of
Ti(002), Ti(110) and Ti(103) peaks, which indicates a solid solution
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aTi(B). Partially amorphous or extremely fine Ti or TiB-containing
phases are observed for Ti/Bg, and to a lesser extent, for Ti/Bs;.7g
nanocomposites after TDS heating. These phases are, evidently,
responsible for the amorphous halo, because the most intensive
peaks of hexagonal oTi or aTi(B) solid solution, cubic TiB (calcu-
lated phase [19]) and hexagonal TiB, (JSPDS 35-741) phases are
localized just in this angle range. In support of this conjecture, only
TiB and TiB, were detected after Ti/Boo powder was heated up to
1473 K. In this case, no background profile distortion was ob-
served. The content of boron dissolved interstitially can be esti-
mated as more then 18 at. %. From equilibrium Ti — B phase dia-
gram [37], boron solubility in Ti is less than 0.1 at. %. It seems
likely that that those boron atoms are introduced not in titanium, but
in Ti-hydride lattice upon the mechanical impact, which is in accor-
dance with Hagg’s rule [38]. That is, simple interstitial phases can
form when the ratio between radii of nonmetal (R,) and metal (R,)
atoms is Ry/Ry, < 0.59. Thus, the introduction of B (Rg = 0.091 nm
[39]) atoms in Ti (Ry; = 0.154 nm [38]) lattice is forbidden, because
of Rg/Ryj = 0.62. However, in the case of TiH, (structural type
CaF,) with lattice constant a = 0.444 nm (see Table 2), the entry of
B atoms becomes possible due to an effective Ry; = 0.157 nm and
Re/Rti = 0.58. This suggestion is also based on our previous study
concerning mechanically induced modification of TiH, by boron
atoms in TiH,/B system [40].

In all samples except Ti/Bg, there seems to be residual hydro-
gen up to 10 %. It can be assumed that residual hydrogen is intersti-
tially dissolved in Ti lattice. In case of Ti/Bgg.100, the c-axis of the
hexagonal phase(s) after TDS gives rise to broad reflections, which
can well be associated with two hexagonal solid solutions, one of
which is Ti(B), and the other Ti(H).

5. CONCLUSIONS

The mechanically induced transformations in Ti/B/H, system
are described as a two-stage process. Each stage is described in the
framework of both chemical and morphological transformations, as
follows:

On early stages of intermixing of Ti and B powders, hydrogen
is situated at interstitial positions in Ti characterized by high ther-
mal stability, Tmax = 946 — 1000 K, a peak that disappears after 66
min of milling This is followed by a progressive increase in 8TiH,.«
content together with the transformation of Ti/TiH,../B to a nano-
composite consisting of a boron matrix with embedded Ti and TiH,.
x hanofragments. Two new desorption peaks emerge, at Tyax = 850
K and Tma = 750 — 800 K, characteristic for the decomposition of
TiH,.

The second stage begins after 51-66 min of milling. In this
stage, the powder size reduction was markedly faster than in the
first stage, and a new low-temperature peak emerges at Trax = 600 —
650 K. This peak is the result of boron interaction with the pow-
ders. On the one hand, nanosized pores appear that contain weakly
bound hydrogen, and on the other hand, boron is introduced into the
TiH,. lattice, where it modifies the bonding structure of Ti, hereby
lowering the binding energy of hydrogen in the hydride.
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