BicHuk XHY, cepisa «®isukay, sun. 25, 2016. c. 6-11

VIK 544.723; 669.788
PACS: 61.44.Br; 81.05.Zx; 81.30.-t

Peculiarities of hydrogen absorption by melt spun
amorphous alloys Nd Fe.,
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A fierce exothermic reaction was detected in Nd, Fe, films with sufficient degree of amorphous phase upon filling them with
hydrogen or deuterium, which resulted in the melting of the samples and the Cu foil, in which the samples have been wrapped.
Quantitative analysis have shown that the amount of heat produced in large Nd, Fe,  samples in our experiments is 80100 kJ per g
of hydrogen, which cannot be explained by DSC data on the heat produced in small samples under different heating-cooling balance.
Possible reasons for the discrepancy are discussed including low energy nuclear reactions taking place at the initial stage of hydride
formation.
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Ipu rigpysanni mBuako 3araproBanux mwiisok Nd, Fe 3 Benukum crynenem amop¢usaii BusBIeHa CHJIbHA €K30TepMiuHa
peakiis, sika MPU3BOAUTH JI0 IUIABJICHHS 3pa3KiB 1 MiIHOI (ONBIH, B SKOI 3arOPHYTI 3pa3Ku. AHaI3 II0Ka3aB, IO IIUTOMA KiIBKICTh
Terla, 0 BUINAEThCA Y BeMMKUX 3paskax Nd, Fe B Halux ekcriepuMeHTax, Ha MOPAOK MepeBepulye MUTOMY KilbKiCTh Tera,
BHPOOJIEHOTO B HEBEIMKHX 3pa3Kax METOIOM Iu(epeHIianbHoi KamopuMeTpii. OOroBOPIOIOTHCS MOXKIIMBI MPUYHMHHU PO301KHOCTI, B
TOMY YHCI, 13 3aJTy4eHHSIM HU3bKOCHEPTeTUUHHX SIICPHHUX PeaKilii, 110 NPOTIKAITh HA IOYaTKOBOMY eTarti GOpMyBaHHS TiIpUIiB.

KurouoBi ciioBa: 36epiranHs BoiHI0, aMOp(dHi CIIaBH, €K30TEPMIiUHI peaklii.

[pu THApupoBaHMK OBICTPO 3aKaleHHBIX TeHOK Nd, Fe = ¢ Oonbmiol cremeHpio amoppusanuu OOHAPYXKEHA CHIbHAS
9K30TepPMHUECKas peaKnusi, KOTopast MIPUBOIUT K IUIABICHUIO 00pa3oB U MEAHOH (OJIBIH, B KOTOPYIO 3aBEPHYTHI 00pa3ibl. AHAIN3
THoKasall, 4To yJENbHOE KOJMYIECTBO TEIUIa, BhIAEsomeecs B Oonpmux obpasuax Nd Fe = B Hammx oKCnepuMeHTax, Ha MOPAIOK
MIPEBOCXOUT yAEIbHOE KOMMYECTBO TEIJIa, MPOU3BOAUMOTO B HEOOIBIINX 00pa3iax MeTofoM AU depeHInanbHONi KaTopuMeTpHU.
OO0CyXHaloTcsi BO3MOXKHBIE IPHYMHBI PACXOXKJICHUS, B TOM YHCIE, C NPUBJICUCHHEM HHU3KODHEPIeTHYECKUX SACPHBIX PEaKIHi,
MIPOTEKAIOIINX Ha HAYaILHOM JTare 00pa3oBaHUs THAPHIIOB.

KonroueBnie ciioBa: XpaHeHHe BOJOPOAA, aMOP(HEIE CIUIABBI, IK30TEPMHIECKUE PEaKIIUH.

Introduction

The Nd-Fe alloys are known to readily absorb
hydrogen, and this property is especially pronounced
for melt spun Nd, Fe, alloys that have amorphous
structure and can absorb up to 2.4 wt% of hydrogen
[1]. The interaction of hydrogen with amorphous
metals has been studied extensively [2]. These studies
were motivated by both scientific and technological
interests, mainly the potential use of amorphous hydrides in
hydrogen storage technology. The use of amorphous alloys
as an alternative new energy storage material, however,
still contains technical difficulties, in terms of limited
hydrogen cycling ability, relatively high activation energy,
fragileness of the host material after hydrogenation, which -
need further examinations. Fig. 1 Installation "Strychka" for fabrication of metal

In this paper, we explore the kinetics and
thermodynamics of hydriding of melt spun Nd, Fe, alloys

films with a complicated nonequilibrium structure.
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Fig. 2 The appearance (a) and surface morphology (b)
of the melt spun Nd90Fel0 films. (c) u3menuts Ha Fig. 2
The appearance (a), surface morphology (b) and unite cell
(c) of the melt spun Nd90Fe10 films.
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that have amorphous structure similar to that of Nd, Fe,,
alloys investigated in [1].

Material fabrication and characterization

The melt spun Nd, Fe , films have been produced in
the installation “Strychka” (Fig. 1) by the deposition on a
copper wheel rotating with a high speed that provides fast
cooling at a rate up to 10°K/s. The rotation speed can be
varied to obtain a required degree of disorder. The films
are several cm in length, several mm in width and ~10
to 30 microns in thickness. Their appearance and surface
morphology is shown in Fig. 2. One can see that the film
surface is extremely rough containing a lot of micron
size caverns, which is a common property of this type of
materials.

The microstructure of the films consists of a
combination between two crystalline phases Nd-a
(low temperature hcp phase, T<683°C) and Nd-B (high
temperature bce phase) and amorphous phase Nd,Fe .,
which is shown in Fig. 2c.

The unite cell of amorphous phase Nd Fe ., entering
the initial microstructure of Nd, Fe, .

The lattice parameters of the crystalline phases and
their relative fraction in respect to the amorphous phase
changes slowly with time and is substantially different for
the films produced in 2016, 2010 and 2008, as can be seen
from the table 1.
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Fig. 3 Diffractograms of three films produced in
different years, where the height of the diffraction peak
corresponds to the crystalline fraction in a sample X_
= 11% (blue curve); 19% (green curve) and 47% (red
curve).

Fig.3 shows X-ray diffractograms of three different
films, where the height of the diffraction peak corresponds
to the crystalline fraction in a sample. Let the integral
intensity of diffraction lines of a crystalline phase be A,
and the integral intensity of ‘disordered” phase be A . Then
the relative fraction of crystalline phase can be expressed
as X :

Xe = LIOO%, (1)
A+ Ay
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Table 1

Relative fraction and lattice parameters of crystalline phase in Nd Fe, films produced in different years and

measured in 2016.

P ti
roduction Phase A, Lattice parameters, A
year Xe = 100%
+

Nd-a a=3,659;c=11,784
2008

Nd-f 47 a=4,171

Nd-a a=3,656;c=11,804
2010

Nd-f 19 a=4,170

Nd-a a=3,658;¢c=11,801
2016

Nd-p 11 a=4,171

The samples in Fig. 3 correspond to X = 11%; 19%
and 47%, respectively, and in the following section, we
describe the response of samples to a slow heating in the
hydrogen atmosphere.

Kinetics and thermodynamics of the hydrogen
absorption by the samples

Hydrogenation of samples with X = 11% and X =
19% was done under hydrogen pressure ranging from 0.2
to 3.4 bar and temperature increased gradually by electric
heater. Active hydrogen absorption usually started slightly
below or above 300 °C, and its rate and character depended
on the hydrogen pressure. Above ~ 1 bar, hydrogenation
was accompanied by a substantial heating of the samples,
which resulted in the sample melting. An extreme example
for the initial pressure of 3.4 bar is shown in Fig. 4. One
can see an instant drop of pressure accompanied by a fierce
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Fig. 4 Nd, Fe , films with X = 11% of a mass 2.3713
g wrapped in a Cu foil of a mass 1.6225 gram. The
loading ratio measured by the H pressure drop after
hydrogenation was ~1.6 H per metal atom (~1.36 wt%
H). ‘Outside temperature’ is measured at 2 mm distance
from the external ceramic wall of the reactor.

exothermic reaction resulting in a sample heating spike.
Duration of the heating spike was about 40 seconds, while
the maximum registered temperature was 570 °C, which
appears to be an underestimate.

Examination of the resulting appearance of the NdFe
alloy, which has been wrapped in a Cu foil before the
testing (Fig. 5.), shows that the alloy and the Cu foil have
melted together around the thermocouple, which indicates
that the maximum temperature was higher than 1000 °C,
since the meting temperature of Nd, Fe, is 685 °C and the
meting temperature of Cu is 1085 °C.

XRD analysis of the hydrogenated material has shown
that all the amorphous phase has transformed into two
crystalline hydride phases, fcc NdH, and hcp Nd,Fe H,
shown in Fig. 6.

Fig. 5 Nd, Fe , films with X = 11% of a mass 2.3713 g
wrapped in a Cu foil of a mass 1.6225 gram before (a)
and after (b) hydrogenation at a rate shown in Fig. 4.
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Fig. 6 Unite cells of fcc NdH2 (left) and hcp
Nd2Fel7H4.6 (right) phases. NdH2 is a dominating
phase containing a majority of absorbed hydrogen.
mmMeHuTh Ha Fig. 6 Unite cells of fcc NdH2 (a) and hep
Nd2Fel17H4.6 (b) phases. NdH2 is a dominating phase
containing a majority of absorbed hydrogen.

The amount of heat produced by hydrogenation

The energy required for heating the Nd, Fe  films and
Cu foil from 270 to 1100 °C and for melting the Cu foil is
given by

It
AQNdFe+Cu (AT) = CNdFemNdFeAT +CCu Mc AT "’Q(rinue Me, =1263 7 ,

AT =830 K, 2

where  Mygpe =2.3713 g. Mg, =1.6225 ¢ and
J

are the

Crare = 0.214 7K Cey =0.385
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masses and the heat capacities of NdFe films and Cu foils,

melt _ 07 J/g is the latent heat of

respectively, Qg

melting of Cu.

The energy required to heat the walls of ceramic
(ALO,) chamber tube around the samples from 295 to
308 °C is given by

AQA|203 (AT) = CA|203 mA|203AT =132217,
AT =13K, G)
wheremA|203 =93.5 gandCA|203 :1105J/(9K)

are the mass and the heat capacity of the ALO, tube
surrounding the samples (the tube inner diameter 10 mm,
outer diameter 20 mm, the sample length 100 mm).

So the minimum amount of heat produced by the
observed reaction (without account of the heat dissipation)
can be estimated as 2585 J given by the sum:

AQut = AQuarecy (830 K) +AQu0, (13 K)=1263 141322 1=25851 . (4)

Dividing this heat by the amount of absorbed hydrogen
that caused the reaction, 0.031 g, one obtains a specific heat
of hydrogen absorption as

Qy = 2585J/0.032g=80170J/g, (5

which will be compared with a direct DSC measurements
in the following section.

Differential scanning calorimetry of Nd, Fe

Differential scanning calorimetry (DSC) is a
thermoanalytical technique in which the difference in
the amount of heat required to increase the temperature
of a sample and reference is measured as a function of
temperature. The temperature program for a DSC analysis
is designed such that the sample holder temperature
increases linearly as a function of time.

Fig. 7 shows the results of heating the small Nd, Fe
samples (11.9 and 18.8 mg) in the pure Ar atmosphere (red
curves) and in the mixed atmosphere of H and He (blue
curves). In the first case, the lower red curve shows zero
weight gain, which means that Ar is not absorbed by the
sample, as expected. The upper red curve shows one small
exothermic peak at 510 °C and a larger endothermic peak
at 676 °C. The former corresponds to the crystallization of
amorphous phase of Nd, Fe, , while the latter corresponds
to the melting of Nd, Fe  alloy.

The lower blue curve shows the weight % increase
of the sample due to the H absorption, which amounts to
~1wt% at the temperature of the first exothermic peak
on the upper blue curve (14.78 J/g) and to 5.52 wt% at
the temperature of the second and much more powerful
exothermic peak (438.6 J/g). From these data, one can
evaluate the amount of heat released in the first and in the
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Fig. 7 DSC of Nd,Fe , samples in the Ar (11.9 mg;
heating rate 20 K/min - red curves) and H/He atmosphere
(18.8 mg; heating rate 10 K/min - blue curves).

second reaction per gram of absorbed hydrogen: Q, = 1500
J/gand Q,=9800J/ g.

Thus, a specific heat of hydrogen absorption in a DCS
experiment is given by Q +Q, = 11300 J/g, which is almost
an order of magnitude less than 80170 J/g estimated in our
hydrogenation experiments. It means that the underlying
reactions taking place in our experiments should be
different from those taking place in a DSC installation.

Deuterium absorption by Nd, Fe, mixed
with Cu powder

In this experimental setup, we used deuterium
atmosphere and attempted to prolong the deuterium
absorption stage and avoid melting of the samples by
mixing a powder produced from Nd, Fe , with Cu powder
and packing the mixture in a Cu tube. In this way, deuterium
access to Nd, Fe & was delayed, and the heat produced
under hydrogenation in 1.722 g of Nd, Fe, was distributed
over all the material of the mixture and the tube with a total
mass of 14. 372 g. As a result, the sample temperature T
did not exceed the furnace temperature T, by more than 5
°C even during the most active deuterium absorption stage
that lasted 40 min (Fig. 8), and the overall time when T >
T, was about 15 min. Taking into account the heat balance,
one can estimate the total produced heat as 2190 J and
the specific heat of hydrogen absorption as 102100 J/g,
which is close to our estimate 80170 J/g of the specific heat
produced under hydrogenation of pure Nd, Fe samples.

Discussion

Specific heat produced per one gram of absorbed
hydrogen or deuterium in our reactor conditions seems
to be much higher than that in DSC installation, which
means that the underlying reactions should be different. We
have tested samples with a mass in the gram range, while
DSC samples were ~ 10 mg, which could imply different
heating-cooling balance affecting the reaction route.
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Fig. 8 Nd, Fe, , powder with X = 11% of a mass 1.7222
g mixed with Cu powder of a mass 2.2526 g, wrapped
in a Cu foil of a mass 0.43955 g and packed in a Cu tube
of a mass 9.565 g. The loading ratio measured by the
weight gain after D absorption was ~1.1 H per metal
atom (~1.834 wt% D).

One of the possible reasons for abnormal heat
production is known to be the low energy nuclear reactions
(LENR) that take place in heavily deuterated palladium
[3] or hydrogenated nickel [4] under nonequilibrium
conditions. These reactions can be triggered by localized
anharmonic vibrations (LAVs) created at sufficiently high
temperatures at special places of the disordered lattice
[5-9]. Another driving mechanism of the LAV creation
is irradiation that can displace atoms from equilibrium
positions far enough to induce anharmonic vibration mode
[10]. In view of that, it is desirable to fill the alloys with
hydrogen or deuterium or the H-D mixture directly under
irradiation and to measure their response to such combined
treatment.

Conclusions and outlook

A fierce exothermic reaction was detected in Nd, Fe
films with sufficient degree of amorphous phase upon
filling them with hydrogen or deuterium, which resulted in
the melting of the samples and the Cu foil, in which the
samples have been wrapped.

Quantitative analysis have shown that the amount
of heat produced in Nd, Fe , samples in our experiments
cannot be explained by DSC data on the heat produced in
small samples.

One of the possible explanations of this discrepancy
is based LENR taking place at the initial stage of hydride
formation, when 80+90% of amorphous phase in the films
produced LAVs [5-10] that triggered LENR. Subsequently,
the amorphous phase transforms to crystalline hydrides
where the LAVs do not form, which stops the LENR. Upon
cooling, various hydride phases are observed by X ray
analysis: NdH, (fcc) and Nd,Fe H, , (hcp).

In order to initiate LENR, it is desirable to make the
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hydrogenation directly under irradiation and to measure the
response to such combined treatment. This problem needs
further investigations.

The Nd-Fe structure explored in the present study
may be not the only one that could provide the necessary
conditions for the LAV induced LENR. In spite of a
huge body of investigations of materials connected
to the hydrogen storage problem, they have not been
focused on the investigation of the energy production
under hydrogenation. In the cases when abnormally large
enthalpies of hydride formation have been reported, the
samples have been destroyed by the reaction, similar to
case under investigation in this report. There is a need to
re-investigate some of these materials with a due control
of the heat production under hydrogenation and external
triggering.

Among the promising candidates to be investigated
are the Ti-Zr-Ni melt-spun alloys that can take various
structures ranging from amorphous to quasi-crystalline,
Laves phase, etc., which can store large amounts of
hydrogen and provide the necessary conditions for the LAV
excitation in the hydrogen subsystem.
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