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Using low temperature X-ray diffraction, the phase transformations in the
hydrogen-saturated nickel are studied. At the hydrogen degassing, its con-
tent in nickel decreases down to H/M ratio of about 0.65. The further de-
creasing of hydrogen content leads to the two-phase separation, notably, hy-
drogen-rich and hydrogen-depleted solid solutions with permanent hydrogen
concentrations existing while the hydrogen-rich phase does not disappear.
Based on the Gibbs’ idea about two types of precipitation reactions and avail-
able experimental data, it is concluded that, in fact, the so-called Ni-hydride
is a hydrogen-rich solid solution, which appears because of miscibility gap in
the Ni—H system. At higher hydrogen contents beyond the crown, hydrogen-
rich phase exists in the wide concentration range as a supersaturated hydro-
gen solid solution in nickel, which is also incorrectly interpreted as Ni-
hydride.

3a IoIIoMorom HuU3bKOoTeMIIepaTypHoi PenTrenoBoi gudpaxkroMmerpii 6yJo 10-
cJimKeHo (pa3oBi mepeTBOPEHHA B HACUMUEHOMY BOAHEM HiKesi. Bysio BusHaue-
HO, IO IIPM Jerasallii BOAHIO 10TO BMICT y HiKeJi 3MeHITYEThCA O CHiBBiHO-
mrends H/Me, 6nusbpkoro o 0,65. [logaabliiie 3MeHITIEHHA BMiCTy BOIHIO IIPU-
3BOAUTHL 0 IMOALNY Ha OBi pasdu — 3b6aradyeHuii BogHeM i 30iJHeHMII BOJHEM
TBep/Ji PO3UMHMU, IO MICTATh HE3MIHHY KiJbKiCTh BOAHIO a:X OO 3HUKHEHHS
3b6arauenoi BogueM (pasu. Cuuparounch Ha ifero Ti66ca mono NBOX TUIIB peak-
I[ilf YyTBOPEHHA 1 HaABHI eKcIepuMeHTaJbHI TaHi, 3p00JIeHO BUCHOBOK, IO Ha-
CIIpaB/i TaK 3BaHWUU TinpU] HiKeJ0 € TBEPAUM PO3YMHOM BOAHIO B HiKeJli,
AKUY BUHUKAE BHACJIITOK po3puBy 3mimyBanocti B cucteMi Ni—H. IIpu nozga-
JBIITOMY 30iJbIIIeHHI BMiCTy BOOHIO 3a MeXKaM! KYII0JIa BiH iCHYy€e B IIIUPOKOMY
iHTepBaJIi KOHIIEHTPAI[iH AK MepeHacuYeHU TBepAUA PO3YUH BOAHIO B HiKeJIi,
KOTpUil HEKOPEKTHO iHTePIIPeTYIOTh K IiApuI HiKeJro.

ITocpencTBOM HHUBKOTEMIIEPATYPHON PEHTTEHOBCKON HU(pPaKTOMETPHUU ObLIN

uccaenoBaHbl (hasoBble MNpEBpAIleHWs B HACBIIIIEHHOM BOJOPOIOM HUKEJIE.
Br10o onpeneneno, 4To mpu gerasalyy BOAOPOAA €T0 COoJepsKaHue B HUKeJe
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yMeHbItIaeTcA 10 coorHomenua H/Me oxoso 0,65. [JlanbHeiiliee yMeHbIIIEHAE
colep:;KaHUs BOJIOPOJAa IIPUBOIUT K pasfelIeHWIo Ha aBe (pasbl — 00OTAIIEH-
HBIZT BOJOPOIOM M O0eTHEHHBIN BOJOPOIOM TBEPIALIE PACTBOPLI, COMEPIKAIIIe
HeM3MeHHOe KOJIMUYECTBO BOJOpPOJa BILJIOTHL OO MCUYE3HOBEHUA O0OOraIlléHHOM
BomopoaoM (asbl. Ontupasch Ha umero ['nb6ca o AByX THUIAX peaKIUil BbIAeJIe-
HUA U CYIIECTBYIOINEe 3KCIEePUMEHTAJNbHLIe MaHHbIe, CAEeJaH BBIBOJ, YTO B
IefCTBUTEIbLHOCTH TaK HA3bIBAEMBLIN THAPUI HUKEJIA ABJISIETCA TBEPABLIM pac-
TBOPOM BOJOPOJA B HUKeJe, 00pa3yIoIuMCA B pe3yJIbTaTe pa3phiBa CMeIIBa-
emoctu B cucteme Ni—H. Ilpu ganbHelmeM yBeJInueHUU COePKAHUA BOJOPO-
Ia 3a IIpeAejaMM KYIIoJia OH CYIIEeCTBYET B IIIMPOKOM MHTEDPBaJe KOHIEHTpPA-
Ui KaK IePeCchINeHHbIN TBEPABIN PACTBOP BOJOPOAA B HUKeJE, KOTOPBIN He-
KOPPEKTHO MHTEPIPETUPYIOT KaK TUAPUT HUKEIA.

Key words: nickel hydride, supersaturated solid solution, miscibility gap, X-
ray diffraction.
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1.INTRODUCTION

The first information about the nickel hydride was published in 1959
[1, 2]. Such interpretation of experimental data was based on a non-
diffusional character of hydrogen desorption kinetics. The history of
its discovery and stimulating effect of these pioneer works on further
studies of metal-hydrogen systems are described in the review [3].

Using X-ray diffraction, the f.c.c. crystal lattice of this new com-
pound with the lattice dilatation of about 6% and H/Ni ratio equal to
0.6 £0.1 was determined [4, 5]. Thorough thermodynamic studies of
Ni—H systems were performed by Antonov et al. [6, 7] who saturated a
pure nickel with hydrogen at different pressures and temperatures
and, based on the measurements of electroresistivity, built the T—Py,
and T-Cy phase diagrams for formation and decomposition of Ni-
hydride.

Two points are intriguing in these studies: (i) as in the case of Pd—H
system [8], the crown exists below 623 K where ‘the low hydrogen v;-
phase is transformed into vy,-hydride’ [5, 6]; (ii) like parent nickel, its
hydride has the f.c.c. crystal lattice, and the content of hydrogen in
this hydride can be increased up to the H/M=1.0 and even more [7]
within the same crystal lattice.

The aim of this paper is to analyze the Ni-hydride formation based
on the X-ray diffraction measurements and Gibbs ideas about two
kinds of precipitation reactions in the solid solutions as quoted in [9].

2. EXPERIMENTAL

A pure nickel sheet of 0.5 mm in thickness is used for saturation with
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hydrogen. The cathodic charging was carried out at room temperature
in the aerated 1N H,SO, solution containing 0.01 g/l NaAsO, at the
current density of 50 mA/cm?® for 72 hours. A platinum foil is used as
the anode. After charging, the specimens were put into liquid nitrogen
to prevent the hydrogen degassing. Specimen installation into the
holder of X-ray diffractometer took less than 120 s.

X-ray diffraction (XRD) measurements were carried out in CoK,-
radiation using Huber diffractometer with one-circle ©—20 goniome-
ter and operating voltage of 30 kV. A computer program controlled the
angular movement of both goniometer and counter.

A cryosystem LN-3 produced by Cryo Industries of America Inc. was
used for measurements at low temperatures. In contrast to standard
cryostats, this system allows the rapid cooling of the sample by the liq-
uid nitrogen flow and measurements at any temperature within the
range of +90 to —196°C. The XRD measurements were carried out at
—150°C. For hydrogen degassing, the sample in the diffractometer
holder was heated to the room temperature (RT) or higher tempera-
tures, held at this temperature for 10 to 15 min and cooled again down
to —150°C for further measurements.

The fitting of X-ray diffraction spectra was performed using Peak-
Fit program.

3. RESULTS

Fragments of the X-ray diffraction patterns after installation of the
sample into the holder and subsequent hydrogen degassing are pre-
sented in Fig. 1. Two peaks, a small (111),, and rather intensive (111),,
are observed just after hydrogen charging and subsequent storage of
the sample in liquid nitrogen. The first stage of hydrogen degassing at
RT for 10 min leads to the shift of peak (111), to the position of (111),,,
whereas peak (111),, increases its intensity. Further stages of hydro-
gen degassing due to holding of the sample at RT and higher tempera-
tures result in the transfer of peaks intensity from v, to v;, which posi-
tions are not changed within the error of measurements.

The corresponding lattice parameters are 3.735A, 3.718 A and
3.525 A for v, ¥,, and y,, respectively. Using the data [10] for hydrogen
effect on dilatation of metals, one can estimate the atomic ratio H/M as
0.75%0.005 for vy, 0.65+0.005 for y, and 0.02 +0.005 for y,. The H/M
ratio ny,, as determined in the present study, is consistent with
n,™ <0.02 in[11].

After disappearance of v, reflection, the sample was again heated to
90°C for 10 min and finally held for two weeks at RT. The position of
peak (111),; was actually not changed. It is relevant to note that, with-
in the accuracy of measurements, the y; peak practically cannot be dis-
tinguished from that for pure nickel with the lattice parameter of
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Fig.1. X-ray diffraction for hydrogen-charged nickel. Measurements at
—-155%5°C with subsequent holding at higher temperatures. Chronological
order of measurements: —— immediately after charging, storage in liquid
nitrogen and installation into the diffractometer holder, --o-- - after holding
at 220°C for 10 minutes, —#— after holding at 220°C for 10 minutes, —%¥—
after holding at 190°C for 10 minutes, —— after holding at 190°C for 10
minutes, —4— after holding at 190°C for 10 minutes, - -= - after holding at
460°C for 10 minutes, —#— after holding at 700°C for 10 minutes, —&— after
holding at 700°C for 10 minutes, —#— after holding at 670°C for 15 minutes,
—+— after holding at 720°C for 15 minutes, —+— after holding at 820°C for
20 minutes, —x— after holding at 900°C for 44 minutes, —¥— after two weeks
holding specimen at RT.

3.5243 A[12].

4. DISCUSSION

The obtained results should be discussed in terms of two types of pre-
cipitation reactions described by the father of thermodynamics
J. Willard Gibbs (see, e.g.,[9]).

The first reaction occurs if the Gibbs energy g of a supersaturated vy
solid solution cannot be spontaneously reduced to its minimum at a
given temperature T, because the free energy—composition curve has
no maximum and, correspondingly, its curvature dg?/dc? is always pos-
itive (see Fig. 2, a). In this case, the free energy can be decreased only
if some distinctly different new B-phase is nucleated with a lower free
energy, so that the total energy of the y- and B-phases mixture is locat-
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c—

Fig. 2. Gibbs energy g and a corresponding fragment of the phase diagram as
functions of chemical compositions and temperature for the case of precipita-
tion of a chemical compound from the supersaturated solid solution (a scheme).

ed at the tangent line connecting their free energy curves and Ag is the
energy gain of such a ‘nucleation and growth’ reaction. A correspond-
ing phase diagram is presented in Fig. 2, b.

As an example, one can refer to the precipitation of y-phase Fe,N
with the f.c.c. crystal lattice from the supersaturated solid solution of
nitrogen in the a-iron having the b.c.c. crystal lattice o at low temper-
atures or y above 590°C (see, e.g., [13]). A conclusive case is also repre-
sented by the precipitated reactions in the solid solution of zinc in cop-
per where, with increasing Zn content, the o, B, v, and € electron com-
pounds are consecutively transformed having, respectively, the f.c.c.,
b.c.c., complicated cubic and h.c.p. crystal lattices.

The other case occurs if the precipitated phase has the same crystal
lattice as the parent one. The free energy of this system is described by
a single curve having a maximum and two minima (Fig. 3, a). As a re-
sult (see, e.g., [14]), below some critical temperature called as ‘conso-
lute point’, the supersaturated solid solution is decomposed into two
phases of fixed compositions (Fig. 3, b). A mechanism of such reaction
can be spinodal decomposition or continuous ordering, if the concen-
tration of the supersaturated solid solution is located between two in-
flections points on the free energy-composition curve (marked with
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Fig. 3. Gibbs energy g and a corresponding fragment of the phase diagram as
functions of chemical compositions and temperature for the case of miscibil-
ity gap in the solid solution (a scheme).

dashed lines in Fig. 8, a), where the curvature dg?/dc? becomes nega-
tive. The corresponding dotted lines in Fig. 3, b do not belong to the
phase diagram and just mark the temperature-concentration area
where the composition wave with a constant wavelength is formed dur-
ing spinodal reaction. Beyond this area but between the minima on the
free energy curve, correspondingly between the solid and dotted lines
of the crown in the phase diagram (Fig. 3, b), the nucleation reaction
occurs.

Based on these considerations, let us analyze the obtained experi-
mental data and available published results. In accordance with [4, 5],
the peak 7y, corresponds to the same f.c.c. crystal lattice as that of the
parent nickel, which suggests the second type of the above mentioned
reactions. The two-phase separation y,—y, and the exchange by their
intensities during hydrogen degassing clearly correspond to the misci-
bility gap.

In the first measurement after sample installation, the peak yis seen
in the diffraction pattern along with a small peak 7y,. It is relevant to
note in this relation that, in case of gaseous charging under high hy-
drogen pressures, a single y phase is observed for H/M ratio from 0.7
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up to 1.25 [7]. Taking this into accounts, the existence of a small
amount of y;-phase along with the intensive y-phase can be related to a
not sufficiently homogeneous hydrogen profile.

The main difference between solid solutions and chemical com-
pounds is that first ones exist in a large concentration range, whereas
chemical compounds are characterized by the stoichiometric composi-
tions, which deviations are rather small.

Therefore, the shift of peak y to the position of v, due to hydrogen
degassing demonstrates the approach of the H-content in a single solid
solution to the crown in the Ni—H phase diagram where it is decom-
posed into y; and y,. The subsequent exchange by intensities between v,
and y; corresponds to the case when, with decreasing hydrogen content,
the mass balance of conjugated phases is controlled by the movement of
the figurative point along the conode, whereas the compositions of v,
and y; should remain unchanged.

In fact, such interpretation is consistent with the experimental data
in [7] for gaseous hydrogenation (see Fig. 4), where the temperature—
pressure area between the homogeneous vy, and y,-phases exists in a

400L

300§
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&
200
100§~
L | AL 1
0 5 P, kbar 10 15

Fig. 4. Phase T—P diagram of Ni—H system according to [7]. Open squares —
Curie temperature, closed and open circles — pressures of y; — V,- and y, — ;-
transitions, respectively.
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broad range of hydrogen pressures, i.e. hydrogen contents, at low tem-
peratures and is being confined with increasing temperature. A similar
result is also obtained in [15], where, using gaseous high-pressure hy-
drogenation, the two phase separation occurred with the consolute
temperature of about 360°C.

It is relevant to note that an intriguing argument used as apparent
confirmation for formation of the nickel as well as other metal hy-
drides is the sharp decrease of the hydrogen-caused dilatation of the
crystal lattice when hydrogen content exceeds the H/M ratio of 0.6 to
0.7 (see, e.g., [3, 16]). It was ascribed to the occupation of tetrahedral
interstitial sites by hydrogen atoms, which should decrease the lattice
dilatation (e.g., [7]), or to the decrease of the state density at the Fermi
level (e.g., [17]). An alternative interpretation can be the hydrogen-
caused increase in the thermodynamically equilibrium concentration
of vacancies and formation of complexes with the hydrogen atoms
which slightly contribute to the lattice dilatation (see also [15] and the
pioneer studies [18], where the existence of superabundant vacancies
was theoretically predicted for interstitial solid solutions, and [19],
where this effect was first time observed for hydrogen).

Taking into account the obtained results and available published da-
ta, one can critically estimate a number of publications about high
pressure hydrides in different metals (e.g., [19, 20]) where, using neu-
tron and X-ray diffractions, the hydrides are claimed to be formed un-
der high hydrogen pressure in a number of d-metals: Cr, Mn, Fe, Co,
Ni, Mo, Tc, Rh, Pd, Re. All these discovered hydrides exist in a wide
range of hydrogen contents, which does not differ them from the solid
solutions. In case of Co, Ni, Rh, Pd, they have the same crystal lattice
as the parent metal, which suggests that they are just supersaturated
solid solutions. In case of Ni and Pd, the crown, i.e., the miscibility gap
in the temperature-concentration phase diagrams is proven. In case of
Cr, Mn, Fe and Mo, the hydrogen-induced y— e-transformation occurs,
and, like y-, the e-phase exists in the wide concentration range, which
is not the case for chemical compounds.

Therefore, in comparison with Ti—H and Zr—H systems, where hy-
drides have definite stoichiometric chemical compositions and their
crystal lattices are different from those of parent metals, there is no
convincing arguments to denote the above mentions solid solutions as
hydrides.

5. SUMMARY

The obtained data of the X-ray diffraction studies and the analysis of
available experimental data allow concluding that so-called Ni-hydride
results from the separation of the H solid solution into the hydrogen-
rich and hydrogen-depleted phases. At higher hydrogen contents be-
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yond the crown in the Ni—H phase diagram, a single supersaturated
f.c.c. solid solution exists in a wide concentration range without any
common signs of hydride formation.
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