Journal of

ALLOYS
AND COMPOUNDS

ELSEVIER Journal of Alloys and Compounds 404—406 (2005) 7—15

www.elsevier.com/locate/jallcom

The structure and phase diagram of M—H systems at high chemical
potentials—High pressure and electrochemical synthesis

Y. Fukai*

Department of Physics, Chuo University, Kasuga, Bunkyo-ku, Tokyo 112-8551, Japan

Received 2 September 2004; received in revised form 8 February 2005; accepted 14 February 2005
Available online 15 July 2005

Abstract

Efforts to provide a unified picture of metal-hydrogen alloys over a wide range of chemical potentials are described. High chemical
potentials are produced either by high-pressure molecular hydrogen or high excess potentials in electrolytic charging or electrodeposition.
General systematics of the phase diagram of 3d-metal-hydrogen systems are noted; a drastic reduction of the melting point and the stabilization
of close-packed structures with dissolution of hydrogen. Supercritical anomalies are observed in the fcc phase of Fe-H, Co—H and Ni-H
systems. In the electrodeposition of metals, it is shown that structural changes are caused by dissolution of hydrogen, and superabundant
vacancies of concentrationsl0~* are present.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction has come to be recognized that the most stable structure
of all M—H systems is the one containing a large number
For a complete description of the constitution of M—H sys- of M-atom vacancies, i.e. superabundant vacancies—more
tems, experiments must be performed over wide ranges ofprecisely, vacancies with several interstitial hydrogen atoms
thermodynamic variables; the composition from pure metal trapped (Vac-H cluster$)]. However, the formation of such
to pure hydrogen, the temperature from absolute zero to abovedefect structures usually requires high temperatures, high
the melting point of constituent metals and the pressure uphydrogen pressures and long holding times—the conditions
to, say, 10 GPa. To perform such experiments on many dif- hardly realized in ordinary experiments. Thus, in ordinary
ferent metals, having widely different affinities to hydrogen, methods of sample preparation, only meta-stable structures
we must be able to determine structures up to high chemicalwithout containing M-atom vacancies can be formed. All the
potentials of hydrogen, namely up to high hydrogen pres- phase diagrams of M—H systems reported to date are in this
sures or high excess voltages in electrochemical charging.sense meta-stable ones. The only possible exception is elec-
One of the common problems encountered in such experi-trodeposited metals where the most stable structure com-
ments is to achieve thermodynamical equilibrium between posed of H and M-atoms and their vacancies can be built
the M—H sample and surrounding hydrogen environment. It from the very beginningd]. This problem will be described
happens frequently that surface barrier hinders the equilib-in Section4.
rium hydrogen concentration to be attained. In such cases,
seal-off type experiments dealing with samples of prescribed
hydrogen concentrations should be performed. Another prob-2, Chemical potential of hydrogen
lem is the formation of superabundant vacancies (SAVS). It
It may be expedient here to review some features of the
* Tel.: +81 3 3817 1769; fax: +81 3 3817 1792. chemical potential of molecular hydrogen at high pressures
E-mail address: fukai@phys.chuo-u.ac.jp (Y. Fukai). and of hydrogen ions in solution at high excess voltages.
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clulations, as shown iRig. 3.
Fig. 1. The chemical potential of molecular hydrogenas a function of Here, a word of caution is in order against the misuse
and7 [3-5]. of “fugacity”, which is rather prevalent in electrochemistry.

The fugacityfis defined as a fictitious pressure of ideal gas,

Fig. 1shows the chemical potential of molecular hydrogen related to the excess voltage by
1H, as afunction of hydrogen pressutig, at several different
temperature$3-5]. A notable feature is a break @t ~ 1
1 GPa, followed by a steep increase thereafter. Below the Elen f=eV
break, straight lines with slopes proportional to temperature
represent the variation according to the ideal-gas formula. As shown by a broken line ifig. 3, the fugacity agrees
Above the break, a sharp rise independent of temperaturewith the actual pressure of molecular hydrogen only at low
is caused by strong intermolecular (repulsive) interactions. pressurespy < 0.1 GPa (18 atm). The deviation becomes
From this variation of the chemical potential, we may expect really formidable above 0.1 GPa. The fugacity correspond-
that the response of M—H samples to surrounding hydrogening to the excess voltage of 0.2V is stunning 780 GPa,
should be very different at pressures below or abpye~ whereas the actual equivalent pressure is 1 GPa. It is, there-
1GPa.

This expectation is borne out by the enhanced solubilities
over the ideal-gas formula (Sievertz law)af > 1 GPa. As
an example, the solubility calculated fpffcc)-Fe is shown
in Fig. 2 [4,5] On this Arrhenius plot, the solubility below
pH ~ 0.1 GParoughly follows the Sievertz law (the ideal-gas

{104

104 1108

behavior), whereas aboyg ~ 1 GPaits increase with pres- g E
sure becomes more pronounced. Thus in many M—H systems, @ 10° 1022
high hydrogen concentrations and new high-pressure phases® 3
are realized apy > 1 GPa. 102 410

In electrolytic charging, on the other hand, a sample con-
stituting a cathode is placed in contact with a solution in 10 11

which the chemical potential of hydrogen iopg;+ is raised
by application of excess voltagée

1 { 1 | 1 | | 101
0 0.1 0.2 0.3 0.4 0.5 0.6

Uyt = ,ua+ + eV, Excess voltage (V)

0 L Fig. 3. The pressure of molecular hydrogep tpy) in equilibrium with
Whel’e“H“ the zero of the pOtent'al’ IS usua”y taken to be ionic hydrogen H in solution under application of the excess voltdge

equal to Standard Hydrogen Electrode (SHE)_, .in equilibrium  The zero of the potential is taken at SHE (0.1 MPa (1 atm)of&s at room
with gaseous hydrogen under normal conditions (equal to temperature). The dashed line shows the fugacity as a functign of
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fore, strongly advised not to use “fugacity” at pressures x=[H)/[M]
higher than~0.1 GPa (the excess voltage of0.1V). A 0 0.2 05 10 20 5010
strong deviation of molecular fluid hydrogen from ideal-gas ' ' ' i
makes the notion of fugacity physically meaningless. 2000 . 5 <30 MPa

3. Phase diagrams of M-H alloys at high hydrogen

jry
a
o
o

pressures and temperatures é
< L+LHs
Studies of equilibriumpy, T conditions for hydride for- g
mation were initiated by a Polish group in 1960s, by com- s 4,
pressing gaseous hydrogenig ~ 1.5 GPa atl’ < 450°C. £
'_

See the review pap§8]. Subsequently, a Russian group de-
veloped a technique of producing higher hydrogen pressures
by decomposition of some hydrogen-containing material in- 500
side an externally compressed cell. Also, by developing a
technique to recover specimens from the high-pressure cell

by cooling to liquid N temperature before decompression, L€ +SH,

they determined the structure and hydrogen concentrations O T oo a0 a6 50 85 70 80 o0 100

of hydrides synthesized under high hydrogen pressures. Ti H-conc. (at. %) H

Their py and T conditions ranged betweepy < 9 GPa

and—150°C < T < 500°C, and more recently up tpy < Fig. 4. Thex—T diagram of the Ti—H system at pressures less than 30 MPa

3GPaand’ < 900°C. The results of their investigation ofa  [13.14]
series of 3d- and 4d-metal hydrogen systems are reviewed i”pears atr &~ 0.7 [15], as shown irFig. 5 [16] This phase
Refs. [7,8]. has a bct structure isomorphous with hphase of the V—H
We developed a technique of hydriding samples over system (see below). In addition, there is an indication that a
wider ranges ofpy, T conditions; 2GPa py < 10GPa  trihydride phase is formed gty > 5 GPa. The phase relation
andT < 1200°C, which also allowed in situ XRD measure-  gpove the trihydride composition is largely a speculation (ex-
ments using synchrotron-radiation X-rays. Details of our ex- cept the melting point of elemental hydrog]). In view
perimental techniques were described elsewf@&0]. As of the difference of bonding character, a miscibility gap must

vestigating the kinetics of the phenomena occurring under i, solid and liquid states.

high py andT conditions.

Here we confine ourselves to 3d transition metals, and try
to demonstrate some general trends in the phase diagrams 0 02 05 ! 2 34
of M—H systems across the series, from Sc to Ni, primarily
based on our recent experiments. 2000

The structure of the host metal varies from hcp (Sc and
Ti), through bcc (Ti, V, Cr and Mn) to fcc (Fe, Co and Ni),
with other allotropic structures in Mn, Fe and Co stabilized
by magnetism.

For Sc, Ti and V, which form stable hydrides, seal-off
type experiments were performed, anel’ (composition—
temperature) diagrams were constructed.

In the Sc—H system, in addition to the extended solid-
solution phasex* (with hydrogen atoms forming H-Sc—H
pairs along the-axis), and a dihydride phase of Gastruc-
ture, a hexagonal trihydride phase (Sek) was formed
under high hydrogen pressurg{ = 1.0 GPa)[11]. These
features are in line with other lanthanide-H systems. For
lanthanide—H systems, see the review paper by \idjgh

The phase diagram€T diagram) of the Ti—-H system,
determined apH < 30 |\/|Pa, iS ShOWn ||F|g 4 [13,14] Th|S 0 0 20 40 60 80 100
was in fact the first case where the large melting point re- Ti (at. %) H H
duction was observed (though not recognized as Ju&))

This diagram changes aty > 2 GPa, as a new phagep- Fig. 5. Thex—T diagram of the Ti—H system at pressures at 5 @B

X=[H]/[Ti]
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Fig. 6. Thex—T diagram of the V-H system at pressures-&tGPa[18].

The phase diagram of the V-H systempgat ~ 5 GPa is
shown inFig. 6 [18] A peculiar feature is the appearance
of a high-pressure phage which is a monohydride phase
having a very high melting point. In effect, there are two fcc
phases occurring at high pressung@/H) andy’(VH3). The
bct phase (Vis) is stabilized relative to the(bcc) phase
at high pressures due to smaller H-induced volume gn O
sites in comparison to T sites in thgphasg19]. There is an
indication that at high H concentrations around 85at.% H, a
liquid phase persists to rather low temperatures, forming an
invariant line at~ 500 K. This suggests an interesting possi-
bility that a liquid alloy with a small amount of V dissolved
in metallic hydrogen solvent can be synthesized.

From Cr to Ni, structure determinations were made by in
situ XRD at high temperatures and high hydrogen pressures.
The py —T diagrams thus obtained are showirig. 7for the
Cr—H systenj20], Fig. 8for the Mn—H systenfi21], Fig. 9for
the Fe—H systerf22], Fig. 10for the Co—H systern23] and
Fig. 11for the Ni—H systenj24,25] The following general
trends can be noticed.

(1) The melting point is lowered appreciably with dissolu-
tion of hydrogen, reaching a minimumpat = 2—-3 GPa.

(2) Transitions to close-packed structures take plapg at
1-2 GPa, inthe order of hepdhcp—fcc with increasing
temperature. In all the pressure-induced hcp and dhcp
phases, the axial ratio was found to assume very nearly
the ideal value.
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Fig. 7. Thepy—T diagram of the Cr—H systelf20]. Thea — ¢ boundary
determined earlier in the lowery, T region[7] is also inscribed.

(3) The fcc structure tends to be favored to the right of the
3d series.

In the Fe—H and Ni—H systems, conversionxtdl” dia-
grams was made by estimating the hydrogen concentration
from observed lattice expansions, assuming appropriate val-
ues forthe H-induced volumey = 2.3A3forHin y(fcc)-Fe
andvy = 2.2 A3 for H in Ni. Results are shown iRig. 12
for the Ni—H systen{24,25] andFig. 13for the Fe—H sys-
tem[26], respectively. In the Ni—H system, where the struc-
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Fig. 8. Thepy—T diagram of the Mn—H systef21].
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Fig. 11. Thepy—T diagram of the Ni-H systerf24,25] The boundary of
two-phase coexistence region and a critical point with thin error bars are
taken from[7], and a critical point with thick error bars frof4,25]

Fig. 9. Thepy—T diagram of the Fe—H systef@2]. The dashed area rep-
resents the region of the earlier dftq

ture is always fcc, the spinodal decomposition takes place, ine calculation shown iffig. 2) The supercritical anomaly
with a critical point located apc ~ 1.4 GPa,Tc ~ 360°C.  gimjlar to Figs. 12 and 13vas also observed in the Co—H
In the y(fcc) phase of the Fe—H systerfig. 13, the dis-  system, and a hypothetical critical point was roughly located
solution process changes with pressure from endothermic t0at . = 5.5-6 GPa andy < 300°C, which is actually in the
exothermic atpy ~ 5GPa, which is a typical behavior in e region23].

the supercritical region. The critical point, roughly located

at pc ~ 4.5 GPa and’; = 400+ 100°C, is close to ther—y

phase boundary, and is therefore hard to determine accurately. 800 .
(Note that the observed result agrees reasonably well with
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Fig. 12. Thex-T diagram of the Ni-H systerf24,25] Heating runs H1 and
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perature~400°C and the highest temperatures are H2 (4.3-4.6-5.4 GPa),
C1(1.5-2.1-2.4GPa), H1(1.9-2.1-2.2 GPa), and C2(1.1-1.4-2.1 GPa), re-
spectively. An isobar labeled‘@lustrates (schematically) the expected tem-
perature dependence at a lower pressgreGPa).
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Fig. 10. Thepy—T diagram of the Co—H systef3].
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A S S T L ] Fig. 14. The structure of electrodeposited Cr films as a function of current
0 0.2 0.4 0.6 0.8 1 density and temperature. The deposition was made on an amorphous Ni—P
H concentration, x substratg28].
Fig. 13. Thex—T diagram of the/~Fe—H systeni26]. that the film assumes the ordinary bcc structure at low cur-

rent densities and high temperatures, the hcp structure under
intermediate conditions, and the fcc structure at high current
4. Structure of electrodeposited metals densities and low temperatures. Thisis the order of increasing
hydrogen concentration, as was verified by thermal desorp-
It has been widely recognized that electrodeposited met-tion measurements. Even admitting some ambiguities arising
als often assume structures different from ordinary ¢2ég from possible loss of hydrogen and concomitant structural
In Cr, for example, electrodeposited films often assume hcp changes after deposition, we may conclude that hydrogen is
and/or fcc structures, instead of ordinary bcc. The mecha- primarily responsible for the observed structural variations.
nism of appearance of these different structures has not been It is desirable in theory to perform in situ determination
understood. of structure as a function of excess voltage and temperature,
Anticipating that the electrodeposition should dissolve hy- in order to allow detailed comparison wighy—T diagrams
drogen in metals, we performed critical experiments on Cr obtained from highpy andT experiments.
to determine the structure as a function of temperature and
current density. If hydrogen is a major cause of producing
different structures, we may thus obtain the phase relation5. Effects of superabundant vacancy formation
equivalent to the—T diagram. The results obtained for Cr is
shown inFig. 14 [28] The electrodeposition was made on an One of the characteristic features of the formation of su-
amorphous Ni—P substrate, and structure determination wagperabundant vacancies is that their equilibrium concentration
made immediately after the deposition. The diagram shows attains the highest value in the fcc structure in comparison

.5 GP.
1000 |- 8.5 GPa 1000 F 3.7 GPa
%) 5
8 . s fcc
= o= N L
hcp 9:1 hep
500 - 500 [~
6:4 7:3 7:3 10:0
0 1 0 S —— L
0 50 0 50 100
time (min) time (min)

Fig. 15. The effect of SAV formation on the phase stability of Mn—H alloys. The retained fcc fraction after cooling from fcc to hep region is measured as a
function of holding time in the fcc phase. The observed fractions are inscribed as fcc:hcp.
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to bce and hep structures. Naturally, the formation of SAVs Temperature, T/K
in turn stabilizes the fcc structure relative to bcc and hcp 400 600 800 1000 1200
structures. 1 ' oo T j

This effect is clearly demonstrated in the Mn—H system,
as shown irFig. 15 Whereas the transitios{hcp)-¢'(dhcp)
is completely reversible, the transitieffdhcp)-y(fcc) is not.
The transitiore’ — y occurs instantly on crossing the phase
boundary, but the occurrence of the reverse transijtien &’
depends on the holding time in thgohase. After sufficiently
long holding times %2 h), the fcc structure became very sta-
ble and remained as such even after recovery to ambient con-
ditions. This dependence on the holding time can be taken to
be the manifestation of the effect of SAV formation on the h
stability of they phase. 2r / \ e Ses)

This reasoning is supported by comparison of the stabiliz- oL i ) ’
ing time of they phase with the time needed for the introduc- 0 200 400 600 800 1000
tion of SAVs. Assuming that Vac-H clusters are introduced (@ Temperature, T/°C
by diffusion from the surface, and estimating the diffusivity
in the fcc lattice from the expression derived for the Pd—H al- Temperature, T/K
loy, D¢ = 3.8 x 104 e~ (1:20+0.050p(GPa)eV kT cpp/s [29], 400 600 800 1000 1200
which becomes 10'°cn¥/s for the experimental condition 80 T ' ' T '
p = 3.7GPa andl' = 1073 K, we obtain a time needed for
diffusion over the particle size of 10m equal to~ 20 min.
This is of the same order of magnitude as the observed time
for stabilization of thes phase in the Mn—H system.

It may be anticipated that, even at room temperature, .
the introduction of SAVs may not be totally negligible. The . .
diffusivity of a Vac-H cluster in Pd cited above, equal to . .
3 x 10~24cn¥/s at room temperature, gives in fact a lower . .
bound of the diffusivity corresponding to the maximum oc- 20 ¢ . . / ]
cupancy of Hatoms (6 per vacancy); the upper bound is given ‘° . ‘./
by that of a bare vacancyp, = 0.1e 193¢V/*T cn/s [30], 3 ; . ]
equal to 4x 10-9cn?/s at room temperature. The corre- of . , - S
sponding diffusion time over 18 from the surface is short- 0 200 400 600 800 1000
ened from 60 years for the maximum occupancy:t8 h for (b) Temperature, 7/°C
smaller occupancies. The flow of SAVs may be facilitated fur- _ _ o
ther by short-circuit diffusion along dislocations and/or grain Fig. 16. Thermal desor_ptlon spectra of (a) commercial electrolytic Ni after

. room-temperature ageing over 32 years, (b) a sample recovered from heat

boundaries. treatment at 3 GPa, 950 for 2 h.

The introduction of SAVs in the near-surface region is
expected to become more important in anomalous bcc met-the diffusivity of M-atoms and other local mechanical prop-
als, Fe, V, Nb and Ta, where the diffusivity of vacancies, and erties. The possibility that M-atom vacancies are playing a
hence of Vac-H clusters is so high that their diffusion distance key role in hydrogen embrittlement and stress-corrosion were
can be much longer than the estimates for fcc metals abovein fact proposed some years g§§@—34] and supporting ev-
In the case of Nb—H alloys, for example, the diffusivity of a idence of enhanced surface diffusion has been provided in

12 [ Electrolytic Ni * ]
5 K/min

Desorption Rate, -(dx/dt) x10%/K!
(o]

i P—

Ni, heat-treated 7

60 F 3 GPa, 950°C, 2 hr 7

P 5 K/min
f o

40

.
L]
.
3
.
.
)
]
[
[
(4

Desorption Rate, -(dx/ot) x10%/K!

Vac-H cluster was obtained &%, = 10-2e0-81eV/kT cn/g some limited casg85—-38] This is now further substantiated
[31], which become® = 2.5 x 10~ 6cm?/s atroom tem- by the discovery and elucidation of SAV formation. Solution
perature. The time needed for diffusion over 203 then es- of these long-standing problems of materials science appears

timated at 2« 10%s. Thus in these bce metals, a near-surface to be coming in sight.
region should be populated with fairly high concentrations of  In the electrodeposition process, Vac-H clusters should
SAVs. be introduced more easily, because instead of diffusion in
It must be recognized that the SAV formation in the near- the existing metal lattice, they can be incorporated from the
surface region should have important implications in hydro- very beginning as one of the constituents of the stable de-
gen embrittlement and stress-corrosion processes. As Vac-Hect structure, atom by atom like laying bricks. Hydrogen
clusters in the near-surface region may have concentrationsatoms introduced in regular interstitial sites during deposition
many orders of magnitude higher than vacancies in the ab-should be lost after recovery to ambient conditions, but those
sence of hydrogen, they must induce significant changes inin the form of Vac-H clusters are expected to remain stable.
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This expectation was indeed borne out by the results of our  Important effects of SAVs are expected in electrodeposited
TDS measurements. Fig. 16 the TDS of electrodeposited metals where a defect structure containing SAVs can be built
Ni (a) is compared with the corresponding data on a samplefrom the very beginning—atom by atom, like laying bricks.
heat treated under highy andTs (b)[2]. The low temper- SAVs were indeed observed in many electrodeposited metals
ature peak at 150C represents the desorption of hydrogen by thermal desorption spectroscopy. Profound implication of
on regular interstitial sites, and the high-temperature peak atSAVs for many physical properties of electrodeposited films
800-1000C the desorption of bbubbles. The two peaks is being recognized.

at intermediate temperatures (200-4Q) are identified to Properties of M—H systems under high chemical poten-
be the desorption from Vac-H clusters. The binding energies tials, heretofore conceived of as a special problem under ex-
estimated from these peak temperatures (0.28 and 0.45 eV}remepy, T conditions, have come to be recognized to have
are found to agree excellently with those derived from im- rather general implications including the process occurring

plantation/annealing experiments (0.28 and 0.44[89).
Perhaps it may be fair to mention that Roy and i),
trying to explain complex structural properties of electrode-

posited Cr films, suggested the formation of defect structures

containing M-atom vacancies.

Interestingly, these two peaks were observed in electro-
deposited Ni of more than 32 years old! Very similar ob-
servations were made on other electrolytic metals as well,
including Cr, Cu, Au and Pt. The concentration of SAVs was
~10~*in all these cases.

These observations demonstrate that SAVS, once intro-
duced at high chemical potentials, are largely frozen-in at
room temperature, and remain as such indefinitely. The im-
plication of this discovery is profound. It not only unraveled

the state of hydrogen in electrodeposited metals far in excess

of solubility limit—a well-known fact among metallurgists,
but also provided a physical basis for investigating the proper-

ties of electrodeposited films. Indeed, sluggish changes in al-

in electrodeposition. A new development in this direction is
also expected.
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