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Abstract

The influence of amorphous and nanocrystalline microstructures on the H-thermodynamics and kinetics of commercial,tgfieyAB
have been investigated. On thermodynamic properties, amorphous phase exhibits a H-capacity reduction as compared to that of polycrystalline
alloy. As concernsto kinetic properties, amorphous phase leads to slow kinetics which is controlled by hydrogen diffusion. Nanocrystalline alloy
exhibits a slight capacity reduction as compared to polycrystalline which is related to a slopped plateau pressure. H-kinetics of nanocrystalline
alloy is faster than both amorphous and polycrystalline alloys. The rate limiting step for the absorption kinetics in nanocrystalline alloy
changes during hydrogen uptake from hydrogen diffusian/{® phase transformation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction adding catalysts (Pt, P@], (ii) diminution of particle size
to reduce long-range diffusion paths, and (iii) production

During last decades, scientific research on batteries forof metastables phases, such as nanocrystalline and/or
portable devices has increased considerdlhly Among amorphous phases, with high H-diffusion coefficigbis
other commercialised batteries (Ni-Cd, ion-lithium), the At present, the influence of non-equilibrium microstruc-
nickel-metal hydride (Ni-MH) battery is widely present in tures on H-kinetics has been investigated in several inter-
the market since the 90[]. It is based on the hydrogen metallic compounds. For example, recent investigations
transport between a negative electrode (metal hydride-basedpbout Fe—Ti and Mg—Ni6] alloys have shown an enhance-
and a positive electrode (NiOOH-based). The negative elec-ment of H-kinetics when alloys have nanocrystalline and/or
trode is constituted of a polycrystalline alloy with AB ~ amorphous phases. As far as we know, the reasons of this
(A=rare earth, B=early transition metal) composition that effect have not so far been clarified. It is known that H diffu-
absorbs and desorbs hydrogen easily. However, Ni-MH sion at high hydrogen concentrations is faster for amorphous
batteries exhibit slow hydrogenation kinetics for being used than polycrystalline materialg’]. In the case of nanocrys-
in high power applications. talline compounds, the great density of grain boundaries

Hydrogen kinetics in metal and alloys occurs through may have a major effect on long-range diffusion. Neverthe-
two main stageq3]: (i) a first step related to surface less, H-diffusion through grain boundaries will depend of
reactions (physisorption and chemisorption) and a secondthe specific inter-grain structure. Also, nanocrystallite-size
step concerning bulk phenomena: H-diffusion and phase effects and the presence of defef@ must influence the
transformation. Therefore, kinetics can be improved by H-thermodynamic and H-kinetic properties of the alloy.
different methods: (i) enhancement of surface reactivity by ~ For ABs alloys, recent investigatiorj9] have shown that

nanocrystalline and amorphous microstructures lead to lower
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been much investigated. In ABpolycrystalline alloy, the
RLS depends drastically on the experimental conditions (H-
pressure, temperature, number of activation cycles and alloy
composition). In spite of this, it is commonly accepted that
the RLS is H-diffusion at low pressures, whereas it turns to
be hydride nucleation and growth at high pressités11].

In this work, we study the role played by nanocrystalline (b)
and amorphous phases in commercialsARpe alloys as 1 Nanocrystalline
concerns, mainly, to hydrogenation kinetics. 4 phase

4§ ¥ Amorphous
LY phase

2. Experimental

I (a.u.)

| (©) Nanocrystalline g Al

An alloy with nominal composition Lgs7Prg27Ndp 18 phase
Cen.04Niz 95Mnp 4Alp3C0ops5 (ABs52-stoichiometry) was 7
prepared by induction-melting of pure metals (99.9%). This
alloy is denoted as IM. It was then mechanically milled (ini-
tial particle size<75um) in a Fritsch P7 planetary device.
Milling was done under argon atmosphere at a vial rotation
speed of 740rpm for 48 h. Stainless steel balls of 7mm in
diameter were used with a ball to powder mass ratio 10:1.
The obtained sample was denoted as MM. The milled pow-
ders were cold pressed at 80 MPa and subsequently annealed
under argon atmosphere at 325 (A1 sample) and 475C
(A2 sample) during 1 h.

Structural properties of the four samples were inves- Fig. 1. XRD patterns of (a) IM sample, (b) milled sample (MM), (c) sample

tigated at room temperfiture by X-ray (_jiffraction using annealed at 325C (A1), (d) sample annealed at 475 (A2). All diffraction
a Bruker AXD D864 diffractometer equipped with Cu  peaks were fitted with a CaGuype structure.

Ka radiation. Diffraction patterns were analysed by the
Rietveld method using the FullProf softwd@e?]. Pressure-  ples subsequently annealed at 325A1) and 475C (A2).
composition isotherms (PCI) were obtained at’65in a All patterns can be well fitted with a Cailype structure.
Sievert's-type device. H-absorption and desorption kinetic |n addition, MM and A1 samples exhibit a broad diffraction
curves were performed at & in the same device under a pump between 30and 50 denoting the existence of an
quasi-constant hydrogen pressure of 0.9 MPa and 0.01 MPaamorphous phase. The amount of this phase can be roughly
respectively. estimated from the ratio of the integrated intensity of the
Thermal analyses were done in a differential scanning diffraction bump to that of the whole diffraction pattefaple
calorimeter (DSC-Q100) from TA instruments. Heating runs 1), On the contrary, IM and A2 samples exhibit a flat diffrac-
were carried out under He flow at 20/min from 40 to tion background. Good Rietveld fittings are obtained for all
500°C. samples (Rwp< 12%). Microstructural properties for the
four samples as obtained by Rietveld analysis are summarised
in Table 1 IMis single-phase and polycrystalline with a crys-

Amorphous
phase

3. Results and discussion tallite size of~2000A. MM and Al are biphasic (nanocrys-
talline + amorphous). The amount of amorphous phase in Al
3.1. Microstructural analysis as compared to MM is reduced by the annealing treatment.

After the high temperature annealing treatment (A2 sam-
Fig. 1 shows the XRD patterns of the induction-melted ple) amorphous phase is eliminated and the crystallite size
sample (IM), the sample milled for 48 h (MM) and the sam- increases slightly (from 80 to 9¥). As concerns to the lattice

Table 1

Microstructural parameters for all studied samples

Sample Microstructure Dy (/3\) e (%) a (,5\) c (A) V(A3)

IM Polycrystalline 2000(50) 0.05 (1) 4.999 (1) 4.0569 (1) 87.80 (1)
MM Amorphous (60%) + nanocrystalline (40%) 50(20) 0.5(2) 4.983 (4) 4.1467 (5) 89.2(2)
Al Amorphous (15%) + nanocrystalline (85%) 80(10) 0.60 (3) 4.956 (9) 4.0818 (9) 86.83 (4)
A2 Nanocrystalline 90(10) 0.42 (3) 4.9746 (7) 4.062 (7) 87.05 (1)

Dy : crystallite sizeg: lattice strainz andc andV: lattice parameters and unit cell volume, respectively—obtained by Rietveld analysis.
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Fig. 2. DSC measurements of milled sample (MM), sample annealed at Fig. 3. PCI absorption curves at 56 of induction-melted sample (IM),
325°C (A1) and sample annealed at 475 (A2). milled sample (MM), sample annealed at 325(A1) and sampled annealed
at475°C (A2).

parameters, a significant diminution of thygarameter occurs

while milling and is recovered after the annealing treatment. amorphous phase on annealjag]. These trapped sites have

This effect has been attributed to atomic-site interchange been previously characterised by thermal desor@hrThe

between A-type and B-type atoms as reported elsewherefact that nanocrystalline alloys do not display a flat plateau

[13]. pressure may be related to different potential energies for
To obtain more information about the content and stability hydrogen atoms inside the nanocrystallites and in the vicin-

of the amorphous phase, DSC measurements have been caity of grain boundaries. This would cause a certain energy

ried out and are shown fRig. 2 MM exhibits an exothermic  distribution hydrogen sites around that corresponding to the

peak at 354 1°C with an energy of 3@- 1 J/grelatedtothe  plateau energyl7]. As a consequence, H-capacity at high

crystallization of the amorphous phase. Besides, a wide bandpressuresx0.1 MPa) is reduced in nanocrystalline as com-

from 150 to 400 C is detected. This band could be attributed pared to polycrystalline alloy. It should be noted that the

to amorphous relaxatiqi4] as well as to the enthalpy stored  plateau pressure of A2 alloy is higher than that of IM alloy.

in crystallite boundariefl5]. This may be related to the bigger cell volume exhibited by
Sample annealed at lower temperature (A1) also exhibits IM alloy (87.80A%) as compared to A2 alloy (87.0%). Itis

a crystallization peak but with less intensity as compared to well known that in AB-type alloys there is a linear relation

MM in agreement with its lower amorphous conteraifle J). between the intermetallic cell volume and the logarithm of

The crystallization peak is &t = 450+ 10°Cwhatseemsto  the plateau pressuf#8].

indicate different short-range order for the amorphous phase

in Al as compared to MM. Also, a wide band (from 200 to 3.3. Kinetic analysis

450°C) is here detected. On the contrary, A2 sample does

not show any peak which indicates a complete amorphous Hydrogenation curves for MM, Al and A2 samples

crystallization after annealing at 476. are shown inFig. 4. In all cases, absorption reactions are
Finally, Scanning Electron Microscopy observations show observed to be faster than desorption one$alsie 2absorp-

that the annealing treatment does not modify the sample par-tion/desorption time to reach a reacted fraction of 8:84 s)

ticle size obtained after milling. Milled and annealed samples is given. The fastest kinetics is obtained for the sample

exhibit a particle size of 2% 5pm[9]. annealed at the highest temperature (A2). For example, dur-
ing absorptionzr_gg is reached in 80s for A2 sample,
3.2. PClI isotherms whereas ittakes 2600 s for MM. sample. As concerns IM sam-

ple (not shown irFig. 4for a better comparison between the

Fig. 3 shows the PCI absorption curves at°8sfor the other samples) much slower kinetics have been determined
four samples. IM sample exhibits a wide plateau pressure at(rr—o.s = 4000 s for absorption ang—_gg = 15000 s). This
0.1 MPa which extends from 0.8 to 3.2 hydrogen atoms per result agrees with previous reports on the improvement of
alloy formula unit (H/f.u.). On the contrary, MM sample does hydrogenation kinetics after milling treatmefi$. However,
not exhibit any plateau pressure and has a high solubility ata significant reduction of the alloy particle-size on milling
low pressure. On annealing, H-solubility at low pressure is rather than the induced modifications in the alloy microstruc-
reduced (Al and A2) and a slopping plateau appears afterture may be at the basis of this effect. In our case, the particle
annealing at 475C (A2). It has been reported that amor- size for the IM sample was70um, i.e. three times higher
phous materials possess a continuous distribution of trappingthan that obtained after mechanical milling (2%). A mean-
sites for hydrogen atond6]. Thus, the observed decrease ingful kinetic comparison between IM and milled samples as
in solubility at low H-concentration for A1 and A2 sam- concerns the influence of the alloy microstructure is, there-
ples could be explained by the reduction of the amount of fore, difficult to provide. Thus, no further comparison will be
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Fig. 4. Time evolution of the reacted fraction (F) in MM, Al and A2

t(s)

here made between IM and milled samples. Nevertheless, an
exhaustive kinetic study of the RLS for ABype polycrys-
talline alloys is presented in an accompanying publication
[19].

To determinate which mechanism controls the H-kinetics
in milled samples, a method described20] was used. This
method compares the hydrogenation curves with solid-state
rate equations related to different rate limiting steps (RLS):
diffusion and phase transformation mechanisms. The method
produces linear plots ((lrIn(1— F)) versus Irr) with
constant slopen. As summarized imable 3 the resulting
m-value gives information on the controlling reaction
mechanism according to different theoretical equations.

Fig. 5shows the result of this analysis as concerns to MM,
Al and A2 samples for both hydrogen absorption and desorp-
tion kinetics. The obtained-values are summarizedTiable
2. In samples with amorphous phase (MM and Ad-yalues
for both absorption and desorption reactions are within the
range 0.7-0.8. Then, according Table 3 the RLS seems
to be a mixed control between phase transformation (either
o/B nucleation at the surface (F1) ayB inter-phase dis-
placement (R3)) and diffusion (D3). This fact may be related

samples during, (a) H-absorption and (b) H-desorption. Hydrogenation pres- tg the existence of two phases in the alloys (amorphous and

sures during absorption and desorption experiments were 0.9 and 0.01 MPa

respectively.

Table 2

nanocrystalline phases) whose kinetics are controlled by dif-
ferent mechanisms: H-diffusion for the amorphous phase

Absorption/Desorption time to reach a reaction fractioef 0.8 in MM, Al and A2 samples and determinesvalues

Sample tr—o.g (S) Absorption tr—o.g (s) Desorption m-values Absorption m-values Desorption
MM 2600 6000 080+ 0.02 0714+ 0.02
Al 800 1000 071+ 0.02 072+ 0.02
A2 80 400 055+ 0.20/145+ 0.052 0.90+ 0.02

@ Two m-values are observed during H-absorption in A2.
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Fig. 5. Plots of In¢- In(1 — F)) vs. Int for MM, Al and A2 samples for (a) H-absorption and (b) H-desorption. Linear fits to the data withvslameshown

by continuous lines.
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Table 3

Rate equations related to different RLS and the correspomglivglues of the linear relationship lr(n(1 — F)) = constant+ mIn¢

Function Equation m-Values RLS

D3(F) 1-QA-F)Y2 =kt 0.54 H-Diffusion

F1(F) —In(1—F) =kt 1 Nucleation at the surface

R3(F) 1-(A—-F) R =kt 1.07 Interphase displacement

A2(F) [—In(Q— F)Y2 = ke 2 Bulk nucleation and Growth in 2D
A3(F) [—In(1— F)]Y3 =kt 3 Bulk nucleation and growth in 3D

F=reacted fractior;=time.
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