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Abstract

Elastic neutron diffraction data from icosahedrafsZirsgNi17 are presented and analyzed using information from the 1/1 approximant
TispZrssNiss. These data indicate that similar clusters exist in the approximant and the i-phase. This is shown to be consistent with simulate
diffraction from an icosahedral glass model of the quasicrystal, placing a Bergman cluster on the glass sites. An electrochemical methe
was used to hydrogenate Ti-based quasicrystals and their crystal approximants. This technique gives a consistently high hydrogen to me
atom ratio of 1.9, without crystal hydride formation in the quasicrystal. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction and sealed. To prevent oxygen contamination during anneal-
ing, the Ti—Zr getter was first heated to 10Q0for 10 min
The atomic structure of quasicrystals is still an open ques- by rf-induction, while keeping the alloy ingot in the graphite
tion. Much effort has been spent in investigating the struc- crucible at room temperature. The tube containing the sam-
ture of the Al-based quasicrystals. We have considered theple and the getter was then annealed in a furnace for 6 days
Ti—Zr-Ni system, which offers the possibility of using hy- at 600C to obtain the 1/1 phase.
drogen as a probe for the local atomic structure. In this pa- Samples were characterized by transmission electron mi-
per we present and discuss a model for the structure of thecroscopy (TEM) and X-ray diffraction for quality and phase
quasicrystal as well as a method for loading hydrogen into purity of the quasicrystal, using a Rigaku powder diffrac-
the quasicrystal without the production of crystal hydrides. tometer with Cu kv radiation and a JEOL 2000FX TEM.
Before hydrogenation the quenched ribbons were powdered
by grinding under ethanol. The powder was then dried and
2. Experimental methods pressed into a 1.3 cm diameter pellet weighing between 0.1
and 0.5 g using a pressure(6.0+0.7) x 108 Pa. Samples to
Alloy ingots of the desired composition for the rapidly be used for open cell potential measurements were pressed
quenched quasicrystal, s5Zr3gNi17, and its annealed 1/1 with Ni.powder (120 mesh) at a ratio of Ni to sample of
approximant, TjoZrasNiis, were made by arc-melting mix- ~ approximately 4:1. _
tures of 99.9% purity elements on a water-cooled Cu hearth  Two electrochemical cells were used, one for simply
in a high-purity Ar gas atmosphere. Ribbons of the icosa- loading the materials with hydrogen, the other for a con-
hedral quasicrystal were produced from the alloy ingots by trolled loading where open cell potential measurements
rapid quenching from a graphite crucible onto a rotating Cu could be performed. Both cells consisted of a Pyrex dish
wheel. Details of the quenching process can be found else-containing 100-150 ml of 6 M KOH solution. Samples were
where [1]. The 1/1 ingots were placed in a graphite crucible, Suspended by electrical connectors that did not enter the
which was in turn placed in a quartz tube with a Ti—Zr alloy Solution, causing a portion of the sample to protrude above
ingot, to be used as an oxygen getter. The tube was then evacthe electrolyte bath. The counter electrode used for load-
uated to 102—10-1 Pa, backfilled with Ar to 16 x 10*Pa, ing samples was either Ni, or in the case where open cell
potential measurements were made, NiOOH. The bath was
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of the solution. The reference electrode used for the open as prepared

cell potential measurement was RHE. In the controlled —=~ hydrogenated 4
loading experiment the solution was purged for 30 min with
Ar while the whole cell was contained inside an Ar filled
box.

When a sample was removed from the electrolytic cell,
care was taken to separate and keep only pieces of sam-
ple that had been immersed in the KOH solution, and thus
exposed to the hydrogen. The samples were washed with
ethanol, ground to a powder and washed again, then heated to

et
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30°C to evaporate any hydrates present. These samples were 2 3 36 38 20
subsequently re-examined by X-ray diffraction and electron 26 (degrees)
microscopy.

Fig. 2. X-ray diffraction patterns from as-cast and hydrogenated samples
of the 1/1 crystal approximant phase (W-phase).

3. Hydrogenation

A comparison of the X-ray diffraction patterns in Fig. 1 4 PC-isotherms from gas-phase loading
shows a large shift to lower angle after hydrogenation. The _ o
change in low-angle peak positions by nearlyi2 20 cor- The vapor pressure of hydrogen in solution is a mea-
responds to an expansion of the quasilattice of approxi- SUre of the chemical potential of the hydrogen in the host
mately 7%, consistent with aff /M value of 1.74 [3]. A metal. This is related to the local chemistry around the hy-
comparison of these diffraction patterns with those hydro- drogen interstitial site. The vapor pressure as a function of
genated by gas phase or ball milling shows that the crys- hydrogen concentration at constant temperature (PCT) was
talline hydride phase peak, often located on the low-angle Measured in rapidly quenched,3ZragNiy7 i-phase ribbons

side of the {0000 0)quasicrystal peak in hydrogenated and in TsoZrasNiis 1/1 approximant phase ingots, prepared
samples, is greatly reduced in the electrolytically loaded @s described above. Measurements were made between 300

samples [3]. and 400C. To remove the oxide barrier, which inhibits hy-
The X-ray diffraction pattern from the hydrogenated 1/1 drogenation, all samples were plasma etched and coated
phase (W-phase) is contrasted with the pattern from the With & thin layer ¢ 20 nm) of Pd [4]. The Pd prevents fur-
non-hydrogenated phase in Fig. 2. A small amount of un- ther oxidation and aids the molecular hydrogen dissociation
desired crystalline hydride is evidenced by the small peak SteP- o
(indicated by the vertical arrow) located at.83in 26, Fig. 3 shows the equilibrium vapor pressure at-3Dfor
below the (530) 1/1 peak. This precipitate is present in the i-phase and the 1/1 phase as a functiorg. For
almost all of the 1/1 samples made. The separation of theD0th samples, the vapor pressure remains lewl(? Pa)
(530) and (532) peaks in the hydrogenated sample (indi- P€low H/M=~ 1, increasing sharply with increasirig/ M
cated by the horizontal arrow) is3° in 20. This is larger ~ above this value. For comparison, the measured vapor pres-
than the separation of.84° between the corresponding Sure at 350C for a metallic glass of similar composition
(100000) and the (11000 @eaks in the hydrogenated is also shown. A plateau of small slope in the vapor pres-
quasicrystal.
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Fig. 3. The equilibrium vapor pressure at 3@0for hydrogen as a function
Fig. 1. X-ray diffraction patterns of as-quenched and hydrogenated qua- of hydrogen concentratiort{/ M) for TiasZr3gNi17 i-phase ribbons (solid
sicrystals. The quasicrystal peaks have been indexed following [2]. The circles) and T§pZrssNijs 1/1-phase ingots (solid triangle). The vapor
arrow shows the position of the strongest peak from the crystalline hy- pressure for a TkZro7NigeSig “glass” is shown for comparison. The
dride phase. curves are provided as an aid to the eye.
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sure curves is generally observed for simple crystal metal icosahedral clusters packed face to face along(ihtl)
hydrides, reflecting ordered interstitial sites with a narrow directions of the cube [10,11]. A glass of bare sites was
energy distribution. In contrast, the vapor pressure curvesstarted with an icosahedral seed at the origin and grown
for metallic glasses typically show no clear pressure plateau, by the addition of face packed icosahedra. New glass sites
reflecting a broad distribution of sites. The low initial slope, were defined at the centers of the joining icosahedra. The
below H/M = 0.3, of the TisZr27Ni2oSig implies an ad- site-to-site distance between icosahedra was restricted, lo-
ditional narrow distribution of strongly binding sites and cally only, to a finite set corresponding to those found in
suggests that the material may be nanocrystalline rathera modified three-dimensional Penrose tiling [7]. A second
than amorphous. The character of the vapor pressure curveonstraint was imposed on the growing glass structure as
for the quasicrystal is more like that of the 1/1 approxi- each new icosahedron attempted to join existing sites. The
mant, indicating a broad, weak plateau. While our mea- glass grew, by attachment only, within a bounding sphere of
surements indicate that the plateau is stronger in the 1/1fixed radius, until the number of unsuccessful attempts to
phase, the vapor pressure often decreases in that phase witplace a new icosahedron reached a predetermined limit. The
increasingH /M for intermediate levels of hydrogenation, radius of the bounding sphere was then increased, allowing
Fig. 3. X-ray diffraction data indicate that this is due to the model to continue to grow outward. These constraints
the formation of a crystal hydride [5], which has a very increase the resulting cluster density~+B88% of that of a
low vapor pressure. The amount of hydrogen absorbed byBCC packing. Our bare glass has a packing fraction of 0.60,
the 1/1-phase ingots i 0.17H/M higher than the qua-  which is comparable to a canonical cell packing [8]. In fact,
sicrystal ribbons. While this may reflect small structural itis known that such a tightly constrained icosahedral glass
differences between the i-phase and 1/1 atomic structureshas a similar local environment as a canonical cell tiling
it more likely reflects the formation of the crystal hydride [9]. The bare glass is decorated by non-distorted Bergman
phase. clusters, all placed with the same orientation, on each of the
In principle, the site energy distribution for hydrogen glass sites.
in these phases can be computed from the vapor pres- The Bergman clusters were decorated based on infor-
sure data. A difference in the calculated distributions for mation obtained from neutron and X-ray diffraction stud-
the i-phase and the 1/1 phase was reported from our eardes of the 1/1 approximant, which has two-shell distorted
lier vapor pressure measurements [6]. For both phases, dcosahedral clusters sitting at the origin and body cen-
prominent peak was centered nead.19eV; a less promi-  ters, and distorted third shells completing the inter-cluster
nent one was centered betweed.06 and—0.09eV. The “glue” [11]. The chemistry of the decoration is given in
energy distribution of the prominent peak was narrower Table 1. The model has 540000 atoms placed on 12000
in the 1/1 phase, suggesting a more homogeneous siteBergman clusters. The resulting chemistry of the glass is
chemistry. Site energy distribution calculations, however, Tizs7Zrs44Nizge, with a density of 2 g/cm®, which is
are strongly dependent on the local slope of the PCT 48% of the experimental density of0® g/cm?. This com-
curves. As shown, the formation of the crystal hydride position is very different from that of the quasicrystal and
phase can significantly influence this, making the conclu- reflects that of the cluster only.
sions drawn from our earlier work uncertain. Recently, we  Simulated diffraction patterns were calculated by Fourier
have shown that the introduction of a small amount of Pd transforming and summing the pair correlation functions be-
(2—4 at.%) significantly decreases the crystal hydride for- tween each species. Instead of performing the pair corre-
mation. PCT measurements are currently being made onlation sums over all atoms in the model, which scales as
i-phase and 1/1-phase samples containing Pd to yield bet-N2, a Monte Carlo approach was used. The lattice points
ter estimates of the site energy distributions in these two were sampled at random for & @airs for each correlation
structures. function. These functions were fit to a fifth order polyno-
mial, which was subtracted, and the result was sine trans-
formed according tSag (k) = [ P, g (sinkx/kx) dx for each
5. Icosahedral glass model value ofk. The S(k) were given the appropriate weights ac-
cording to composition and then summed to give the final
While the icosahedral glass model suffers problems result.
such as a 50% density deficit, accurate atomic models of
guasicrystals are difficult to construct, and the icosahe-

; Table 1
dral glass model accounts for some important structural

Bergman cluster decoration for minimum cluster separation of 124 A

features.
A constrained icosahedral glass was generated by RobertS® Chemistry Distance (A)
son and Moss [7] to model the Al-Mn-Si i-phase from Center Ni 0.0
its 1/1 approximant. We have made a similar calculation First-shell vertex Ti 2.614
for the Ti-Zr—Ni i-phase based on its closely related ap- Second-shell vertex Ni 5.228
Second-shell face Zr 4.447

proximant phase, the W(1/1), which consists of Bergman
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MURR neutron diffraction 6. Conclusion
There is evidence for a fundamental cluster in Ti—Zr—Ni
i-phase and its 1/1 approximant from diffraction studies. The
electrolytic loading of hydrogen, and the preliminary vapor
T T T T pressure data offer the possibility of obtaining new local
Bergman icosahedral glass structural information.
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Fig. 4. Simulated diffraction of i sZrs15Ni17 icosahedral phase with
Bergman cluster icosahedral glass model.
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