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Ultrasonic study of hydrogen motion in a Ti-Zr-Ni icosahedral quasicrystal
and a 1/1 bcc crystal approximant
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Ultrasonic attenuation measurements have been performed on the Ti-Zr-Ni alloy system over the tempera-
ture range 35—335 K. Both a multigrained icosahedral quasicrystal and a 1/1 bcc polycrystalline approximant
were studied. The alloys were hydrogenated to a hydrogen to metal ratio of 0.79 for the icosahedral phase and
0.20 for the crystalline phase. Temperature-dependent attenuation peaks were observed in the alloys loaded
with hydrogen while the hydrogen-free materials showed no unusual features. For measurement frequencies
near 1 MHz the attenuation maxima occurred near a temperature of 250 K for the crystalline phase and 220 K
for the icosahedral phase. The results imply that the hydrogen motion is about one order of magnitude faster in
the icosahedral phase than in the approximant phase. Whether this result is due to an intrinsic difference
between the two Ti-Zr-Ni phases or to a dependence on hydrogen concentration cannot be determined from the
present measurements.

I. INTRODUCTION hydrogen motion in these intermetallic phases tends to be
more complex than in simple metals due to the large number
An understanding of the motion of hydrogen in metalsand variety of interstices. Icosahedral QC’s are also likely
and intermetallics is of considerable importance for bothdominated by tetrahedral order and thus provide a variety of
technological and scientific reasohd/etal-hydrogen sys- sites and migration paths for interstitial hydrodén?
tems are used in a variety of technological applications, in- There have been few reported studies of hydrogen motion
cluding hydrogen storage materials, metal-hydride batteriesh QC's. Neutron scattering, nuclear magnetic resonance
ano_l reversibl_e mirrors. Most appli_cations require a high dif-(NMR), and various forms of mechanical spectroscopy in-
fusion coefficient of the hydrogen in the host metal. From thegyding ultrasonic attenuation are the usual methods to study

scientific point of view, the interactions of these light inter- hydrogen hopping in metals. Hydrogen dynamics in icosahe-
stitials with phonons and conduction electrons result in a richy TiuZrseNipHiso Were investigated by neutron

variety of diffusion mechanisms that are not yet fully under- 15 . ; ; _
stood. The study of hydrogen motion in metals has pro_scattenngl. Hydrogen hopping in the I3V, Zragis7 Sys

. . icatelfM Withx=0.00, 2.00 was also studied by NMRY These
gressed from simple crystalline systems to more complicate aterials were loaded to a hvdrogen to metal atom ratio
crystalline structures, to amorphous and nanocrystalline met- ydrog

als, and, recently, to quasicrystalline materials. The purpos /('j\,/l) an high as 1.88. _lt a_ppear:c, that ther_e have been no
of this paper is to discuss an ultrasonic investigation into Hotudies of hydrogen motion in QC's and their related alloys

motion in an intermetallic compound of quasiperiodic order.2Y means of any form of mechanical spectroscopy. Ultra-

Since the discovery of intermetafficalloys with both ~ SONIC measurements provide a powerful complement to
long-range aperiodic order and crystallographically forbid-NMR and neutron measurements for the study of hydrogen
den rotational symmetries, a large body of theoretical andlynamics in material8**The ultrasound couples to the hy-
experimental work has been devoted to the study of thes@rogen differently than the other techniques and is thus a
materials, known as quasicryste{ttsc's)_3 While the largest source of additional information. Furthermore, by using ul-
class of QC’s is the aluminum-based one, the second largetstasound it is possible to investigate time scales that are dif-
class is based on titanium. Recently a stable Ti-Zr-Ni QCficult or impossible to examine using other techniques. An
was discovere&® Additionally, a closely related 1/1 crystal ultrasonic study of hydrogen motion in QC’s can therefore
approximant to the stable Ti-Zr-Ni QC was fouhilViano  potentially add to the present quantitative and qualitative un-
et al® first demonstrated that the Ti-based QC'’s and theirderstanding of hydrogen diffusion in quasiperiodic systems.
related alloys are able to absorb and desorb considerabBased on the dearth of information about hydrogen dynamics
quantities of hydrogen making them of potential use for hy-in QC’s, especially in the frequency range accessible to ul-
drogen storage. The key parameters determining which mdrasound, ultrasonic measurements were made on a Ti-Zr-Ni
terials can store hydrogen include the chemical interactionQC loaded with hydrogen. In addition, measurements were
between the metal and hydrogen atoms and the number, typmade on a 1/1 bcce crystal approximant to the QC. It appears
and size of interstitial sites in the host material. In mostthat there is no information about the hydrogen dynamics in
transition metal alloys, hydrogen atoms prefer to sit in tetrathese closely related crystalline systems. A comparison of
hedrally coordinated sites. For example, H diffusion in thethe ultrasonic attenuation results in the QC and the crystal
polytetrahedral Laves phases has been studied extensivedpproximant should give information on the similarity of the
with a number of different experimental techniqde¥ The  hydrogen environments in these two systems.
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Il. EXPERIMENTAL DETAILS 0.005 ey T T T T T ———

Alloys of the desired composition fjigZrs; $Niq7 for the

i-phase QC and TiZr,oNiqg for the 1/1 bce approximant, sty ® 1.42 MHz H-Free
were prepared by arc melting mixtures of the pure elements 4 103 MHz
on a water-cooled copper hearth in a high-purity Ar gas. The 203 - 1.87 MHz
i-phase quasicrystal and thgphase approximant were ob-
tained following subsequent annealing procedures describe€ o.002 |
elsewheré® Phase purity was confirmed using x-ray and

transmission electron microscopyTEM) investigations. 0.001
TEM microstructural studies of both samples revealed a dis-
tribution of grain sizes the largest diameter being on the or-

0.000 | Sunsgsssass

der of a fewum. |
Samples in the approximate shape of rectangular parallel 0 50 100 150 200 250 300 350 400
epipeds, about 2 mm on an edge, were cut from the ingot: Temperature (K)

using a low-speed diamond saw. These saw-cut pieces were . - . .
then hand polished into rectangular parallelepipeds for th? agleGd'ti' g;zr‘isg';'(‘; ";Shz Qh ‘:jsr;er:si::éugz S‘Z’Yga?;c?;'ozvan'The
ultrasonic measurements with room-temperature dimension e ydrog :

symbols represent the data. The solid and dashed lines represent a
of 1.321x1.100<1.644 mni and 2.19% 1.318< 1.621 mni fit to the data using parameters given in the text. A constant loss of

for thei andW—lphase materials, respectively. Me_""sureme”t%.oooz was added to the theoretical curves as a background attenu-
of the ultrasonic loss were made using the technique of resggjon.

nant ultrasound spectroscofigUS).2~2*The measurements

were made using broadband PZT transducers in conjunction o )
with a commercial spectrometét.In performing a RUS ~gave similar estimates of the amount of hydrogen absorbed.

measurement, a sample is placed corner to corner betwe&tnce it is known that the amount of hydride phase formed
two piezoelectric transducers, one of which is used for exciafter the full loading (HM=1.6) is small(less than 5%
tation and one for detection. By sweeping the excitation frevolume fraction, the samples for the present wdtéaded to
quency, a large number of the lowest frequency vibrationamuch lower HM ratios were assumed to be single phase.
eigenmodes of the parallelepiped are excited. The frequerFhe Q values of several modes were investigated over the
cies and theQ values of these modes were measured as gaame temperature range as for the hydrogen-free material.
function of temperature. From the frequency measurements
it was possible to derive the full elastic constant tensor for
both the hydrogen-freé and W phases; the results of this Il. RESULTS AND DISCUSSION
study are reported elsewhéfeThe ultrasonic loss is gener-
ally described as @. TheQ is defined in the usual way as  Figure 1 shows the ultrasonic lossQlas a function of
fo/Af where f, is the resonant frequency of a particular temperature for two frequencies in th&-phase material.
eigenmode ana f is the full width of the resonance at the Also shown is the loss in the hydrogen-free material. There
half power points. Th&) values of several modes, in a fre- is a prominent loss peak in the hydrogenated material with a
guency range of 0.5-2.5 MHz, were measured over a tenmaximum at about 250 K for a measurement frequency of 1
perature range of 35-330 K to determine the loss in théviHz. The peak shifts to higher temperature with increasing
hydrogen-free material. The temperature was controlled usfrequency as expected for a thermally activated process. The
ing a heater, an electronic controller, and a gas flow cryostatelatively high loss near the attenuation maximum, combined
Thus the sample was in a helium gas atmosphere at approxirith the small samples used, presented experimental difficul-
mately ambient pressure during the measurements. A caliies. A coherent background signal, due to cross talk between
brated silicon diode was used for temperature measurementhe transmitting and receiving transducers, gave a non-
The samples were loaded with hydrogen from the gagorentzian resonance signal in many cases. In cases where
phase to HY of 0.79 and 0.20 for the and W phases, the background was not too large compared to the signal
respectively. Prior to exposure to hydrogen, the sampleffom the sample, the data could be reliably corrected for this
were first plasma etched in argon and coated with a thin layegffect?® Good results were obtained for five modes in the
of Pd (approximately 15—-30 njn The Pd coating protects frequency range of 0.72—-1.86 MHz. The solid and dashed
the samples from oxidation on subsequent exposure to alines in Fig. 1 were calculated using parameters from a least-
and enhances the disassociation of molecular hydrogen. Thuares fit of the data for these five frequencies. This fit is
hydrogenation was carried out in steps at 350 °C. At eachliscussed later in this section. Figure 2 shows attenuation
step a small amount of hydrogen, corresponding\td/ M results for thei-phase material for both the hydrogen-free
~0.1, was introduced into the chamber. Additional hydrogerand hydrogenated material. There are two apparent differ-
was added only after the pressure reached equilibrium. Thences from the data shown in Fig. 1. First, the attenuation
total charging time was 13 h for th& phase and 44 h for the due to hydrogen is higher in thigphase material, likely due
i phase. The H¥l ratios were determined directly by the to the higher concentration of hydrogen in this material. Sec-
weight gain due to hydrogenation using a Cahn electrobalend, the attenuation peaks occur at a lower temperature—
ance with an accuracy af5 ug, and by the hydrogen pres- about 30 K lower—in theé-phase material. The solid lines in
sure change upon loading. As expected, the two techniqudsig. 2 are a guide to the eye, not a theoretical fit to the data.
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0-014 . . n . ~ - T activation energy. It is found that the peaks of Fig. 1 are
much broader than can be fit by such a value EgQr. At-
tempts were therefore made to fit the results with a distribu-
tion of activation energies centered about some mean activa-
tion energy, i.e., by integrating Eql) over a Gaussian
. distribution of activation energie$A distribution of intersti-
tial site energies was needed to fit the pressure-composition
isotherm data for th&/ andi phases of Ti-Zn-N?%) A least-
squares fit to the data was made for five frequencies in the
range of 0.7-1.9 MHz to determine the parametess o,
. andry. This procedure gave a reasonably good fit to the data
.:---.---""-"' except at the lower temperatures. Below 180 K there is a
. P T v systematic dev?ation of the data from the fit for all the mea-
sured frequencies. Thus only data above 180 K were used for
the least-squares fit. The solid and dashed lines in Fig. 1
FIG. 2. Ultrasonic loss § vs temperature for phase Ti-Zr-Ni ~ show the fit behavior of Eq1) for the W phase. A constant
loaded to HM =0.79. The hydrogen-free case is also shown. Thebackground of 0.0002 was added to the theoretical curves to
symbols represent the data. The lines are a guide to the eyéoand gpproximately match the measured background attenuation
not represent a fit to the data. at low temperatures. The fit parameters for Wighase are:

_ L _ E,=0.40+0.05eV, 0=0.071eV, and r,=1.6x10 °s.
The higher attenuation in this material leads to greater scattefis mean value of 0.40 eV obtained for the activation en-
in the data; it was therefore not feasible to fit the results to '

h btai S ergy is in good agreement with the value derived from the
t e?gnti?]; téa;nrﬁgrgcélg?at;@g ?jri]se(:rggéion of the data for theArrhenius plot. No other ultrasonic measurements of hydro-
W phase, the attenuation peaks are interpreted as a Deb en motion in the"‘_’ phase are available for comparison.
type relaxation involving hydrogen hopping between two OWEVET, a comparison may be made to neutrpn an_d NMR
nearby interstitial sites. An interstitial atom such as hydro_measurements on the |cosah_edral .phase of Ti-Zr-Ni. In an
gen, which may occupy either of two nearby intersitial sites NMR study of icosahedral 1éZrsNi,; loaded to a HW

can be described as a two-level system with an energy splitc 1:88 Shastret al™ found that a distribution of activation
ting AE=2(E$+A2)1’2 where ZE; is the tunnel splitting energies was required to fit tHel spin-lattice relaxation data

and 2A is the difference in site energgasymmetry. The with the resulting parameters,=0.35€eV, 0=0.053eV,

0.012 L 1.05 MHz
1.35 MHz
0010t & 1.35MHz H-Free

>

0.008

1/Q

0.006 |-

0.004 |-

0.002

0.000 |- \ —CIEIII-TI a

Temperature (K)

— — 13
ultrasonic loss 1 due to relaxation is aiven B{2° and 79—1.7>< 10 s. .These parameters for the hydroge-
R 9 y natedi phase are similar to those found here from the ultra-
1  nD2 or sonic measurements on the phase with HM =0.20. The

values for ry, however, differ by a factor of 100, which
deserves further comment. The valuergfrequired to fit the

wheren is the concentration of hydrogen atoms contributingt!frasonic data depends exponentially on the valueegpf

to the attenuationD = 9(AE)/de is the variation of the en- Cchosen. For example, ,=0.35 eV were assumed, which is
ergy level splitting with respect to the ultrasonic strajric &t the bounds of the e{p)lirlmental error, the valuepfe-

is an elastic constani/27 is the ultrasonic frequency, and ~ duired would be 1.510 ™'s, only a factor of 10 different

is the relaxation time. In the classical case tunneling is not #0m the NMR results. It is interesting to note that the one
factor andE;=0. For Eq.(1) it is assumed thaA E<KgT, neutr'on—scatterlng study onhase Ti-Zr-Ni revealed an in-
which is generally true except at very low temperatures. It i€lastic peak at 130 meV;l'Ehls corresponds to a hydrogen
usually assumed that the ultrasonic strain modulatioasf ~ ViPration period of 3.X10"™"s, a value that is quite com-

is due to a modulation o&, notE; in which case relaxation patible with our results(The value ofo required also de-
attenuation will only occur if the two sites involved are non- P€Nds on the value chosen flg,. With E,=0.35eV our
equivalent with respect to the applied stress. According t@Ptimum value ofr=0.057 eV is essentially the same as the
the selection rules for anelasticit,anelastic relaxation is NMR value) A further similarity between the present ultra-
only possible if the interstitial site symmetry of the hydrogenSOnic results on th&v phase and the earlier NMR results on
is lower than the crystal symmetry. In the present case thi'€ i phase is the deviation between theory and experiment
location of the hydrogen is unknown so the theoretical ruldOr témperatures below the maximum. This occurs below
cannot be applied, but the experimental fact that attenuatiog00 K for the NMR resultdmeasured at much higher fre-
peaks are observed indicates that the rule is satisfied in boffénciesand below 180 K in the present case. The fact that
materials studied. We attempted to fit the data using asuch deviations are observed in both experiments suggests

Q keTC 14 w22 ®

Arrhenius expression for, that the cau_se_is not specific to the type _of experiment and
may be an indication of a second relaxation process occur-
7= 70 eXP(EL/KsT), (2)  ring on a different frequency scale. Alternatively a Gaussian

distribution of activation energies may not be appropriate for
where 1/ is an attempt frequency arfel, is an activation the major relaxation process; however, the present data do
energy. An Arrhenius plot of the temperature shift of thenot justify a more complicated approach. The overall evi-
peak position with frequency provides an initial value for thedence indicates that the motion observed with ultrasound in
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the W-phase material is similar in nature to that observed byapproximant. The icosahedral and approximant materials
NMR in thei phase and associated with long-range hydrogenvere hydrogenated to a hydrogen to metal ratio of 0.79 and
diffusion. 0.20, respectively. Temperature-dependent attenuation peaks
Turning to the ultrasonic results for thephase, Fig. 2 were observed in the alloys containing hydrogen, while the
shows considerable scatter in the data associated with thg/drogen-free material showed no unusual features. The
higher attenuation. It was therefore not possible to reliably fipeaks shifted to higher temperatures with increasing ultra-
the data to theoretical curves to obtain parameters for theonic frequency as expected for thermally activated motion.
hydrogen motion. Nevertheless, certain conclusions can ban activation energy for hydrogen motion of 040.05 eV
drawn from the data. The most important point is that forwas found for the crystal approximant phase. The data did
similar measurement frequencies the peaks occur at lowerot permit a determination of the activation energy for the
temperatures in the phase as compared with th phase. icosahedral phase, but the attenuation peaks for this phase
From the parameters derived by fitting féphase attenua- clearly occurred at a lower temperature than for the crystal-
tion data, the H motion in the phase is estimated to be an line material. The results indicate that hydrogen motion is
order of magnitude faster than that in ttiéphase. Unfortu- about an order of magnitude faster in the icosahedral phase
nately, the HM ratios are different for the two materials, in the temperature range of 225 K. Whether this difference is
making it difficult to discern whether this faster motion re- due to a basic difference in the hydrogen environment in the
flects a basic difference between the atomic and structuralvo materials, or due to a dependence on the hydrogen con-
configuration of the interstitial sites of the two materials, orcentration cannot be determined from the present results. Ex-
whether it is due to concentration-dependent effects. Hydroperiments as a function of hydrogen concentration are
gen diffusion coefficients have been observed to increase gdanned to answer this question. The results demonstrate that
a function of HM in amorphous materials and attributed to mechanical spectroscopy is a useful tool for studying hydro-
the filling of sites with higher energies at higher H concen-gen motion in this unusual class of materials.
trations with a corresponding decrease in the average activa-
tion energy®? Such an effect may be important in the present
materials. ACKNOWLEDGMENTS
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