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Elastic moduli of a Ti-Zr-Ni icosahedral quasicrystal and a 1/1 bcc crystal approximant
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Resonant ultrasound spectroscopy has been used for the measurement of the elastic moduli of a Ti-based
quasicrystal, one of the major classes of quasicrystals. Both the bulk and shear elastic moduli of a Ti-Zr-Ni
multigrained icosahedral quasicrystal and a polycrystalline 1/1 approximant were measured over the tempera-
ture range of 15-300 K. The elastic moduli of these two materials are very nearly the same, a result in
agreement with the belief that the structures of these two materials are closely related. The temperature
dependence of the moduli resembles that of ordinary metals. The results have been used to predict the acoustic
contribution to the low-temperature specific heat. This contribution is much larger in these Ti-based materials
than for the Al-based quasicrystals reported by others. Besides their general interest, the elastic moduli are
useful for constructing atomic potentials in these unusual matef#04.63-182809)09517-X

I. INTRODUCTION surements can be used to calculate the low-temperature
acoustic contribution to the specific h¥awhich has a char-
Since the discovefyof intermetallic alloys with long- acteristic T® temperature dependence. In the case of Al-
range aperiodic order and crystallographically forbidden roMn-Pd and Al-Re-Pd icosahedral quasicrystals, the measured
tational symmetries, a large body of theoretical and experilow-temperatureT® specific heat was larger than that ex-
mental work has been devoted to the study of these novdiected from the sound velocity measurements, revealing an
materials, known as quasicrystal¥lost of the studies have €xcess specific heat of uncertain origin. Apparently there
dealt with the Al-based quasicrystals. This class of material§ave been, as yet, no measurements of the low-temperature
was the first to be discovered and several phases are knovRecific heat in the Ti-based quasicrystals.
to be stable. Several elastic modulus studies have been per- Given the importance of the elastic moduli, the lack of
formed on the Al-based quasicrystals. These experiment@ata for this class of materials, and the availability of rela-
showed®® with increasing precision, that the icosahedraltively large stable specimens, we undertook elastic constant
phase quasicrystals exhibit the theoretically expaptastic =~ Measurements on both the Ti-Zr-Ni quasicrystal and its 1/1
isotropy. A more recent experimérghowed that the decago- Crystal approximant. The results are reported here.
nal Al-Ni-Co quasicrystal is, as expected, transversely elas-
tically isotropic. , , _ Il. SAMPLES AND EXPERIMENTAL DETAILS
While the largest class of quasicrystals is the aluminum-
based one, the second largest class is based on titdnium. Alloys of the desired composition, i=Zr4; Nis7 for the
Recently, a stable Ti-Zr-Ni quasicrystal has beeni phase and TjiZr,oNiyg for the 1/1 approximant phase, were
discovered®!! In addition, a closely related 1/1 crystal ap- prepared by arc-melting mixtures of the pure elements on a
proximant to the stable Ti-Zr-Ni quasicrystal has beenwater-cooled copper hearth in a high-purity Ar gas. The
found!?*® These Ti-based materials can absorb and desorphase quasicrystal al phase approximate were prepared
considerable amounts of hydrod®@making them of poten- by annealing the resulting ingots in a graphite crucible,
tial use for hydrogen storage. There appear to have been mehich was placed inside a quartz tube. A Ti-Zr alloy, used as
studies of the elastic properties of the Ti-based materialsan oxygen getter, was also placed in the tube, but was sepa-
Elastic constants are of fundamental importance. Ultrasonicated from the sample. The tube was then evacuated and
measurements yield the adiabatic moduli and thus are theealed under a vacuum of 10-10" ® torr. Oxygen contami-
second derivative of the internal energy with respect to thenation of the sample during annealing was prevented by first
strain. They are directly related to the atomic bondingheating the Ti-Zr getter to 1000 °C for 10 min by rf induc-
strength and are often used as a test of first-principles totation, while keeping the alloy ingot in the graphite crucible at
energy calculations. The lack of periodicity in quasicrystalsroom temperature. The tube containing the sample and the
makes the determination of their atomic structure difficult.getter was then annealed in a furnace for the required time:
To be viable, structures proposed from diffraction and elec610 °C for 64 h to obtain the/ phase and 570 °C for 64 h to
tron microscopy studies should be stable to small fluctuaform thei phase. Phase purity was confirmed by x-ray and
tions. Measured elastic constants are critical for refining théransmission electron microscopyTEM) investigations.
shape of the atomic potentials used in these studies. In addl-EM microstructural studies of both samples revealed a dis-
tion, elastic constants are related to thermal propertietribution of grain sizes, with a largest diameter of a fem.
through the Debye theory. In particular, elastic constant mea- Samples in the approximate shape of rectangular parallel-

0163-1829/99/5@.7)/111324)/$15.00 PRB 59 11132 ©1999 The American Physical Society



PRB 59 BRIEF REPORTS 11133

epipeds, about 1-2 mm on an edge, were cut from the ingot

T T T T T T T T v T T T

using a low-speed diamond saw. These saw-cut pieces wel 05 : i
then polished into rectangular parallelepipeds for the ultra- | ™y, s iphase

; : ; ; 400 e e iy -
sonic measurements with room temperature dimensions o *%e, "=, e Wphase
1.321x1.100< 1.644 mni for the i-phase material and 1 Cop =, 1
2.197x1.318<1.621 mni for the W-phase material. The 395 ®oy "n, T
room-temperature densities, determined by immersion-. - '0. "n, 1
weighing in toulene, were found to be 6.080.008 g/cmi o 390f .0. ., .
for the i-phase material and 6.06®.01g/cni for the Q : ’o. "
W-phase material. The elastic constant measurements wel~ 385 |- . o .'.. .
made using the technique of resonant ultrasound spectros L . =
copy (RUS).*>"*8This experimental technique permits accu- 45| ®e |
rate elastic constant measurements on the millimeter-size ¢
samples available for the present study. With this technique ¢ .| . =, | |
sample is placed corner to corner between two piezoelectrit "o 50 100 150 200 250 300
transducers one of which is used for excitation and one for Temperature (K)

detection. By sweeping the excitation frequency, a large

number of the lowest frequency vibrational eigenmodes of FIG. 1. Shear modulu§ vs temperature for a Ti-Zr-Ni quasi-
the parallelepiped can be measured. The elastic constanttystal (i phas¢ and a 1/1 crystal approximagitV phasg. Typical
were determined from the measured frequencies by an iterg:ror bars for the absolute accuracy are shown.

tive computation which minimizes the error between mea-

sured and computed frequenct@sVe measured the first 50 and errors in density measurement, to be 0.2%and 2%
frequencies for each specimen with a typical rms differencdor B. The accuracy is higher f@g than forB because many
between measured and computed frequencies of 0.150f the lower frequency resonances depend stronglg.dout
0.20 %. The measurements were carried out over the tenihat is not the case fd8. From Figs. 1 and 2 it can be seen
perature range of 15-300 K. The temperature was controllethat the absolute error in the modulus measurements is con-
using an electronic controller with heater and a gas flowsiderably larger than any random scatter in the data pre-

cryostat. A calibrated silicon diode was used for temperaturéented. This is because the contributions to the total absolute
measurements. error from the density and the quality of the RUS fit are
systematic across the temperature range studied.
IIl. RESULTS AND DISCUSSION Because thermal expansion data are not available for
these materials at low temperatures the results have not been
We analyze our measurements in terms of two indepencorrected for thermal contraction; the room-temperature di-
dent elastic constants as appropriate for isotropic materialsnensions and density have been used in the analysis. Taking
As mentioned in the previous section, the typical grain sizénto account the direct dimensional effects as well as the
of the materials studied is much smaller than the sample sizéndirect effect through the density, the elastic constants de-
There is no reason to assume any preferred orienté®d®  duced from the measured frequencies vary inversely as the
ture) for these grains, thus we assume elastic isotropy in theimension. Metals such as Ti have a total thermal contrac-
analysis. This argument applies for both thghase and the tion between room temperature can4d K of about
W-phase materials. It is expected that fhghase material 0.15-0.209%° Assuming that the materials in the present
would be elastically isotropfc’ even if measurements could

be made on a single grain. We fit our measured frequencies
122

to the elastic constant€,; and C,, where the subscripts [ L A R B
refer to a coordinate system aligned with the sample paral- 121} oh ]
lelepiped axis. We present the results, however, in terms of 120 |- = fphase -
the shear modulu6 and the bulk modulu8, where 19 [ e Wphase | ]
. 11| #Ce0 eoe,, ]
G:C44 and B:C]_l_ §C44. (1) N 117 I .’.‘....... ]

To the extent that thephase material is intrinsically isotro- & 116 | ¢ ceq
pic, G andB represent the two independent elastic constants2 115 [ ': ]
for this material. For th&\-phase material and B repre- Q@ gy ]
sent the usual polygrained averages. Figure 1 presents resull = 443 [ bl LLLFe oL PR ]
for the shear modulu& over the temperature range of 15— 2L e '. . N
300 K for thei-phase quasicrystal and th&phase crystal kb R
approximate. Figure 2 presents similar results for the bulk N

modulus B. The overall temperature dependence of the 0 50 100 150 200 250 300
moduli is similar for the two materials, although there is a
small difference. Th&V phase shows a slightly stronger in-
crease in the moduli with decreasing temperature and is, in FIG. 2. Bulk modulusB vs temperature for a Ti-Zr-Ni quasi-
some sense, more anharmonic. We estimate the absolute agystal (i phas¢ and a 1/1 crystal approximafiV phasé. Typical
curacy of the measurements, based on the quality of the férror bars for the absolute accuracy are shown.

Temperature (K)



11134 BRIEF REPORTS PRB 59

study behave similarly, the neglect of thermal contractiorwhere the subscripts andt refer to the longitudinal and
effects in the analysis of the data leads to a comparable errotransverse sound velocities, respectively. Using the results
that is, the total increase in the elastic constants as the temeported above it is found that,=2.89x 103i_10 m/s for
perature is lowered from room temperature to 15 K would bedoth thei- andW-phase materials. The acoustic contribution
about 0.15—0.20 % greater than shown in Figs. 1 and 2. to the low-temperature molar specific heat is found to be
A comparison was made of the values @fand B ob-  Cac/T°=5.64 10_5§50-05X 10_59é(m0| K*) Jor the i
tained in the present experiment with literature values foPhase, and 5.5910°%0.05x10 > J(molK") for the W
those of the constituent metals Ti, Zr, and?For a crude Phase. These values are considerably larger than the pre-
comparison a weighted average forTiZr,, Niy; (i-phase dlcte_d5 acoust|c4co$£|but|or_1 in decagonal Al-Ni-C6.893
composition was calculated. In this way vaiues of 115.7 and X 10" J(mol K], =" or icosahedral Al-Mn-Pd[1.63
117.9 GPa were estimated fBrat room temperature and 4 <10 J/('m(')rl'KZ)]N' The reasor:j for r:he crj]|fference_|s| the
K, respectively. Remarkably, these values are almost thiWer ¥o In Ti-Zr-Ni as compared to the other materials.
same as those measured for thendW-phase materials. For
G, the computed aggregate value depends on the method of
averaging the single-crystal values. We used the mean of the We have measured the shear modulaisand the bulk
Voigt and Reuss averages for the hexagonal metals titaniumodulusB of icosahedral Ti-Zr-Ni(i phas¢ and a Ti-Zr-Ni
and zirconium(The Voigt and Reuss averages differ by only crystal approximat¢W phas¢. Assuming that the-phase
a few percent in these caseBor the cubic material nickel material is intrinsically isotropic as is expected theoretically
we used the Kiner averagé? The corresponding calculated and experimentally for this symmetrés andB represent the
values forG are 47.7 and 54.2 GPa, some 35% higher at lowfWO independent elastic constants for this material. For the
temperature than those measured for thend W phases. W-phase _materlaI_G and B represent p_olygralned averages.
These results imply that for hydrostatic compression both! N€ élastic moduli of these two materials are very nearly the
phases of this material appear to behave approximately as tﬁé"”f.‘e-.Th'S rgsult prpwdes furthgr evidence fpr the close
weighted average of the constituent materials, but they aré'm'Iarlty of this quasicrystal and its 1/1 crystallmg approx-
softer in shear than the weighted average of the constitue ant. The 'temperature dependence. of the moduli resembles
materials. th_at of ordinary metals. The moduli for theé/ phase are
The present measurements can be used to compute iR ghtly more temperature dependent than those forithe

long-wavelength phonon contribution to the heat capacit)P asgb The resufl1ts ?HOW us to estimate thfg arc]ousnchphhor_\on
Cac- In the low-temperature limit the specific heat is given contribution to the low-temperature specific heat which Is

IV. CONCLUSIONS

by considerably larger for the Ti-based materials than for the
Al-based materials reported by others. These results should
szk‘é prove useful in the construction of atomic potentials for these
- 3 ;
Cac_ sﬁgyg T l (2) matenals.
where v, is an average sound velocity which in the present ACKNOWLEDGMENTS
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