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The temperature dependence of elastic constants ¢;(T) of zirconium ZrggAl oNisCus,-
based, 1 % yttrium-doped bulk metallic glass (BMG) within the temperature range of 78
to 300 K was examined using the method of resonance spectroscopy. The measurements
helped determine low-temperature behavior of elastic Young’s modulus (E), shear modulus
(G) and bulk modulus. BMG doping with yttrium allowed to obtain high value of the
Poisson’s ratio (6) and the B/G ratio and note weak dependence of B(T) stemming from the
appearance of an efficient dense pack of atomic clusters with icosahedral ordering symme-
try within their internal structure. It was discovered that under 8300 K, 1 % of yttrium
reduces E by 5.4 % in comparison with the size of original BMG matrix. Analysis of the
Debye temperature (0;) pattern points out the predominant contribution of phonon anhar-
monicity to BMG’s elastic properties. It was assumed that high value of the Gruneisen
parameter (y) is due to manifestation of particularities of oscillatory properties.

Keywords: zirconium-based bulk metallic glass, elastic constants, elastic modules,
Gruneisen parameter, Debay temperature, acoustic studies.

MeTomoM pe3OHAHCHOH CIEeKTPOCKONNY K3yueHa TeMIlepaTypHas 3aBUCUMOCTb YIPYTUX
mocToaHHbX ¢;; (T) obbemHoro wmeramnudeckoro crexkja (OMC) nHa ocHoBe HNUPKOHUA
ZrggAlygNigCusg nermposarroro 1 % wurrpua B TemneparypHom mHTepBane 78—300 K. Mawme-
PeHUs IIOBBOJMUJIN OIpPeLe]nTb HUSKOTEeMIlePaTypHOe IIoBegeHre yupyrux wmoxayieit FOmra
(E), cpura (G) u obwsemHOro mMoxyias. Jlermposanmne OMC wuTTPpHMEM MHO3BOJUIO IIOIYUUTH
BBICOKOe 3HaueHue xKosddumuenra Ilyaccona (o), oruourenus B/G u oTMeTuTh caadyio saBu-
cumocts B(T), uro cBfZaHO ¢ TpPOsiBIeHUEM S(PMEKTUBHON IJIOTHON YMAKOBKM ATOMHBIX
KJIACTEPOB € UKOCAYAPUYECKON CUMMeTpuell yIopsagoYeHUs B WX BHYTPEHHEN CTPYKType.
O6uapysxeno, 1 % wurrpusa cumkaer E npu 300 K ma 5,4 % B cpaBHeHUHM C BeJIUYWHON
ucxoguoit matpunel OMC. Amanus xapakTepa TemmepaTyphl Hebas (0,) ykaspiBaeT Ha IIpe-
obmamaomuil BRJAL (GOHOHHOTO aHrapMoHmaMa Ha yrnpyrue csoiicrBa OMC. Ilpegmnosaraer-
csfl, UTO BBICOKOE 3HAueHMe mapamerpa I'pioHaiizena (y) BbIBBAHO MPOABJEHMEM OCOOEHHOCTHU
KoJedaTeslbHBIX CBOMCTB.

Huzskoremnepartypui npy:xni Biaacrusoeri ZrggAl, NisCus, 06’eMHOr0 MeTaneBoro ckia,
aeropanoro irpiem. C.O.Bakaii, O.C.Byaamos, B.D.Jonxcenro, B.C.Knouro, A.B.Kopuicup,
B.I.Cniyuna.

MeTogoM pe3oHAHCHOI CHEKTPOCKONIIl BHBUEHO TEMIIEPATYPHY 3aJEKHICTh INPYKHUX IIO-
cTiiHuUX ¢ (T) o6’emuoro meranesoro ckna (OMC) ma ocmoBi mupkomrino ZrggAlNisCus,
aerosanoro 1 % irTpiro y remmeparyprnomy imrepsani 78-300 K. BumiproBaHHS K03BOJIHIN
BUBHAUYUTHA HUBBKOTEMIIEPATYPHY IOBeIiHKY npyskuHux wmoxyiais IOura (E), scysy (G) i
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o6’emuoro mopyad. JleryBamus OMC iTpiem g03BOIMIO OTPUMATH BHUCOKE 3HAYEHHA KO-
edinienra Ilyaccona (o), Bizmocunu B/G i BigsmauuTu caabry sajexuicts B(T), mio mos’sa-
3aHO 3 IIPOosABOM e(eKTHMBHOI MIiJbHOI YIAKOBKM aTOMHMX KJAacTepiB 3 iKocaegpUUYHOI CU-
MeTpiero ynopsaKyBaHHs B i1X BHYTpPilIHiN crpykTypi. Bussaeno, 1 % irpiro suumxye E mnpu
300 K ua 5,4 % y nopisusanHi 8 Beamumuoio Buxizmol marpuni OMC. Amanis xapaxrepy
remrepatypu [ebas (0,) Brasye Ha IepeBamaounWii BKJIaJ (POHOHHOTO AHIAPMOHISMY Ha
npyxHi Baacrusocti OMC. Ilepenbauaerbes, 1[0 BHCOKe 3HAUYEHHs Iapamerpa I'proHaiisexa
(Y) BUKJIUKAHO IIPOABOM OCOOJIMBOCTI KOJMBAJILHUX BJIACTHBOCTEH.

1. Introduction

The new class of multicomponent bulk
amorphous metallic alloys called bulk metal-
lic glass (BMG) has a unique set of mechani-
cal, physical and chemical properties: high
strength, hardness and elasticity, higher
wear and corrosion resistance, and super
magnetic characteristics [1, 2]. Thanks to
these properties, they are successfully used
as functional and structural materials.
However, in a number of structural applica-
tions BMG faces technical difficulties mani-
festing through low plasticity in the case of
tensile deformation (compression), which
limits BMG’s potential engineering applica-
tion. A technological method of enhancing
BMG’s mechanical and physical properties
has been found recently; this method in-
volves additional microdoping of amorphous
matrix with a rare-earth element, such as
yttrium, within a concentration range of
0.05 to 2.0 at. % [2-6]. The positive effect
is achieved in increasing the glass-forming
ability of a supercooled melt by removing
oxygen impurities to form harmless Y,0;
oxides and by inhibiting nucleation of crys-
talline phases. Yttrium is used with especial
effectiveness in commercially-promising zir-
conium-based BMGs where the presence of
oxygen leads to increased brittleness of the
alloy. In addition, zirconium oxide helps
produce intermetallic crystalline phases.
That is the main reason for high sensitivity
of the zirconium-based BMG to the content
of oxygen impurities. The goal of this work
is to offer a detailed study of the tempera-
ture dependence (78-300 K) of elastic con-
stants ¢;{(T) of zirconium-based, 1 % yt-
trium-doped BMG’s elastic modulus tensor
for BMG with narrow-component composi-
tion (Zr55A|10N|5CU30)Y1. Amorphous matrix
has high glass-forming ability and allows to
achieve the critical ingot diameter of
30 mm [7]. Research was performed using
resonant ultrasound technology. The tem-
perature behavior of the following mechani-
cal parameters was determined on the basis
of experimental data: Young’s (E), trans-
verse (G) and bulk (B) elastic modules, Pois-
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son’s ratio (o) and the phonon spectrum
characteristics: Gruneisen parameter (y) and
Debye temperature (0p). The research has
revealed the effect of yttrium on the tem-
perature behavior of elastic properties of
zirconium-based BMG’s amorphous matrix.
The analysis of cij(T) provides additional in-
formation about bulk configurations of
short-range order and BMG’s dynamic prop-
erties.

2. Experimental

An (ZrggAlygNigCuszg)Y, alloy ingot was
prepared by arc melting of its components
with over 99.95 % purity in the ultrapure
argon atmosphere. To achieve chemical ho-
mogeneity the alloy was remelted three
times, and a sample 2 mm in diameter and
5 mm long was cut out of it for acoustic
research. The alloy’s amorphous state was
monitored by X-ray in Cu K radiation. The
alloy had the density of p=7.38 g/cm3
(under 300 K) measured using the Ar-
chimedes method. Low-temperature acoustic
studies (78—-300 K) were carried out in the
pulsed mode using a phase-sensitive method
for the pass scheme. Excitation and detec-
tion of 50 MHz ultrasonic waves was
achieved by lithium niobate piezoelectric
transducers. The propagation velocities Vp
and Vg (where L and S mean longitudinal
and transverse polarization, respectively)
within the investigated temperature range
were measured by heating at the rate of
50 K/h in 1 K temperature increments with
the precision of 10.3. The heating rate and
temperature stabilization were achieved
using high-precision RIF 101 heating con-
troller.

3. Results and discussion

Since the amorphous alloy is an isotropic
material, it is characterized by only two in-
dependent elastic constants, ¢;; = pV;2 and
Cyq = pVS2 which help determine the elastic
constant c¢y9 =cy; — 2¢4y. Values of the
elastic modules E, B, G and the Poisson’s

ratio (o) are determined from the known
concepts:

351



S.A.Bakai et al. /| Low-temperature elastic properties ...

E = (c11 = ¢19)(eqq + 2¢q9)/(¢11 + €12)5
G=cyy=(c11-12)/2

and
o= Clz/(cll + (:12).

The Gruneisen parameter y is calculated
from the equation:

_ 9(V3 - 4V%/3)
Co2v3+avd)

while the characteristic Debye temperature
(0p) can be found from the equation:

1

8, \78
o _ h(sN¥p)",
3 2
—— =t =,
Vi V& VR

where kp, N and h are the Boltzmann,
Avogadro and Plank constants, respectively,

W is the average atomic mass in the system
and V,, is the average sound speed.

Fig. 1 shows the temperature dependence
of (ZrggAlygNigCusg)Y, elastic modulus ten-
sor’s elastic constants c¢y; and ¢44. The mo-
notonous nature of the curves c¢;(T) and
c44(T) suggests that its atomic structures do
not undergo critical changes within the in-
vestigated temperature range. It is worth
noting that there is still no uniform percep-
tion of the amorphous alloy’s structure.
Only various constructions of structural
models are based on the observance of three
empirical rules:

1) achieving high degree of packing of
atomic configurations;

2) new local atomic configuration must be
completely different from the structure of
crystalline phases of the constituent elements;

3) long-range uniformity of interacting
attraction forces is maintained.

Recently, structural models created by
computer simulation have been widely used
for the multicomponent (Zr—Al-Ni—Cu)Y
BMG [7]. The topological model of a single
cluster is based on the coordination polyhe-
dron, for example, icosahedron featuring
average ordering order, i.e., a structure
with icosahedral ordering featuring the
five-fold symmetry is created. The ratio of
atomic radii of BMG’s constituent elements
represents a structural parameter. Elemen-
tary clusters are packed in three spatial di-
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Fig. 1. Dependences on the temperature of
the elastic constants of elasticity tensor
modulus in (ZrgsAl;gNisCus)Y, bulk metallic

rections according to the hep or fce scheme.
For the time being, these structural models
have explained the BMG’s global property:
high density. The topological model [7] in-
volves understanding of BMG’s formation
by destabilizing basic element’s crystal lat-
tice (in this case, zirconium), which in-
volves substitution or introduction of con-
stituent elements. Destabilization of the
crystal lattice leads to amorphization, when
the alloy’s constituent components create
internal critical stresses to change local co-
ordinate numbers. When an atom Y with
large atomic radius (1.74 A)O replaces a rela-
tively small atom Zr (1.58 A), the effective
packaging remains unbroken, but internal
stresses which affect the elastic properties
of amorphous alloy are induced in the clus-
ter configuration space. Fig. 2 shows the
temperature dependence of the Young’s (E)
and bulk (B) elastic modules. The set of
dependencies E(T), G(T) and B(T) shows the
general trend in the temperature behavior
of the alloy’s elastic modules: their values
increase monotonically as the temperature
decreases. Weak dependence B(T) is also
worth mentioning. At the same time, under
300 K the E value of doped alloy is 5.3 %
lower than the known value of 90 GPa for
the original ZrggAl{gNigCuzy amorphous ma-
trix [8]. It is quite possible that the soften-
ing of elastic properties by adding yttrium
has effect on the values of G and B.

Fig. 3 shows the temperature dependence
of the Poisson’s ratio (6) and the B/G mod-
ule ratio. In contrast to the temperature
behavior of the elastic modules, both char-
acteristics show continuous decrease of
their values as the temperature decreases.
If we take into account the well-known cor-
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Fig. 2. Temperature dependences of Young’s
modulus (£) and bulk modulus (B) in

(ZrssAloNisCus)Y, bulk metallic glass.

relation that high values of o (or B/G) corre-
spond to the increased ductility of zirconium
alloys [9, 10], our data points out the loss of
ductility under cryogenic temperatures. But
this statement requires a direct experiment.
It is worth noting that according to [11], the
0.6 % yttrium doping of BMG with a compo-
sition closely resembling our alloy allowed to
achieve high strength (2700 MPa) and ductil-
ity under 300 K.

Fig. 4 illustrates the temperature depend-
ences of the Gruneisen parameter (y(T)) and
Debye temperature ©Op(T) for
(ZrggAligNisCusg)Yy BMG. As the temperature
decreases, y continuously falls down and re-
flects the declining anharmonicity level of in-
teratomic interaction (or oscillation of atoms)
in an amorphous alloy. In this case, y retains
slightly higher value in comparison with the
metallic components. The results in their en-
tirety — decrease of the Young’s modulus,
weak dependence B(T) and high degree of an-
harmonicity — indicate manifestation of the
prominent role of phonon spectrum’s soft
modes in the elastic properties of amorphous
alloy. The growing pattern of 0p(T) as the
temperature decreases proves the strengthen-
ing of interatomic bond that cccurs, in par-
ticular, as a result of hybridization of Zr
d-orbitals and s-, p-, d-orbitals of neighboring
atoms in the cluster [12]. In addition, 0p(T)
indicates that phonon anharmonicity needs to
be taken into account when studying the tem-
perature dependence of BMG’s elastic proper-
ties, which manifests itself through the link
of 0, with the bulk modulus and Poisson’s
ratio. Our study of B(T) and 6p(T) has re-
vealed a general trend: the increase of B
and GD.
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Fig. 3. Temperature dependences of Poisson’s
ratio (o) and B/G ratio in (ZrgsAl;oNisCusg)Y
bulk metallic glass. G — shear modulus, B —
bulk modulus.
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Fig. 4. Debye temperature (0p) and Gruneisen

parameter (y) as a temperature function for
(ZrgsAl;oNigCugzg)Y, bulk metallic glass.

4. Conclusions

The temperature dependence of zirco-
nium ZrggAlgNigCuszg-based, 1 % yttrium-
doped BMG’s elastic constants (c; (T, oscil-
latory properties (6p(T)) and degree of an-
harmonicity (y(T)) within the temperature
range of 78 to 300 K was examined using
the method of resonance spectroscopy. A
study of the temperature dependence of the
elastic modules E(T), G(T) and B(T) has re-
vealed normal behavior: as the temperature
decreases, their values begin to grow. Doped
alloy shows high value of ¢ and B/G and
weak dependence of B(T) within the entire
investigated temperature range due to the
packing efficiency of atomic clusters. The
presence of 1 % yttrium in the amorphous
alloy led to a 5.4 % decrease of E under
300 K comparing to the original matrix.
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The increase of 0p(T) as the temperature
drops reflects the substantial contribution
of phonon anharmonicity to BMG’s elastic
properties. The results indicate high degree
of anharmonicity of interatomic interaction.
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