Journal of Alloys and Compounds 504 (2010) 16-21

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of

ALLOYS
AND COMPOUNDS

Physical properties of ZrsoCuyg — xAl19oPdy bulk glassy alloys

M. Wencka?1, M. JagodicP, A. GradiSek?, A. Kocjan?, Z. Jagli¢i¢P, P.J. McGuiness?,
T. Apih?, Y. Yokoyama¥, J. DolinSek *

a]. Stefan Institute, University of Ljiubljana, Jamova 39, SI-1000 Ljubljana, Slovenia
b Institute of Mathematics, Physics and Mechanics, University of Ljubljana, Jadranska 19, SI-1000 Ljubljana, Slovenia
¢ Institute for Materials Research, Tohoku University, Katahira 2-1-1, Aobaku, Sendai 980-8577, Japan

ARTICLE INFO

Article history:

Received 30 April 2010

Received in revised form 9 May 2010
Accepted 14 May 2010

Available online 1 June 2010

Keywords:
Metallic glasses
Physical properties

ABSTRACT

It was shown recently (Yokoyama et al. [9]) that the addition of a small amount of Pd to the ZrsoCugoAl;o
bulk glassy alloy (BGA) has a beneficial effect on fatigue-strength enhancement, where the composition
Zr50Cus;Al1pPds behaved in a resonant-like way by showing the highest fatigue limit of 1050 MPa and
the minimum Vickers hardness. We performed a study of the magnetic properties, the specific heat, the
electrical resistivity and the hydrogen-diffusion constant for a series of compositions ZrsoCugg _ xAl1oPdy
(x=0-7at.%), in order to determine their physical properties and to check for the influence of the Pd
content on these properties. The ZrsoCusg_xAl1oPdy BGAs are nonmagnetic, conducting alloys, where
the Pauli spin susceptibility of the conduction electrons is the only source of paramagnetism. The low-
temperature specific heat indicates an enhancement of the conduction-electron effective mass m* below
5K, suggesting that the ZrsoCugp_xAl;0Pdx BGAs are not free-electron-like compounds. The electrical
resistivities of the ZrsoCuyg - xAl1oPdy BGAs amount to about 200 €2 cm and show a small, negative tem-
perature coefficient (NTC) with an increase from 300 to 2 K of 4%. The hydrogen self-diffusion constant
D in hydrogen-loaded samples shows classical over-barrier-hopping temperature dependence and is of
comparable magnitude to the related icosahedral and amorphous Zrgg5Cu;2Niq1Al7 5 hydrogen-storage
alloys. No correlation between the investigated physical parameters and the Pd content of the samples

could be observed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bulk glassy alloys (BGAs) are amorphous, multi-component
alloys of three or more chemical elements [1]. Examples include
the ternary Co-Fe-B, the quaternary Zr-Cu-Ni-Al and the pen-
tary Zr-Ti-Cu-Ni-Be. The best glass-forming ability is observed in
systems with an atomic-radius mismatch between the elements
of greater than 12%, leading to a higher packing density. BGAs
show superior mechanical properties: (i) high strength (twice that
of stainless steel, but lighter), (ii) hardness (for surface coating
applications), (iii) toughness (more fracture resistant than ceram-
ics) and (iv) elasticity (high yield strength). On the local scale
of nearest neighbors, BGAs show short-range atomic order [2,3],
where the atoms in the first coordination shell preferably form an
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icosahedron, resembling icosahedral quasicrystals. Other types of
short-range clusters, such as trigonal prisms in B-Fe-based metallic
glasses, are abundant as well.

Due to their unique combination of mechanical properties, BGAs
exhibit great potential for industrial application. Here, the fatigue
features play an important role. Since BGAs exhibit little plastic ten-
sile elongation and no work-hardening phenomena, their fatigue
features are different from those of ordinary crystalline materi-
als. In crystalline plastic alloys, superior plasticity is provided by
systematically moving the dislocations. In BGAs, there are no oper-
able dislocations and the deformation mechanism is characterized
by a unique, adiabatic shear-band operation [4], so that one-slip
movement brings about a final fracture with little uniform plas-
tic deformation. The lack of any uniform deformability of BGAs is
considered as a limiting factor for the toughness [5].

Among the known BGAs, the Zr-Cu-Al alloy with the com-
position ZrsgCuyAlyg, close to the ternary eutectic point, was
shown to exhibit a high glass-forming ability and superior mechan-
ical properties [6-15]. In order to enhance the fatigue strength
of the ZrsoCuyoAlyp BGA, the addition of a small amount of a
fourth element (Pd, Ag, Pt and Au) was attempted [9]. It was
observed that the element Pd has a particularly beneficial effect on
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Table 1

Diamagnetic core susceptibility x4, calculated from literature tables [20] and the susceptibility x = M/H obtained from the M(H) curves at T=5K of the ZrsoCusp _xAl1oPdy

(x=0,1,2,3,5and 7 at.%) samples.

Sample Abbreviation Molar mass (g/mol) Xdia (emu/mol) x (emu/mol)
Zrs50CugoAlig Pd-0 73.73 -9.60 x 10~ 8.2x107°
Zrs50CusgAljoPdy Pd-1 74.16 -9.53 x 106 7.8 x107°
ZrsoCusgAljoPd; Pd-2 74.59 —9.46 x 106 7.8 x107°
Zl’50CLl37A11oPd3 Pd-3 75.01 —-9.39 x 106 8.2 x 103
Zrs50CussAlioPds Pd-5 75.87 -9.25x 1076 8.5x107°
ZrsoCussAljoPd; Pd-7 76.73 -9.11x 1076 7.6 x107°

the fatigue-strength enhancement, by promoting glass-structure
expansion that can be recognized from the volume shrinkage after
structural relaxation at high temperature. A linear relationship
between the fatigue limit and the volume change was observed
in the series ZrsqCuyg _ xAl1oPdx (x=0-7 at.%) BGAs. The composi-
tion ZrsoCus7Al;gPd3 behaved in a resonant-like way by showing
the highest fatigue limit of 1050 MPa, the minimum Vickers hard-
ness and the largest volume change of about 0.5% from the as-cast
state to the fully relaxed state. The large volume change indi-
cates the existence of a thermally unstable volume (also termed
the excessive free volume) below the glassy temperature Tg in the
amorphous structure, when we assume that the amorphous struc-
ture is composed of clusters and voids. Thermally unstable voids are
very likely effective in relaxing localized stress, because the atoms
surrounding the voids move more easily than others. This superior
ability of the stress relaxation has an advantageous impact on the
fracture and fatigue properties.

The origin of the exceptional fatigue properties of the partic-
ular composition ZrsgCusz;Al;gPds deserves further attention. In
this paper we present an investigation of the physical properties of
the ZrsgCuyg _ xAl1gPdx (x =0-7 at.%) series, including the magnetic
properties, the specific heat, the electrical resistivity and an NMR
determination of the hydrogen-diffusion constant in hydrogen-
loaded samples using the same material as that investigated for
the fatigue and other mechanical properties [9]. The aim of our
investigation is twofold: (i) to determine the physical properties of
this technologically important BGA material and (ii) to see whether
the systematic variation of the Pd content also introduces sys-
tematic variation of the investigated physical properties of the
Zr50Cuyg _ xAl1gPdy BGAs, which is the case for their mechanical
properties.

2. Materials characterization

The preparation of the ZrsqCuyg_xAl1oPdx (x=0, 1, 2, 3, 5 and
7 at.%) materials has been described in detail in a previous pub-
lication [9]. Special care was taken to maintain a low oxygen
concentration using a special Zr crystal rod (<0.05at.% oxygen),
since oxygen in Zr-based amorphous alloys significantly affects the
glass-forming ability by promoting crystallization [16-18]. The cast
rods of 8-mm diameter and 60-mm length were prepared using
the tilt-cast technique [19], which is effective in eliminating the
crystalline inclusions that act as crack-initiation sites and enhance
the crack propagation during the fatigue test. For the physical mea-
surements, rectangular rods of 2 mm x 2 mm x 8 mm were cut from
the parent ingots, except for the specific heat, where cubes with
2-mm edges were used. Further characterization of the samples
using X-ray, TEM, SEM and mechanical tests was given in a previ-
ous paper [9]. In the following, we denote the samples according to
their palladium content, as Pd-x with x=1-7 (e.g., Pd-3 standing for
Zr50CusyAljgPd3 and Pd-0 for ZrsgCuggAlyg). The denotations are
also given in Table 1. For the NMR diffusion measurements, small
parts of the samples were crushed into powder in order to ensure
homogeneous penetration of the radiofrequency electromagnetic
field in the material due to the skin effect.

3. Magnetic properties

The temperature-dependent magnetic susceptibility, x(T), and
the magnetization as a function of the magnetic field, M(H), were
investigated using a Quantum Design MPMS XL-5 SQUID magne-
tometer, equipped with a 50 kOe magnet. The susceptibilities x(T)
of all the samples, measured in the temperature interval between
300 and 2K in a magnetic field of 1kOe, are displayed in Fig. 1a.
The susceptibilities are almost temperature-independent, show-
ing a tiny increase of about 1% upon heating from 2 to 300 K. This
is more evident from the inset in Fig. 1a, where the susceptibilities
are displayed on an expanded vertical scale. Random order of the
susceptibilities with respect to the Pd concentration also demon-
strates that no systematic correlation between the magnitude of
x(T) and the Pd content of the samples can be inferred.

The M(H) curves at T=5K are displayed in Fig. 1b. For all sam-
ples, the M(H) dependence is linear positive paramagnetic within

Fig. 1. (a) Temperature-dependent magnetic susceptibility x=M/H of the
ZrsoCugg _xAl1oPdy (x=0, 1, 2, 3, 5 and 7 at.%) samples, measured in a magnetic field
of 1 kOe. The samples are labeled according to their Pd concentration as Pd-0 to Pd-7.
The inset shows the susceptibilities on an expanded vertical scale. (b) Magnetization
M as a function of the magnetic field H at T=5K in the field range +50 kOe.
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the investigated field range of 50 kOe. There is no pronounced dif-
ference between the M(H) lines of different samples, which are the
same within the experimental precision.

In order to determine the type of magnetic susceptibility, we
calculated the diamagnetic core susceptibility xgi, from literature
tables [20]. All the x4, values are close to —1 x 10~> emu/mol
(Table 1). In Table 1, the magnetic susceptibility y=M/JH val-
ues obtained from the M(H) curves at T=5K of Fig. 1b are also
given (practically identical values are obtained from the x(T)
curves displayed in Fig. 1a). The y values are in the range [7.6,
8.2] x 1075 emu/mol, and are thus of a comparable magnitude to
the diamagnetic core susceptibility. The same order of magnitude
of x and x4i; and the almost temperature-independent x(T) clas-
sify the susceptibility of the investigated Pd-0 to Pd-7 samples to
the Pauli spin susceptibility of the conduction electrons. The tiny
increase of x(T) with increasing temperature by about 1% between
2 and 300K can be attributed to the lowest-order temperature cor-
rections of the Pauli spin susceptibility (being of the type aT? + bT*),
emerging from the temperature dependence of the chemical poten-
tial p and the variation of the electronic density of states (DOS)
with an energy in the vicinity of the Fermi energy &g. Since the
Pauli spin susceptibility is the only source of paramagnetism in the
Zr50Cuyg — xAl1oPdy BGAsS, these alloys can be classified among the
nonmagnetic conducting alloys.

4. Specific heat

The low-temperature specific heat ((T) is related to the elec-
tronic DOS at ¢r and the Debye temperature 6p. The electronic
specific heat depends linearly on the temperature, C,(T) = T, with
the electronic specific heat coefficient y = (2 /3)k§g(85), where
g(efF) is the DOS at eg. At low temperatures below about 10K, the
lattice specific heat can usually be well approximated by the Debye
model and is expressed as a function of temperature in the form
Ciare(T)=T3. The lattice specific heat coefficient « is related to the
Debye temperature via the relation 0p = (1274R/5x)'/3, where R is
the gas constant. The total specific heat at low temperatures can be
written as

CoyT+als. (1)

In order to extract y and «, Eq. (1) is usually rewritten in the form
C|T=y +aT?2. Plotting the low-temperature C/T data versus T2 yields
a straight line with the intercept y and the slope «.

Specific heat measurements were performed in the tempera-
ture range between 2 and 300K using a Quantum Design Physical
Property Measurement System (PPMS) that employs a thermal-
relaxation calorimeter. The low-temperature molar specific heats
of all the investigated ZrsqCugyg _ xAl1gPdyx samples in the tempera-
ture range between 2 and 14 K are displayed in Fig. 2ain a C/T versus
T2 plot. The data analysis of the Pd-0 sample that is representative of
all the samples is shown in Fig. 2b. Between 14 and 5K, the C/T ver-
sus T2 data fall on a straight line, whereas in the low-temperature
regime between 5 and 2 K, a slight change of slope is noticed and the
C/Tvalues are enhanced with respect to the extrapolated prediction
from the upper temperature range (inset in Fig. 2b). Such a behav-
ior usually indicates an enhancement of the electronic specific heat
coefficient y at low temperatures due to electron-electron inter-
actions that result in an enhancement of the conduction-electron
effective mass m’. This suggests that the ZrsoCuyg_ xAl;oPdyx BGAs
are not free-electron-like compounds. The solid line in Fig. 2b is
the fit of the data in the upper temperature range 14-5K with
the equation C/T=y+aT?, and the y and 6p values are given in
Table 2. The experimental yexp value, obtained by extrapolating
the low-temperature 2-5 K experimental data to zero temperature
(see inset in Fig. 2b) that gives the enhanced y value is presented in

Fig. 2. (a) Low-temperature specific heat of the ZrsoCuso_xAljoPdy (x=0, 1, 2,3, 5
and 7 at.%) samples in the temperature range between 2 and 14K displayed in a
C/T versus T? plot. The samples are labeled according to their Pd concentration as
Pd-0 to Pd-7. (b) Data analysis of the Pd-0 sample. Solid line is the fit in the upper
temperature range 14-5K with the equation C/T=y +aT?, where y represents the
T=0 intercept on the vertical axis. The inset shows the low-temperature data. The
online-red line is a continuation of the fit from the 14-5 K range, giving the intercept
¥, whereas the online-black line is the fit of the 2-5K data that gives the intercept
Yexp- Both intercepts are marked by arrows. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

Table 2 as well. The same analysis was performed for all the sam-
ples and the parameter values are collected in Table 2. The y, Yexp
and 6p values of the investigated samples are scattered randomly
around the mean values 7 = 2.08 + 0.08 mJ/mol K?, Vexp =3.36 £
0.08 mJ/mol K? and 6p =235+ 5K. This scatter is small enough to
represent the experimental error and no systematic correlation of
the coefficients to the Pd content of the samples can be claimed.
The specific heat properties of the investigated ZrsqCuyg _ xAl1oPdx
series are thus the same within the experimental precision, regard-
less of the Pd content.

Table 2

Electronic specific heat coefficient y and the Debye temperature ) of the investi-
gated ZrsoCugo_xAl1oPdy (x=0, 1, 2, 3, 5 and 7 at.%) samples. The y and 6p values
were obtained from the fit of the C/T versus T?> data with the function y+aT? in
the upper temperature range 14-5K (solid line in Fig. 2b), whereas the y.x, values
were obtained by extrapolating the low-temperature 2-5K experimental data to
zero temperature (inset in Fig. 2b).

Sample y (mJ/mol-K?) Yexp (M]/mol-K?) Op (K)
Pd-0 2.16 3.44 233
Pd-1 2.02 3.14 246
Pd-2 2.10 343 233
Pd-3 2.08 3.42 232
Pd-5 2.00 3.35 233
Pd-7 2.12 3.39 234
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Fig. 3. Temperature-dependent electrical resistivity p(T) of the ZrsoCuag_xAl1oPdy
(x=0,1, 2, 3,5 and 7at.%) samples. The samples are labeled according to their Pd
concentration as Pd-0 to Pd-7. The inset shows the resistivities on an expanded
vertical scale.

5. Electrical resistivity

The electrical resistivity was measured between 300 and
2K using the standard four-terminal technique. The p(T) data
of the ZrsgCugg_xAljgPdx samples are displayed in the main
panel of Fig. 3, whereas the inset shows the resistivities on an
expanded vertical scale. The 300K resistivity values are in the
range 191-203 w2 cm, and are thus within 5% of the average
value p3gox = 196 €2 cm. Since the experimental error in the abso-
lute resistivity values is of the same order, the resistivities of
all ZrsgCuyg _ xAl1gPdx samples should be considered as the same
within the experimental precision. Random order of the resistiv-
ities with respect to the Pd concentration also demonstrates that
there is no correlation between the resistivity values and the Pd
content of the samples.

All the resistivities show a small, negative temperature coef-
ficient (NTC), where the resistivity increase from 300 to 2 K upon
cooling is by a factor (02 — 0300k)/ P300K =4%. The NTC is again prac-
tically the same for all samples. The non-metallic NTC resistivity
is reminiscent of icosahedral quasicrystals like i-Al-Cu-Fe [21], i-
Al-Pd-Mn and i-Al-Pd-Re [22] that exhibit a pseudogap in the
electronic DOS at ¢f, but the resistivity values of these compounds
are much higher (the 300K values are usually above 1000 p.€2 cm),
as compared to the Zrs5qCuyg _ xAlgPdx samples. Other metallic sys-
tems exhibiting NTC resistivities with values comparable to those
of the ZrsoCuyg_xAl1oPdx samples are alloys and compounds in
which the electron mean-free-path | between the scattering events
is small compared to the extension of the conduction-electron
wave packet Lyyp, in which case the electron propagation is non-
Boltzmann (non-ballistic) and the resistivity exhibits a NTC [23].
The lack of translational periodicity in the amorphous structure
of the ZrsgCuyg_xAljgPdx BGAs implies that the relaxation time
T between scattering events is short, so that [ = vt (where v is
the electron velocity) is small and the short mean-free-path limit
< Lwp can easily be met. The short mean-free-path hypothesis thus
offers a realistic explanation of the non-metallic NTC resistivity in
the investigated ZrsoCuyg _ xAl1oPdy series. A similar situation was
recently found also in the AlggCri5Fes complex metallic alloy [24].

6. NMR determination of the hydrogen-diffusion constant
in Zr59Cugg _ xAhode

It was shown [9,12] that the introduction of hydrogen into
the ZrsoCuyg_xAl1oPdx BGAs strongly affects their fatigue prop-
erties. Significant hardening on the fatigue-fractured surface was

Fig. 4. X-ray diffraction spectra of the ZrsoCus3Al;oPd; material hydrogen-loaded
from the gas phase at a set of different temperatures (as-cast material at room tem-
perature, 150, 200, 250 and 300°C) at a pressure of 4.5MPa and a loading time of
1000 min. An increased hydrogen absorption rate at higher temperatures results in
an increased shift of the X-ray peak due to the first coordination shell at the scat-
tering angle 260 ~ 38° towards lower angles (marked by the vertical lines). Hydrogen
loading at 300°C resulted in partial crystallization of the material.

observed upon hydrogenation, where this hydrogen hardening
may be considered as a substitution of the strain-aging effect. No
crystallization could be observed on the fatigue-fractured surface
region by X-ray diffraction and TEM observations, so that hydro-
gen increases the hardness of this BGA material, while keeping
its glassy structure. Recently, the influence of hydrogen concen-
tration on the fatigue-fractured surface was reported by nuclear
reaction analysis, which used accelerated >N ions up to 6.385 MeV
to determine the hydrogen enrichment near the surface [12]. By
controlling the hydrogen content in the ZrsoCuyg _ xAl1goPdx BGAs, a
high fatigue limit over 1 GPa could be obtained for the composition
Zl‘50CU37Al10Pd3 [9]

Due to the advantageous influence of hydrogen on the fatigue
properties of the ZrsoCugg_xAljoPdx BGAs, we attempted to
determine whether the hydrogen in the amorphous structure is
chemically bound to the metallic ions and hence statically dis-
tributed over the material or the hydrogen atoms can move
throughout the amorphous structure and their spatial distribution
is dynamic. To elucidate this question, we performed a mea-
surement of the hydrogen self-diffusion constant D by 'TH NMR
spectroscopy. Unlike the hydrogenated samples used in the fatigue-
property measurements [9,12] that were charged electrolytically,
our ZrsgCuyg _ xAl1oPdx were hydrogen-loaded from the gas phase.
The amount of absorbed hydrogen was monitored by determining
the shift of the X-ray peak due to the first coordination shell at
the angle 26 ~ 38° (Fig. 4) towards lower angles, as a consequence
of the lattice expansion upon hydrogen absorption. The different
Pd concentrations of the samples had quite a strong influence on
the loading conditions. In order to load the samples with different
Pd contents to the same hydrogen-to-metal (H/M) ratio (producing
the same X-ray shifts), the loading conditions were varied between
the samples by setting the hydriding temperature between 240
and 270°C, the loading times between 500 and 2000 min and the
pressure constant at 4.5 MPa. These values were predefined by a
series of trial loading experiments. An example is shown in Fig. 4,
where the hydrogen absorption in the sample with the largest Pd
content (Pd-7) was fixed at various values using different temper-
atures (room temperature, 150, 200, 250 and 300°C) at a pressure
of 4.5MPa and loading time of 1000 min. It is clear that the shift
of the X-ray peak at 260~ 38° towards lower angles continuously
increases with increasing temperature, showing that (i) hydrogen
is stored in the bulk of the material and (ii) higher loading tem-
peratures result in a higher hydrogen absorption rate. Hydrogen
loading at 300°C resulted in a partial crystallization of the mate-
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Fig. 5. Temperature-dependent hydrogen-diffusion constant D in the
Zrs0Cugg_xAl1oPdy (x>0) samples (only the representative data of the Pd-1,
Pd-2 and Pd-3 samples are shown). Solid line is the fit with D=Dg exp(—Eq/ksT)
using the average activation energy of all samples E, = 576 meV.

rial (the amorphous X-ray pattern has disappeared and a set of
discrete diffraction lines has appeared in the 300°C spectrum in
Fig. 4), which limited the highest loading temperature to 270°C.
Estimated from the final X-ray shifts, our ZrsgCugg _ xAl;gPdx sam-
ples with different Pd contents were all loaded to a very similar
value HIM~0.2.

The hydrogen-diffusion constant was determined from the
diffusion-induced attenuation of the '"H NMR spin-echo in a static
fringe field (SFF) of a superconducting magnet [25]. The SFF method
takes advantage of the ultra-high magnetic field gradients (typi-
cally up to 80 T/m) of the highly stable static fringe field of an NMR
superconducting magnet, extending the sensitivity to molecular
diffusion down to the extremely low values D> 10-11 cm?2/s. The
SFF diffusion experiments were in the past successfully applied
to determine the temperature-dependent diffusion constant of
the icosahedral and amorphous Zrgg 5Cu1;Niq1 Al 5 alloys [26-28].
The SFF experiments on the ZrsoCuyg_ xAl;gPdx BGAs were con-
ducted in a superconducting magnet with a center field of 9.39T.
The probe head was fine-positioned at one edge of the supercon-
ducting coil, where the proton resonance frequency amounted to
V('H)=200 MHz and the gradient was g=68T/m. The stimulated
spin-echo pulse sequence was used. Other experimental details and
the data analysis are identical to those described in the preceding
papers [26-28].

The hydrogen-diffusion constant in the ZrsgCuygg_xAljgPdx
(x>0) samples was determined in the temperature interval
between 380 and 420K (Fig. 5), where the D values are within the
range between 7 x 10719 and 8 x 10~2 cm?/s. The D(T) data points
fall on straight lines in the log D versus 1/T plot, indicating a simple
classical (Arrhenius) over-barrier-hopping hydrogen diffusion with
D=Dgexp(—Eq/kgT), where E, is the activation energy. The D(T) data
of all the samples fall on the same line within an experimental preci-
sion of ~10% (in Fig. 5, only the representative data of the Pd-1, Pd-2
and Pd-3 samples are shown), so that no correlation of the diffusion
constant to the Pd content of the samples can be claimed. The anal-
ysis yielded an average activation energy for all the samples of E; =

576 + 15 meV and a diffusion prefactor Dy =3.6 + 1.5 x 102 cm?/s.
Compared to the activation energies of the previously investigated
icosahedral and amorphous Zrgg 5Cuq3Niq1Aly 5 alloys [26-28], the
Eq value of ZrsgCugg _ xAl1oPdyx BGAs is about 20% higher, which very
likely originates from their different chemical compositions. The
substantial hydrogen-diffusion constant in the ZrsqoCugqg _ xAl1gPdx
BGAs shows that hydrogen is not chemically bound to the metal
atoms, but moves relatively freely through the amorphous struc-
ture.

7. Summary and conclusions

The Zr59CuyAlyg BGA exhibits a high glass-forming ability and
superior mechanical properties. The addition of a small amount
of Pd has a beneficial effect on the fatigue-strength enhancement,
where the composition ZrsgCus; Al gPd3 behaves in a resonant-like
way by showing the highest fatigue limit of 1050 MPa, the mini-
mum Vickers hardness and the largest volume change of about 0.5%
from the as-cast state to the fully relaxed state. In order to deter-
mine the physical properties of this technologically important BGA
material, we studied the magnetic properties, the specific heat, the
electrical resistivity and the hydrogen-diffusion constant in a series
of compositions ZrsgCuyg _ xAl1oPdx (x=0-7 at.%). The results can be
summarized as follows.

(1) The ZrsgCugg_xAljoPdx BGAs are nonmagnetic conducting
alloys, where the Pauli spin susceptibility of the conduction
electrons is the only source of paramagnetism. No system-
atic correlation between the magnitude of the magnetization
or susceptibility to the Pd content of the samples could be
observed.

(2) The low-temperature specific heat indicates an enhancement
of the electronic specific heat coefficient y at tempera-
tures below 5K, compatible with the enhancement of the
conduction-electron effective mass m” due to electron—electron
interactions. This suggests that the ZrsgCuyg _ xAl1oPdx BGAs are
not free-electron-like compounds. No systematic correlation of
the specific heat coefficients to the Pd content of the samples
can be claimed within the experimental precision.

(3) The electrical resistivities of the ZrsgCugg_xAljgPdx BGAs at
room temperature amount to about 200 w€2cm and show a
small NTC with the increase from 300 to 2K of 4%. The resis-
tivities of all the samples can be considered as the same
within the experimental precision, and there exists no cor-
relation between the resistivity values and the Pd content of
the samples. The non-metallic NTC resistivity of the metallic
Zrs50Cuyg _ xAl1oPdx BGAs very likely originates from the non-
ballistic propagation of the charge carriers due to their short
mean-free-path between the scattering events in the amor-
phous structure.

(4) Since the introduction of hydrogen into the ZrsqCuyg _ xAl1oPdx
BGAs has an advantageous influence on their fatigue prop-
erties, we have performed measurements of the hydrogen
self-diffusion constant D using 'H NMR spectroscopy. Within
the temperature interval 380-420K, the D values are between
7 x 10710 and 8 x 1072 cm?2/s and show a classical (Arrhenius)
over-barrier-hopping temperature dependence. No correlation
between the diffusion constant and the Pd content of the sam-
ples could be observed within the experimental precision. The
average hopping activation energy of all the samples amounts
to E; = 576 &= 15 meV. The hydrogen-diffusion constant of the
Zr59Cuyg _ xAl1gPdy BGAs is of comparable magnitude to that
of the related icosahedral and amorphous Zrgg5Cui3Nij1Al75
alloys.



M. Wencka et al. / Journal of Alloys and Compounds 504 (2010) 16-21 21

(5) The resonant character of the mechanical properties of the
particular composition ZrsgCus;Al1oPds is not reflected in
the investigated physical properties of the ZrsgCugg_ xAl1gPdx
(x=0-7 at.%) series, which do not depend on the Pd content
within the experimental precision.
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