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Mixing effects in a ternary Hf-Zr-Ni metallic melt
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We study the effect of the substitution of Zr by Hf on the dynamical behavior in the Zr3;¢Nigs melt. A reduced
measured self-diffusion coefficient and a higher measured melt viscosity for an increased amount of Hf were
observed. The ternary Hf ;gZr,5Nigs melt, which exhibits a pronounced deviation from Arrhenius behavior over a
studied temperature range of 550 K, can be accurately described by the scaling law of mode-coupling theory (MCT)
with almost equal parameters for the self-diffusion and the viscosity. Although we only substitute alloy components
with a nearly equal atomic size and the measured overall packing fraction remains almost unchanged, the dynamics
in Hf9Zr,5Nigs are slower compared to ZrssNigs. This corresponds also to a higher critical temperature 7, and

might be induced by different chemical interactions in the melts. The increased 7, results in a significantly smaller
difference between liquidus and critical temperature AT;c = T, — T, for the ternary melt in comparison with
Zr36Nigq, which may favor the glass formation in the Hf 1pZr,5Nigs melt.
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I. INTRODUCTION

Glass-forming metallic liquids are from both technological
and scientific points of view attractive for materials science
[1]. In order to investigate and understand glass formation
on the atomic scale during solidification from the liquid, the
interplay between packing fraction, chemical order and atomic
dynamics in metallic melts is of fundamental interest [2—7].
An increased packing fraction, which is usually calculated
by assuming an ideal hard-sphere mixture with covalent radii
as the relevant atomic size, is able to explain, for instance,
the more sluggish diffusion in binary Zr-Cu melts towards
Cu-rich compositions [8] as well as in Ni-Nb and Ni-Nb-Sn
melts towards lower temperatures [9]. In contrast, in Zr-Co-Al
and Zr-Ni-Al metallic melts, the dynamical behavior cannot
be explained in terms of such a packing fraction argument.
Specifically, the addition of Al slows down the transition
metal self-diffusion, while actually resulting in a smaller
packing fraction compared to that of the corresponding binary
melts Zr-Co and Zr-Ni [10]. Apparently, in the case of Al
addition, chemical interactions between larger Al atoms and
the transition metals strongly influence the atomic dynamics in
addition to the impact of the packing fraction. Since all atomic
species in Zr-Co-Al and Zr-Ni-Al have a different atomic size,
a systematic understanding of the influence of the chemical
order becomes much more complicated.

For this reason, we recently investigated the binary melts
Zr36Nigq and Hf 35Nigs, which exhibit a nearly identical pack-
ing fraction [11]. The local chemical order in these melts
is, however, considerably different, resulting in a markedly
different dynamical behavior as probed by quasielastic neu-
tron scattering (QENS). Specifically, we found the activation
energy for self-diffusion to be almost twice as large for the
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Hf35Nigs melt as for Zr3sNigs, which could be explained
by a smaller interatomic distance between Hf-Hf pairs in
comparison to Zr-Zr pairs in these alloy melts [11]. We thus
interpreted this effect as a locally denser packing of Hf atoms
in Hf 35Nigs compared to Zr atoms in Zr36Nig4, keeping in mind
that the atomic sizes of Zr and Hf should be nearly identical in
their pure elemental states [12].

This leads to the question as to what extent the dynamical
behavior of the melt is influenced by alloying effects if the
overall packing fraction remains constant. This question is
particulary relevant for metallic glass formation, as the glass-
forming ability (GFA) seems to be generally enhanced by an
increased number of different atomic components [2,13].

To study this effect in detail, we have chosen the two
binary metallic melts, Zr3sNigs and Hf35Nigs, gradually sub-
stituted the early transition metal component Zr with Hf,
and investigated both the atomic dynamics of the resulting
ternary Hf¢gZrpsNigs melt by measuring the self-diffusion
coefficients using QENS and the macroscopic collective dy-
namics through measurements of the melt viscosity. The binary
systems Hf35Nigs and ZrsNigs show a dynamical decoupling
of self-diffusion coefficients in that the smaller Ni atoms
diffuse faster through the melt as compared to larger Hf
or Zr atoms. Here, the resulting question is whether such
a dynamical decoupling can also be identified in ternary
Hf ;0Zr,sNigs melts and, if so, to what extent it is comparable to
that observed in the binary systems. The decoupling between
larger and smaller atomic components is, for example, much
more pronounced for the multicomponent bulk glass-forming
alloy ZI‘46'75Ti8'25CU7.5Ni10B627'5 in comparison to the binary
systems Hf35Nigs and Zr3gNigq [11,14-16].

The advantage of investigating binary/ternary Hf-/Zr-Ni
melts is that we are able to analyze the impact of addition
of alloy components on the dynamical behavior at nearly
constant packing fraction, consequently reducing the number
of different physical parameters under consideration. To do
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so, we substitute only small amounts of melt components with
nearly an identical atomic size but having different chemical
interactions with the smaller Ni atoms, as evidenced by the
different chemical short-range order (CSRO) present in the
constituent binary systems [11]. This is an important aspect,
as the systematic study of atomic dynamics in multicomponent
melts is complicated due to a large number of different atomic
interactions as well as different packing fractions between
various glass-forming systems.

In the following, we compare the self-diffusion coefficients
D and the melt viscosities 1 for liquid Hf ;oZr,5Nigs with those
in the binary Hf35Nigs and Zr3sNigs melts. We then study
the relation between collective and microscopic dynamics, as
described by self-diffusion coefficients, for the ternary melt in
a temperature range of some 500 K in detail. This connection
is viewed in the framework of mode-coupling theory (MCT),
which predicts a common scaling law [(T — T,)/T.]” for D
and n~! with an identical exponent y when approaching the
critical temperature 7, since both properties are based on the
same process in MCT [17]. In addition, identical exponents
y, respectively, a constant product D -n as a function of
temperature implies the nonvalidity of the Stokes-Einstein
(SE) relation [18], which has been previously experimentally
verified for ZI‘64Ni36 [19] and ZI'46.5Ti1342Cu7_5Ni10B627_5 [20]

II. EXPERIMENTAL DETAILS

We measured the self-diffusion coefficients for liquid
Hf 10ZrysNigs over a temperature range of 550 K using QENS
at the time-of-flight spectrometer TOFTOF at the research
neutron source Heinz Meier-Leibniz (FRM II) [21,22]. An in-
coming neutron wavelengthof A; = 5.1 A anda chopper speed
of 12 000 rpm result in an instrumental energy resolution of

roughly 100 eV and an accessible g range of 0.25-2.25 10\_]
atzero energy transfer. Due to the large absorption cross section
of Hf (295 barn at 5.1 A incident neutron wavelength A;) [23]
and the high reactivity of Zr- and Hf-based melts, all samples
were measured using the containerless processing techniques
of electrostatic levitation (ESL) [24] and electromagnetic
levitation (EML) [25]. The measurements at high temperatures
around 1600 up to 1900 K were performed using EML,
because the He atmosphere in the sample chamber reduces
the effect of evaporation of sample material. The temperature
range below 1600 K was investigated using ESL, since the
undercoolability of the samples is enhanced due to processing
under high vacuum conditions (pressure<10~% mbar) [24].
Since the relative mass loss during the measurement due to
evaporation is smaller than 0.7% (EML), respectively, smaller
than 0.1% (ESL), the composition change is <1% and hence
effects on the atomic dynamics can be neglected. Due to the
lack of a sample container, a high signal-to-background ratio
for both techniques is achieved, with a slightly higher ratio
for ESL compared to EML. Thus, we are able to perform
high-quality measurements even on the strongly absorbing
Hf-based samples. The sample sizes were roughly 4 mm (ESL)
and 6 mm (EML) in diameter, and the sample temperature
was measured using a one-color pyrometer with an absolute
accuracy of 10K [24]. The ESL measurements at 1355, 1400,
1470, and 1550 K represent investigations of the stable as well

as the undercooled liquid state, with a liquidus temperature
T; = 1404 K. For the EML measurements at 1590, 1675, 1750,
and 1905 K a different wavelength of A; = 7.0 Aand chopper
speed of 6000 rpm was used, which results in an instrumental
energy resolution of roughly 75 eV and an accessible g

range of 0.3-1.8 Ail. The data were treated by subtracting the
background from the empty levitation chamber, normalizing
to a vanadium standard and correcting for the sample self-
absorption. Detailed descriptions of the experimental setup and
the data treatment procedure can be found in Refs. [26] and
[27], respectively. As a result, we obtain the dynamic structure
factor S(gq,w) and the corresponding intermediate scattering
function S(q,t) via Fourier transformation.

The incoherent scattering cross section oy, of Ni and Hf is
5.2 and 2.6 barn, respectively, resulting in a total incoherent
scattering signal from Hf35Nigs that is dominated by contri-
butions from Ni of ~80%. Thus, we determined an average
value of the self-diffusion coefficient of Ni and Hf, weighted
predominantly by the Ni contribution [11]. Since 027 = 0.02
barn [23], the incoherent scattering contribution from Zr can
generally be neglected. The measured self-diffusion coefficient
of Hf |¢Zr,5Nigs is therefore dominated by 293% Ni contribu-
tions.

The melt viscosities for Hf 35Nigs and Hf 1(Zr,5sNigs were
measured using the oscillating drop technique in ESL. A
detailed description of the experimental method in order to
calculate the viscosity can be found in Ref. [28]. Density
measurements of the Hf ;yZr,5Nigs melt were also carried out
using ESL as described in Ref. [29] to determine the packing
fraction.

III. RESULTS

The normalized intermediate scattering functions
S(q,t)/S(gq,t =0) for HfpZrysNigs are shown in Fig. 1
at T = 1550 K for different g values (upper panel) and for

q =125 A at eight different temperatures (lower panel).
As shown in the figure, the combination of QENS and the
containerless processing technique leads to high data quality
and small statistical errors in the measured intermediate
scattering functions. The S(g,7) can be accurately described,
as demonstrated in the past for many different glass-forming
metallic melts [30-33], by the phenomenological Kohlrausch-
Williams-Watts, or stretched exponential, function [34,35]

S(q.1) = foexpi—It/{z)1%s}. ey

In this equation, f; is the Debye-Waller factor, (tg) is the
mean relaxation time, and B, is the stretching exponent. In
order to determine the stretching exponent 8, and analyze
the temperature-dependent line shape of S(gq,r), we used
the time-temperature scaling [36]. For this purpose, we
determined at first f; and (rq) by fitting the intermediate
scattering functions S(g,?) in Fig. 1 with a fixed parameter
Bq in equation (1). Then, we calculated the master curve by
rescaling ¢ and S(g,t) with the relaxation time (ry) and the
amplitude f; obtained in the first fitting at each respective
temperature. We are thus able to analyze the decay of S(g,7) in
anormalized 7 range of more than two orders of magnitude. By
fitting the master curve with 8 as a free parameter in equation
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FIG. 1. Upper panel: Normalized intermediate scattering func-
tions for Hf 1Zr»sNigs at 1550 K and ¢ =0.85 A ', ¢ = 1.05 A",
andg = 1.25 A" The solid lines represent the stretched exponential
fit by formula (1). Lower panel: Normalized intermediate scattering
function at 1355, 1400, 1470, 1550, 1590, 1675, 1750, and 1905 K
forg = 1.25 A

(1), we obtained a stretching exponent of 84 ~ 0.85. Repeating
this procedure in an interative manner using 8, = 0.85 as a
fixed parameter in the fits of S(q,¢) and calculating and fitting
the master curve again, results in no further significant change
of B4. The result is shown in Fig. 2. As illustrated in the figure,
no systematic temperature dependence for 8, can be found,
since all temperatures can be well described by using a constant
stretching exponent ,B_q = 0.85 in equation (1) even at the
highest measured temperature. The measured S(g,#) in Fig. 1
can be described accurately with ﬂ_q = 0.85 in the relevant g

range between g = 0.85 A_l andg = 1.25 10\_1 as well.

This g range is dominated by incoherent scattering and
hence, ﬂ_q = 0.85 is then further used for determining the
relaxation time (74) and the self-diffusion coefficient D. The
inverse relaxation time 1/(z,) is plotted as a function of g>
in Fig. 3. The self-diffusion coefficients were determined by
a linear fit using the relation D = 1/((zq)¢?) between ¢* =

0.56 A and ¢> = 1.69 A~ and also containing the origin
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FIG. 2. Time-temperature scaling (master curve)atg = 1.05 A
for Hf |¢Zr,5Nigs. S(g,t) and the time ¢ have been normalized by the
calculated f;, respectively, (z4) from the fit with equation (1).

(0,0), since the aforementioned relation is only valid in the
hydrodynamic limit g — 0 [37].

The determined self-diffusion coefficients represent a mean
value from the analysis in both time and energy transfer do-
mains, i.e., the self-diffusion coefficients have been determined
by analyzing the intermediate scattering functions S(q,?) as
well as the dynamic structure factor S(gq,w) (see Refs. [11,38]
for details), in order to reduce the impact of systematic errors
in the analysis procedure. The mean relaxation time in the
energy transfer domain was determined by a numerical Fourier
transformation of Eq. (1). The self-diffusion coefficients for
Hf35Ni65, Hf35 60Ni65 [1 1], ZI'36Ni64 [39], and Hf102r25Ni65
are shown in Fig. 4(a). The results for Hf |gZr,sNigs are also
compiled in Table 1.
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FIG. 3. Inverse structural relaxation time for HfyZr,sNigs at
1355, 1400, 1470, 1550, 1590, 1675, 1750, and 1905 K. The linear
fit (solid lines) has been performed using (0,0) and values between

@ =056A "andg> = 1.69 A",
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FIG. 4. (a) Self-diffusion coefficients for Hf 35Nigs [11], Zr3gNigy
[39], and Hf ;gZr,sNigs measured by QENS. The black dashed-dotted
lines represent the Arrhenius fit and the blue dashed lines the scaling
law fit of MCT. (b) Measured viscosity for Zr3sNigs [28], Hf 35Nigs,
and HfyZry;sNigs by using the oscillating drop technique in an
electrostatic levitator. The black dashed-dotted line represents the
Arrhenius fit and the blue lines the scaling law fit of MCT. (c) Packing
fraction for Zr36Ni64 [40], Hf35 Ni65 [1 1], and Hfl()Zrzs Ni65. The blue
vertical line reflects the experimental error of the measurement.

The values for the self-diffusion coefficients of
Hf |gZr,5Nigs are slightly smaller compared to Zr3gNigs. Both
alloys exhibit an identical activation energy for self-diffusion
at higher temperatures (E;If“’Zr25Nl65 = (0.76 = 0.03) eV and
E%‘“Ni“ = (0.76 £ 0.11) eV), which has been determined by
using an Arrhenius fit D(T') = Doexp[—E 4 /(kgT)] [see black
dashed-dotted lines in Fig. 4 (a)]. In this formula Dy is the
diffusivity at infinite temperature, kg the Boltzmann constant,
and E, the activation energy. The calculated diffusivities at
infinite temperatures are Dgr“’Nif"‘ =B+2)x 1077 m?/s

TABLE 1. Measured self-diffusion coefficients for Hf |¢Zr,sNigs.

T (K) D (107 m?s7!)
135545 0.3340.04
1400 & 5 0.44 4 0.05
1470 £ 5 0.74 £ 0.09
1550+ 5 0.97 £ 0.10
1590 + 5 1.17 £0.08
1675+ 5 1.56 £ 0.05
1750+ 5 1.87 £0.06
1905 + 5 2.73+0.33

[39] and D{M#sNs — (27 41.3) x 1077 m?/s. For
Hf¢ZrsNigs, a deviation from Arrhenius behavior can
be observed below ~1450 K, i.e., about 50 K above the
liquidus temperature (7, = 1404 K). Thus, we have only
used the measurements above 1450 K for the Arrhenius
fit. The atomic dynamics of HfssNigs, in contrast, are
considerably different, as the self-diffusion is lower
and the activation energy almost twice as large as for
Hf 10Zr5Nigs and Zr3sNigq [EFN = (1.31 £ 0.06) eV and
DEsNs = (1.240.2) x 1075 m?/s]. Around 1680 K the
self-diffusion coefficients for Hf ;yZr,5Nigs and Hf35Nigs are
roughly equal.

In the entire investigated temperature range the atomic
dynamics for Hf ;gZrysNigs are in line with the scaling law
of MCT [5]

D(T) « (T = T)/T.T, @

with a critical temperature T, = (1165 £ 33) K and the ex-
ponent y = (1.6 £0.2) [see blue dashed line in Fig. 4(a)].
For binary Zr3¢Nig4, the dynamical behavior can be described
by the Arrhenius equation (black dashed-dotted line) as well
as by the MCT scaling law (blue dashed line) within the
experimental errors. In the scaling law fit for Zr3¢Nigq we used
T, = 1000 K from MD simulations [41] as a fixed parameter,
since self-diffusion coefficients from QENS measurements and
MD simulations are roughly equal [41] and the investigated
temperature range of 300 K with only four measured self-
diffusion coefficients is too small to perform an adequate fit
with T, and y as free fit parameters. There is no clear deviation
from Arrhenius behavior as for Hf |gZr,5Nigs, not even at the
liquidus temperature. This might be explained by the fact that
the Arrhenius equation is an approximation of the MCT scaling
law at high temperatures (T > T.) [5]. Since the investigated
temperature range for Hf3sNigs of 175 K is even smaller
compared to Zr3gNigs and we are also not aware of a literature
value for 7., we have only performed an Arrhenius fit for this
alloy, which describes accurately the measured self-diffusion
coefficients (black dashed-dotted line).

In order to study the effect of partial substitution of Zr by
Hf and, thus, of different atomic interactions not only on the
microscopic but also on the collective dynamics, the measured
viscosities for ZrsgNigs [28], Hf35Nigs, and Hf ;gZr,5Nigs are
shown in Fig. 4(b). Towards lower temperatures the viscosity
at constant temperature seems to increase with an increasing
Hf concentration. While the viscosity of Hf ;oZr,sNigs below
1500 K is slightly higher compared to Zr3Nig4, the viscosities
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FIG. 5. (a) D - n for HfpZr,5sNigs as a function of temperature.
The red dashed-dotted line is the calculated mean value. (b) Hydro-
dynamic radius anyg derived from the Stokes-Einstein relation. The
red dashed-dotted line is the mean value.

of the two compositions are roughly equal at higher temper-
atures. The melt viscosities of Hf35Nigs follow an Arrhenius
behavior with a calculated activation energy of E5 = (1.00 +
0.04) eV [black dashed-dotted line in Fig. 4(b)]. The collective
dynamics for Zr3sNigy can be described by the MCT scaling
law [blue dashed line in panel (b)] similar to the self-diffusion,
albeit with a negative value of y. The critical temperature has
been fixed to 7, = 1000 K in the fitting procedure as well,
due to the small investigated temperature range and the larger
experimental error compared to measured self-diffusion coef-
ficients. The calculated exponent y, = 1.95 £ 0.10 is nearly
equal in comparison to self-diffusion (yp = 1.97 £ 0.22). The
measured viscosities for Hf |gZrysNigs follow a MCT scaling
law similar to the self-diffusion coefficients (blue dashed line).
The fit of measured viscosities using the critical temperature
from self-diffusion (7, = 1165 K) as a fixed parameter yields
aroughly equal exponent for the viscosity (y,, = 1.77 & 0.03)
compared to the self-diffusion (yp = 1.6 £ 0.2).

The packing fractions in Fig. 4(c), which have been derived
from macroscopic density measurements, are nearly identical
at same temperatures for binary/ternary Hf-/Zr-Ni melts. The
systematic error of the calculated packing fractions between
different measurements of ~1% (indicated as the blue vertical
line) can be derived from the experimental error of the density
measurements due to the limited camera resolution. The
relative error of the measured density in a single measurement,
however, is much smaller compared to the systematic error (see
Ref. [42] for details).

As raised in the introduction, the investigation of the
connection between self-diffusion and viscosity is of essential
interest concerning predictions of MCT. For this purpose, the

product D - n has been calculated and is shown in Fig. 5(a) as
a function of temperature.

For determing D - n, the measured viscosity at a given
temperature [see Fig. 4(b)] was multiplied with the power
law fit of DHfwZrsNiss [blue dashed line in panel (a)], as the
error of the measured self-diffusion coefficients is smaller
compared to that of the measured viscosities. The mean
value is D -1 = (1.98+0.16) x 10~'" J/m over the tem-
perature range from 1383 to 1854 K [red dashed-dotted
line in Fig. 5(a)]. In order to investigate the nonvalidity of
the SE relation, the hydrodynamic radius apyq,, Which has
been calculated by using the SE relation [18], is shown in
Fig. 5(b).

IV. DISCUSSION

The substitution of Zr by Hf, which have nearly identical
atomic sizes but have been shown to exhibit different chemical
interactions with the smaller Ni atoms, leads to a reduced
self-diffusion and a higher viscosity of the melt, which cannot
be explained by packing fraction arguments, as the measured
packing fraction remains nearly identical at the same tem-
peratures over the investigated temperature range within the
experimental uncertainties for the binary and ternary melts
[see Fig. 4(c)]. Thus, the different dynamical behavior might
be explained by an increased number of Hf-Ni and a reduced
number of Zr-Ni interactions, highlighting the important role
of the CSRO in these binary and ternary glass-forming metallic
melts.

Due to the large temperature range over which the self-
diffusion coefficients for HfyZr,5Ni¢s were measured, we
can identify a distinct deviation from Arrhenius behavior
above the liquidus temperature. The liquidus temperature of
Hf¢ZrysNigs (T, = 1404 K) lies in between that of Zr3gNigy
(T, = 1343 K) and Hf35Nigs (71, = 1463 K), but in contrast to
the ternary melt, the binary systems can be well described by
the Arrhenius equation even around the liquidus temperature.
In the binary ZrgsNizs melt a deviation has been observed
more than 100 K below Ti. [40], while for multicomponent
bulk metallic glass formers, such as Vitl, Vit4, and Pd-Cu-
Ni-P, a deviation from Arrhenius behavior has been identi-
fied above the melting point [5,31], similar to Hf |gZr,sNigs.
Hence, an increased number of atomic components in the
melt seems to result in a higher critical temperature, which
leads to a deviation from Arrhenius behavior even above the
melting point, where the measured self-diffusion coefficients
are instead well described by the MCT scaling law. For
Hf 10ZrysNigs and Zr3Nigs, not only the self-diffusion but also
the measured viscosity is in line with the MCT scaling law,
using identical critical temperatures and similar exponents y
for the corresponding melt. The substitution of Zr by Hf results
in a higher T, for HfgZrysNigs (TH0Z2sNis — 1165 K) in
comparison to Zr3gNigs, for which MD simulations predict a
critical temperature of about 72Nies = 1000 K [41]. We can
therefore conclude that the substitution of only 10 at.% Zr by Hf
leads to an increased T, of about 165 K and consequently to a
decreased difference ATy c = Ty, — T, from ATLZC”"I\I“"1 =343

K to ATLI'ICf‘“ZQ-‘I\Ii65 = 239 K. Keeping in mind that a higher
reduced glass transition temperature 7;; = T,/7;. has been
positively correlated to the GFA [43-45], we have calculated
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a reduced critical temperature 7. = T./T;, while assuming,
in a first approximation, a linear relation between 7, and
T,. Following this, as a result of the substitution of Zr by
Hf, T, increases from T,2%Nist = (.75 to T HiZrsNiss — () 83.
The smaller AT} a"”N and larger THf0Z2sNies can thus
be correlated to slower atomic dynamics in HfyZr,sNigs
at lower temperatures compared to ZrzsNigs. The difference
between the corresponding self-diffusion coefficients of the
two alloys at a fixed temperature increases towards lower
temperatures [see Fig. 4(a)]. The same conclusion can be
drawn from the measured melt viscosity in Fig. 4(b), which
increases faster with decreasing temperature for the ternary
melt. This might underline the statement raised in the intro-
duction, that an increased number of atomic components in
Hf0ZrysNigs seems to enhance the GFA in comparison to
Zr36Nigq due to slower atomic and collective dynamics towards
lower temperatures. In the past lower diffusivities have been
related to the good GFA found in, e.g., some Zr-Cu com-
positions [46]. Further approaches to classify glass-forming
liquids use the enthalpy of mixing or the number of various
elements with different atomic sizes in the melt [47-49]. For
Hf |gZr,5Nigs, however, the sluggish dynamics are not caused
by increased atomic size differences, since for covalent radii
rHf ~ rZ [12] applies and for Goldschmidt radii r§! ~ r&"
[50], but because of an increased number of different chemical
interactions. The important role of chemical interactions in
metallic melts and the impact on dynamical and structural
features has been recently studied in terms of the addition of
Al to Zr-Ni/Co/Cu melts [10,51,52]. However, in contrast to
binary/ternary Hf-/Zr-Ni alloys, the packing fraction is not con-
stant upon the addition of Al, which thus prevents a conclusive
explanation.

To study the impact of component addition also on the
connection between different dynamical properties, in this case
the relation between microscopic and macroscopic dynamics,
we have calculated the product of self-diffusion and viscosity
D - n [see Fig. 5(a)]. Since both can be described by the MCT
scaling law using almost equal parameters, the product D - 1 is
therefore roughly constant. This is consistent with predictions
from MCT, which implies an identical critical exponent y in the
scalinglaw [(T — T,)/T.]" for the behavior of D and ' when
approaching T, [17]. For Hf ¢Zr,5Nigs, both the self-diffusion
and the viscosity can be described in the framework of MCT
even at high temperatures up to ~1700 K. Towards even higher
temperatures, however, the data point at 1854 K is slightly
smaller than the mean value of D - n = (1.98 £ 0.16) x 10~
J/m [red dashed-dotted line in Fig. 5(a)]. This might be
explained by both the larger error of the MCT predictions for
T > T. and data uncertainties in the viscosity measurements
at high temperatures due to the low viscosity (n < 10 mPa s
for T > 1700 K). Furthermore, the nearly constant product
D - n might indicate a nonvalidity of the Stokes-Einstein
(SE) relation [18]. For this purpose, we have calculated the
effective hydrodynamic radius yielding a mean value of @hyqr =

(0.36 £ 0.06) A, which is indeed too small for an atomic
radius in a dense metallic liquid. In addition to this, the almost
doubling of ayyg in a temperature range of approximately
500 Kis physically not reasonable [see Fig. 5(b)], lending more
experimental evidence to our findings that the SE relation is
not valid in Hf ;pZr,5Nigs. This conclusion is independent of

whether slip or stick conditions are used in the SE relation
[53]. As the experimental effort to perform viscosity and
self-diffusion measurements for metallic liquids in an adequate
temperature range with a sufficiently small experimental error
is very large, the nonvalidity of the SE relation has been only
demonstrated so far experimentally for the binary metallic
melt ZI'64Ni36 [19] and for ZI'46.5Ti13.2CU7,5N110B827.5 [20]
Recently, MD simulations have demonstrated a breakdown
of the SE relation for liquid Al-Cr [6] and Cu-Zr-Al [54] at
a respective specific temperature where this breakdown was
associated with a change from an Arrhenius to a non-Arrhenius
behavior. While for these alloys the breakdown of the SE
relation has been related to dynamical heterogeneities, other
studies, in contrast, seem to imply that there is no connection at
all [55,56]. For Hf 9Zr,sNigs a nonvalidity of the SE relation
has been observed over the entire temperature range, but a
change from an Arrhenius to a non-Arrhenius behavior around
1450 K. This finding underlines the fact that there is no
profound understanding of this connection for metallic melts
in general, since a distinct structural origin has yet to be
identified.

Concerning the comparison between these ternary and
binary systems, we will now discuss the origin of the signif-
icantly different dynamical behavior of Hf35Nigs compared
to Hf |0ZrysNigs and ZrssNigs. Recently, the larger activation
energy for Hf 35Nigs compared to Zr3sNigy has been explained
by a smaller interatomic distance between Hf-Hf nearest-
neighbor pairs in Hf3s5Nigs in comparison to Zr-Zr nearest-
neighbor pairs in ZrsgNigs. This has been interpreted as a
locally higher packing density of Hf atoms in Hf3sNigs [11].
Since the activation energy for Hf |gZr,5Nigs determined by
using the self-diffusion coefficients at 7' > 1450 K is equal
to ZrisNigs and not as large as for Hf35Nigs, it is reason-
able to conclude that the fraction of Hf-Hf nearest-neighbor
pairs in the ternary melt is too small to raise the activation
energy. The atomic dynamics are thus similar to Zr3sNigg
and show larger differences in comparison to Hf3sNigs. As
a consequence, our findings are in line with our previous
explanation concerning the different dynamical behavior due
to the distinct structural differences between Zr3gNigs and
Hf35Nigs [11].

In these two binary metallic melts dynamically decoupled
self-diffusion coefficients have been recently identified, i.e.,
the self-diffusion of larger Zr and Hf atoms is reduced in
comparison to the smaller Ni atoms. Although we were only
able to obtain information on the Ni-dominated self-diffusion
in Hf ;gZr,5Nigs (*93%), the observed average stretching ex-
ponent B = 0.85 implies heterogenous atomic dynamics. The
stretching of the exponential function can be explained by the
presence of different relaxation times due to faster and slower
atoms in the melt, which leads to a superposition of faster
and slower exponential decays in the intermediate scattering
function S(q,?). For ZrssNigs and Hf3sNigs, in contrast, the
measured S(q,?) can be described by a simple exponential
decay (8 = 1). Based on the pronounced stretching behavior
of the measured S(q,t) for Hf |gZr,5Nigs (E = 0.85), one thus
might conclude that the factor of decoupling in the ternary
melt is larger compared to the recently identified factor of
decoupling in Zr3sNigs (Dni/ Dz ~ 1.8) [16] and Hf35Nigs
(Dni/Dur ~ 2) [11].
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V. SUMMARY

The glass-formation process is controlled by many different
physical properties such as atomic size differences, packing
fractions, and competing chemical interactions. In order to
investigate the impact of these features on the dynamical
behavior, which in turn governs the glass-formation process,
we studied the ternary melt Hf yZr,sNigs through detailed
measurements of self-diffusion coefficients and viscosity.

Our results demonstrate that the measured self-diffusion co-
efficients and the viscosities for Hf ;yZr,5Nigs can be accurately
described through the MCT scaling law. Our analysis reveals a
higher critical temperature 7, for the ternary melt compared to
the binary alloy Zr3¢Nig4, even though we substitute only small
amounts of similar sized atomic components at nearly constant
measured packing fractions. Thus, we are able to disentangle
the influence of packing fraction and that of chemical interac-
tions on the dynamical behavior, which is important because
the effect of geometric packing induced by mixing different
sizes of atoms is also not trivial. In contrast to ZrsgNigs,
we observed a distinct deviation from Arrhenius behavior for
Hf 10ZrysNigs already below 1450 K. Hence, the atomic and
collective dynamics in Hf jgZr,5Nigs are slower compared to
binary ZrssNigq4, in particular at lower temperatures. This may
imply a higher GFA for the ternary melt, which might be
correlated to the smaller difference ATy c = Ty — T, or the
larger reduced critical temperature 7., = T,/ 11, in comparison
to Zr3¢Nigy.

One of the most important features is the stretched ex-
ponential behavior of the measured S(q,¢) for Hf 9Zr,sNigs,
which might imply an enlarged factor of decoupling in the
ternary melt compared to the binary systems Zr3sNigs and
Hf35Nigs. This finding highlights that the dynamical behavior
for Hf 9Zr»5Nigs is not simply a superposition of the dynamics
of the two binary parent alloys, but depends on the different
(additional) atomic interactions, since the activation energy
of the self-diffusion is very similar to that of ZrisNigy,
but the absolute value of self-diffusion for HfyZr,sNigs is
smaller compared to Zr3sNigs. In addition, the measured melt
viscosities show a similar behavior as the self-diffusion, since

the viscosities for Hf |gZr,sNigs exhibit a stronger increase at
lower temperatures in comparison to the binary melts, which
leads to the conclusion that there is also no superposition
of the viscosities of the binary parent alloys. The observed
differences cannot be explained by packing arguments, since
the measured packing fraction for binary and ternary Hf-/Zr-Ni
melts is nearly identical.

The origin for the overall more sluggish dynamics with an
increased amount of Hf might thus be mainly attributed to the
different chemical interactions in the melts, i.e., an increased
number of Hf-Ni and a reduced number of Zr-Ni interactions.
Moreover, additional Zr-Hf interactions in Hf gZr,5Nigs may
also influence the dynamical behavior even though the fraction
of Zr-Hf nearest-neighbor pairs should be very small due to
the low Zr and Hf concentrations. Since it is not possible
to experimentally determine partial structure factors for the
ternary alloy melt, additional MD simulations might help
analyzing structural influences on the dynamics.

As a general result, the self-diffusion coefficients are re-
duced and viscosities increase as a function of increasing Hf
content of the melt. The atomic dynamics for Hf gZr,5Nigs
are significantly different in comparison to Hf3s5Nigs, which
exhibits an activation energy of self-diffusion that is nearly
twice as large as for Zr3gNigs and Hf j9Zr;5Nigs. As indicated
in Ref. [11] this can be explained by a smaller interatomic
distance between Hf-Hf compared to Zr-Zr. The amount of Hf
atoms in the ternary melt, however, seems to be too low to
raise the activation energy of self-diffusion as for Hf35Nigs.
Further experimental studies are required in order to elucidate
composition dependence over a broader compositional range.
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