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Kinetics-dominated interdiffusion in metallic glass-forming liquids
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With a full set of experimentally obtained self- and interdiffusion coefficients, we are able to verify the relation
between different transport coefficients in binary glass-forming Zr-Ni liquids. Despite a thermodynamic strong
tendency of mixing, the interdiffusion is up to a factor of 2 slower than that predicted by the Darken equation.
With the help of mode-coupling theory calculations, we identify that this is due to a slow, dominating kinetic
contribution, arising from the dense packing of the melt, and the coupling of dynamics due to the strong Zr-Ni
affinity. As a consequence, the cross correlation is on the order of 0.5 or less, whose contribution cannot be
neglected, which seems to be a general feature of the glass-forming melts.
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I. INTRODUCTION

Diffusion is a transport process involving random motion
of atoms/molecules [1]. It is one of the key mechanisms
controlling a vast number of kinetic processes in liquids
and solids, and therefore a very vibrant research topic in
physics, chemistry, and material sciences [2,3]. In particular,
this includes for liquids: thermal and electric conductivity
of ionic melts, adhesion properties of polymers, as well as
nucleation and growth of crystalline phases in glass-forming
liquids, and hence the stability of the undercooled melt against
crystallization [4-8].

According to their driving force diffusion can be divided
into self- and chemical (inter-) diffusion. Self-diffusion de-
scribes the long range transport of a tagged particle, driven by
kinetics, and hence predominantly entropy. Chemical diffusion
is driven by the difference in chemical potentials, correspond-
ing to the decay of concentration gradients at large scales
[9]. It is obvious that self- and interdiffusion are intimately
connected, as both reflect to some extent the atomic mobility of
the system. The interdiffusion coefficient can be decomposed
into the product of a thermodynamic factor ¢ and a kinetic
coefficient L (Onsager coefficient). For binary systems, ap-
plying a very common empirical rule, the so called Darken
relation, the kinetic contribution can be expressed by a linear
combination of the two self-diffusion coefficients D4 and Dp:

pDarken _ 9oL = @(caDp + cgDa), (1)

nt

whereby c; are the concentrations of the respective elements A
and B [10]. It has been derived from solid diffusion in metals,
but is widely applied to liquids and solids/glasses of metallic,
ceramic, and molecular materials [6,7].

Despite its broad applications, the Darken relation remains
an empirical approximation which assumes ideal mixing be-
havior and no mixing-induced occurrence of free volume.
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Microscopically, the thermodynamic factor can be derived
from the concentration-concentration partial structure factor
at its hydrodynamic limit, while the kinetic coefficient can be
expressed by a time integral over an auto-correlation function
of the relative velocities of the species [11,12], given by

Diny = ¢[(caDp + cg Da) + Aql. ()

The additional contribution, not taken into account in the
Darken relation

Ad = each f [Aan(t) + Ass(t) — 28501, (3)
0

arises from dynamic cross correlations, where A,g(#) denotes
distinct velocity correlation functions [12]
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In crystalline solids, in many cases there are well understood
diffusion mechanisms [2], and the contribution of the cross
correlation A4 can be taken into account by assuming a vacancy
diffusion mechanism, introducing a correction term called
Manning factor S [13]

S = Din/l¢(caDp + cgDyp)]. Q)

In liquids, however, such vacancy diffusion mechanism is
absent due to the disordered nature. While S can be used
to quantify the deviation from Darken equation, its physical
meaning is unclear and can be only derived if experimental
data are available. Therefore, although interdiffusion is a
fundamental property, the mechanism in liquids which governs
this mass transport processes is still poorly understood. This is
also largely due to the lack of reliable experimental data, since
the measurement of diffusion coefficients using conventional
ex situ long-capillary (LC) methods is often hampered by
artifacts from convection, chemical reaction, and uncertainties
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in the diffusion times and length caused by melting and
solidification [14].

In situ diagnostics significantly improves the accuracy of the
diffusion measurements, which has been applied for optically
transparent melts, even in space missions [4,5]. For metallic
melts, in situ measurements have been realized only recently,
employing x-ray and neutron radiography [15-19]. Using ra-
diography and quasielastic neutron scattering (QNS), it is now
possible to measure diffusion coefficients in metallic liquids
precisely on an absolute scale [20]. So far, in sifu interdiffusion
studies focused mainly on Al-based liquid alloys, since they
provide an excellent x-ray radiographic contrast [15-19].
For metallic glass-forming liquids, experimental studies of
the interdiffusion coefficient has been performed, e.g., on
PdANiCuP alloys, using shear-cell technique and ex sifu analysis
[21]. However, a large part of these melts are multicomponent
alloys and often chemically reactive. Thus, systematic studies
are rare and have not been carried out in situ up to now.

Here we report results of in situ radiography measurements
on binary glass-forming Zr-Ni alloys of the compositions
ZrgsNisg and ZrsgNigy, in order to understand the contribution
of kinetics and thermodynamics to interdiffusion in dense
metallic melts. Unlike the Al-based alloys, glass-forming
metallic melts are usually characterized by: (1) a more dense
packing, (2) asymmetry in the atomic size of their constituents,
and (3) very often a large negative mixing enthalpy, hence a
large thermodynamic driving force of mixing [22].

The Zr-Ni system was chosen since the Ni self-diffusion
coefficients and the viscosity of binary ZrgyNizs melt are
similar compared to those of the Zr-based multicomponent
bulk metallic glass-forming (BMG) alloys. Hence, it can be
considered as a model system for studying the liquid dynamics
of these BMGs [23,24]. Zr and Ni self-diffusion coefficients
and partial structure factors in Zr-Ni alloys have been mea-
sured. Also computer simulation data as well as experimentally
determined partial structure factors are available [23-30]. This
allows a comprehensive comparison between experimental and
simulation results to understand the transport mechanism. Zr
and Ni exhibit a large negative enthalpy of mixing, indicating a
preferred formation of Zr-Ni pairs. A large ¢ is reported from
thermodynamic assessment [31]. However, we show that the
interdiffusion in these alloys is in fact dominated by a slow
kinetic contribution.

II. METHOD
A. Radiography

For the in situ radiography measurements in ZrgNisg
and Zr;sNigy alloys, diffusion couples with the composi-
tion of Zr66,7Ni33,3 — ng()Ni4() and ZI‘32Ni63 — ZI‘42Ni5g were
prepared, respectively. The compositions were chosen such
that while concentration differences are kept at a minimum,
sufficient radiography contrast is still obtained. This ensures
that in the data analysis a concentration independent diffusion
coefficient can be reasonably assumed. Moreover, the liquidus
temperatures of these compositions are similar. This minimizes
the influence of perturbations during melting of the alloys on
the diffusion process. Master ingots (~1 g) were prepared
for each composition by alloying of proper amounts of Zr
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FIG. 1. A neutron radiographic image of the long capillary fur-
nace setup with a diffusion couple taken at ANTARES at the FRM II.
G indicates the direction of the gravity.

(smart-element®, 99.97%) and Ni (Alfa Aesar®, 99.995%)
in a compact arc-melter (MAM-1, Edmund Biihler®) under a
Ti-gettered pure Ar atmosphere (99.9999%). Rods of 1.5 mm
in diameter and 12—15 mm in length were then prepared for the
diffusion experiments by suction casting the arc-melted liquid
alloy into a copper mold and checked to be homogeneous and
free of shrinkage holes.

To obtain sufficient contrast in the experiments neutron
radiography (NR) was used for Zr-rich samples and x-ray ra-
diography (XRR) for Ni-rich samples, respectively. The reason
is that in NR Ni exhibits a higher absorbance compared that
of Zr, while the opposite holds in XRR. The experiments were
carried out in a previously described long-capillary furnace
optimized for neutron radiography [15]. Figure 1 shows a
radiographic image of the furnace for illustration purposes. The
axial temperature gradient for a 25 mm long diffusion couple is
less than 2 K at the experimental temperatures, verified using a
dummy sample with the same assembly. In XRR experiments
the alumina capillary containing the sample was additionally
surrounded by a graphite tube, which further improves the
temperature homogeneity to be better than 1 K axially over
the entire sample length. The vacuum in the furnace was better
than 1 x 1073 mbar during the entire experiment.

NR experiments on ZreyNigy — Zree7Nisz3 diffusion
couples have been performed at 1423 K and 1503 K on the cold
neutron radiography station ANTARES (Advanced Neutron
Tomography And Radiography Experimental System) at
FRM 1II (Forschungs-Neutronenquelle Heinz Maier-Leibnitz).
XRR experiments on Zr3;Nigg — ZrspNisg diffusion couples
were performed at 1453 K, 1483 K, and 1503 K using the
x-ray setup described in Ref. [17]. The spatial resolution was
about 70 um per pixel for NR and 35 pum per pixel for XRR.
Radiographic images were taken at 10 s time intervals for NR
and 5 s time intervals for XRR, respectively. In an experiment
the diffusion couple is fully molten and then annealed at a
given target temperature. Typically the capillary was preheated
to temperatures slightly below the lowest solidus temperature
of the present compositions (ZregoNigg — Zree7Nizz3: 1273 K;
Zr3Nigg — ZrgpNisg 1333 K). From there the target diffusion
temperature was reached with a heating rate of about 50 K /min.
During melting the diffusion couple length decreased due to
complete filling of the capillary. This is assisted by pushing
of an Al,O3 rod against the sample surface using a spring
mechanism. This ensures that the whole sample surface is
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in contact with the Al,O3 capillary wall, which suppresses
Marangoni flow. Buoyancy convection is not detectable,
suppressed by stable density layering of the diffusion couple,
achieved by placing the less dense alloy on top of the denser
alloy.

From the grayscale in the recorded radiographic image, the
space and time dependent concentration profile c(z, ¢) can be
calculated using the Lambert-Beer’s law [32]. It is assumed
that the number density of the atoms in the sample and the
optical path length through the sample are constant along the
entire sample. These assumptions are reasonable considering
the sample density [24] and their relatively short length, as well
as a fairly small beam divergence. In NR the beam is almost
parallel. In XRR the source-sample distance (~450 mm) is
also much large compared to the sample length (max. 30 mm),
giving a divergence angle of about 1.9°.

The squared time dependent diffusion length /> = 4Dyt
can be obtained via a fit of an error function to the data

c(z,t) = are + & _Czerf<z _ZO)’ (6)

2 2 l

where z is the center of the diffusion couple, z is the position
along the sample axis, c; and ¢, are the initial composition at
either end of the diffusion couple, and Dy is the interdiffusion
coefficient. The function is a solution of Fick’s second law
of diffusion for an infinitely long, one-dimensional diffusion
couple [33].

B. Mode-coupling theory calculation

Model-coupling theory allows (MCT) prediction of dynam-
ics of dense liquids by solving the equation of motion provided
according to Zwanzig-Mori formalism for density correlation
function @, (1) = {p,(1)*0,)/5()

c'bq(z)+s2§<1>q(t)+/ M, (t —t)d,(t)dt' =0, (7)
0

where €2, corresponds to thermal velocities which govern the
short-time relaxation (phonon), and M,(¢) is the so-called
memory kernel which is a nonlinear functional of the density
correlation function [34]. Kinetic quantities like the self-
diffusion coefficient and the Onsager coefficient L can be
derived by the corresponding Green-Kubo integrals of the self-
and distinct velocity auto-correlation functions, respectively,
by solving the equation of motion using the (static) partial
structure factors S(g) that enter @, (¢) as input.

MCT predicts full arrest at a critical temperature 7,.. Around
and below T, additional relaxation modes become important
but are neglected by the theory. For this reason, MCT does not
predict the dynamics on an absolute scale without adjustable
parameters. But this is a systematic error that, above T,
affects all mass transport coefficients equally. Hence, inter-
and self-diffusion coefficients obtained in a single calculation
can be compared. The ratio between them is even comparable
to experimental results. More importantly however, we focus
here on the differences between results obtained using different
liquid structure factors, since MCT allows the prediction of
dynamics directly from the liquid structures. This allows
specific structural features in the melt to be associated to the
dynamics.
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FIG. 2. Derived concentration profile of (a) a Zr3;;Nigg — Zr4;Nisg
and (b) a Zree7Nisz 3 — ZregyNigg diffusion couple at different times
during the experiment. (c) Time evolution of the mean square
displacement measured on the Zr3;Nigg — Zr4; Nisg diffusion couple.
Red solid line: linear fit between 30 s and 230 s; black dashed
line: extrapolation of the fit. The error bar in (c) represents only the
uncertainty of the /> from the fitting procedure.

For this purpose MCT calculations have been performed on
two sets of different liquid partial structure factors: experimen-
tally determined partial structure factors of Zrg4Nisg, ZrsoNiso,
and Zr3sNigg alloy melts [30], and partial structure factors
of the corresponding binary hard-sphere (HS) like mixtures.
The structure factors of the HS mixtures are approximated
by the Percus-Yevick (PY) equation [9], with a size ratio of
Tlarge /Tsmall = 1.26 between the two components, in order to
mimic the size ratio between Zr (rz, = 1.45 A) and Ni (ry; =
1.15 A) atoms. Compared to the Zr-Ni melt, HS mixtures
exhibit ideal mixing behavior, which allows us to disentangle
the impact of the chemical short range order.

III. RESULTS

Figures 2(a) and 2(b) show the measured concentration
profiles together with the error function fits for NR and XRR,
respectively. Figure 2(c) shows the resulting time dependent
12 for the diffusion couple Zr3;Niggs — ZrypNisg measured
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with XRR, evaluated by averaging every two images. t = 0
is defined as the time when the sample length stopped to
change, usually an indication of complete melting. The target
temperature in the case of Fig. 2(c) was reached at about
t = =30 s. However, there are still a significant portion of
solid phase before the liquidus temperature is reached, and the
viscosity of the melt is relatively high. Thus, there is almost no
broadening from a step function that occurs before ¢+ = 20 s.
Between 30 s and 230 s, /% follows a linear time dependence
from which Dy, is obtained. If this would be analyzed ex sifu,
this would correspond to an average of 9—10 diffusion profiles
all at different diffusion times. In addition, the time during
melting can be excluded for evaluating the D;,¢, demonstrating
again the advantage of the in situ method. After 250 s, the
scattering in /> becomes larger, although its time dependence
still appears to follow overall the determined linear scaling.
The larger scattering is due to the reduction of the radiography
contrast with progressing diffusion.

For Zr3sNigs the interdiffusion coefficient measured by
XRRis3.940.7 x 107" m?s~! at 1453 K, 4.4 £ 1.0 x 107°
m2s~! at 1483 K, and 5.1 £ 1.0 x 1072 m2s~! at 1503 K,
respectively. For Zrg4Nisg the interdiffusion coefficient at 1503
K was measured to be 2.9 £ 0.9 x 107 m?s~!. For 1423 K
it decreases to 1.7 £0.5 x 107 m?s~!, which is an average
over three independent measurements. The uncertainty in Djy
amounts to about 20% in XRR and about 30% in NR due to
the larger statistical noise.

For Zr-Ni melts self-diffusion coefficients of both Zr and
Ni have been reported in the literature, determined experimen-
tally using either QNS (Ni) or radiotracer (Co,Zr) methods
[23,29,35]. In the radiotracer experiment the measurement on
the Co tracer is considered to represent the diffusion behavior
of Ni. These self-diffusion coefficients for both ZrgsNizg and
Zr36Nigy are shown in Fig. 3 together with the here determined
interdiffusion coefficients. Also diffusion coefficients obtained
from MD simulations and from MCT calculations at tempera-
tures where partial structure factors are measured are displayed
[28,29].

The interdiffusion coefficient in ZrgsNizg (mean value of
three data points) is a factor of 1.5 &£ 0.2 larger than the self-
diffusion coefficient of Ni at 1423 K. This factor increases
slightly to 1.9 & 0.6 at 1503 K. For Zr3sNig4 the ratios between
the interdiffusion and Ni self-diffusion coefficients is 4.4 &
0.3 at 1453 K and 4.8 £ 1.4 at 1503 K, respectively. This is
at first glance not surprising since Zr and Ni exhibit a large,
negative enthalpy of mixing, and thermodynamic driving force
contributes to the interdiffusion.

The interdiffusion coefficient obtained from MD simula-
tions performed on a model of liquid Zr-Ni alloys using an
embedded atom potential exhibit a similar trend: Interdiffu-
sion is faster than the self diffusion for both compositions
studied [29]. However, as visible in Fig. 3, quantitatively the
simulated interdiffusion coefficient for ZrgsNisg is up to a
factor two larger than the experimental values reported here.
For the Zr3¢Nigs melt the discrepancy between simulation and
experiment is of about 50%. It seems that the embedded atom
potential used is not precise enough to model interdiffusion
quantitatively, despite the fact that it has been optimized to
accurately reproduce Ni self diffusion in both ZresNize and
Zr36Nigs melts.
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FIG. 3. Temperature dependent self- and interdiffusion coeffi-
cients in ZrgyNizg (upper panel) and Zrs;sNigs melts. Interdiffusion
coefficients are measured with NR. Self-diffusion coefficients of
Ni/Co and Zr are determined by QNS and radiotracer techniques
[23,35]. Besides the experimental data also data from MD sim-
ulations and MCT calculations [28,29] are shown. Full symbols
represent experimental measured data, and open symbols represent
simulation/calculation.

It can be seen in Fig. 3 that the MCT calculations based
on the measured partial structure factors of the Zr-Ni melts
underestimate the transport coefficients on absolute scale.
However, compared to the experimental results, the relative
ratio between the self-diffusion coefficients of Zr and Ni is
well reproduced. Moreover, it can be seen that the Onsager
coefficient, i.e., the kinetic contribution, directly accessible
from the MCT calculation, is even smaller than the self-
diffusion coefficients for both alloys. This is not expected
according to the Darken equation, which will be discussed in
more details together with the composition dependence.

Figure 4 shows the obtained transport coefficients from
MCT calculation for three different compositions ZrsgNigq,
ZrsoNisg, and ZresNize at 1385 K, 1445 K, and 1375 K,
respectively, where (partial) structure factors were measured
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FIG. 4. Self-diffusion coefficient and Onsager coefficients cal-
culated by MCT using (upper panel) measured partial structure
factors of Zrs;sNigs, Zrs5oNisg, ZresNize melts and using (lower panel)
PY approximated partial structure factors of the corresponding HS
mixtures.

experimentally [30]. The corresponding calculations of the
binary HS mixtures were performed at a density close to
the density of the alloy at the liquidus temperature (0.90;).
Compared to the Zr-Ni MCT results, in the HS mixture,
Diarge / Dsman 1s closed to the ratio of experimental measured
self-diffusion values at the small atom (Ni) rich side, but does
not decrease to ~1 as that for the Zr-rich composition. This
can be understood by the preferred formation of Zr-Ni pairs
and hence the coupled diffusion towards the Zr-rich side of the
alloy system [30].

On the other hand, for both Zr-Ni melts and HS mixtures,
the Onsager coefficient is considerably smaller. In the Zr-Ni
melts, the calculated Ni self-diffusion coefficient is almost an
order of magnitude faster compared to the calculated Onsager
coefficient for ZrigNigs, Which decreases to a factor of 5
for ZresNize. For the binary HS mixtures studied, the ratio
between the self-diffusion coefficient of the small spheres and
the Onsager coefficient is almost composition independent,
which remains at about a factor of 10.

IV. DISCUSSION

Figure 5(a) compares the experimental measured self- and
interdiffusion coefficients with the interdiffusion coefficient
predicted by the Darken equation DD¥*" using a thermody-
namic factor derived from Ghosh’s thermodynamic assessment
of the alloys [31]. For both Zr-Ni liquids reported here, the
Darken relation overestimates the interdiffusion coefficient.
The deviation increases with increasing Zr content, on the
Zr-rich side even by more than a factor of 2.

This is qualitatively in agreement with the small kinetic con-
tribution observed in the MCT calculation, viewed at best by
calculating the cross-correlation term S, as shown in Fig. 5(c).
From the measured self- and interdiffusion coefficient, the
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FIG. 5. (a) Composition dependence of the self- and interdiffu-
sion coefficients in the binary Zr-Ni melts at 1503 K (closed symbols)
[23,35]. The open triangles represent values expected by the Darken
equation. (b) Thermodynamic factor ¢ from Ghosh’s thermodynamic
assessment [31]. (c) Cross-correlation S derived from experimental
data and from MCT calculations; both show that the Darken equation
overestimates the D;,, using the measured self-diffusion coefficients.

cross-correlation term can be derived according to Eq. (5). For
the diffusion coefficients obtained in MCT calculation, S can
be directly obtained by L/(cz: Dni + cniDz:), independent of
the thermodynamic factor ¢. If one consider that D, = ¢L,
and S represents solely the deviation of the kinetic contribution
from the linear combination of the self-diffusion coefficients.
It can be seen that both the experimental data and the MCT
calculation give S < 1, which confirms that Darken equation
overestimates the interdiffusion coefficient. The experimental
obtained S at 1503 K is about 0.33 &= 0.08 for ZrgsNisze and
0.65 £ 0.15 for Zr3Nigq, respectively. In the MCT calculation
not only for Zr-Ni melts, but also for HS-like mixture where
chemical short-range order (CSRO) is negligible the S is on
the order of 0.1.

Thus, all these results show consistently that the Darken
equation overestimates the interdiffusion coefficient. We
would like to emphasize that the S obtained can be only
compared on a qualitative level. On the one hand, the error
given in the S derived from experimentally measured diffusion
coefficient represents only the uncertainty of the diffusion data.
The uncertainty of the thermodynamic factor is not known. It
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is also not necessarily small considering that ¢ is a second
derivative of the thermodynamic functions, and the fact that
due to the high chemical reactivity of the Zr-Ni alloys thermo-
physical data are rare [31]. On the other hand, systematic errors
are present in the S obtained from MCT calculation, since the
temperature does not necessarily correspond to that at which
the self- and interdiffusion coefficient is measured, although
the temperature dependence of the ratio between the diffusion
coefficients is small. Nevertheless, despite the difference in
the absolute values of S, it is obvious that the kinetic contri-
bution dominates the interdiffusion coefficients and is slower
compared to that expected from the Darken equation.

Deviations from the Darken equation in crystalline mate-
rials usually indicate a nonideal mixing behavior. However, it
seems that in the investigated composition range large devia-
tions of the interdiffusion coefficient can be found even for the
HS like mixtures, which should show an ideal mixing behavior.
This indicates that the transport mechanism in the melt is
completely different compared to that in the crystalline solids.
The possibility to separately study the impact of geometric
packing and that of the CSRO in the MCT calculation allows
us now to reveal more details of the the underlying mechanism.
Obviously for the HS mixtures such deviation has to arise from
effects similar to steric hindrance, where the dense packing of
the melt plays an important role.

In addition, it is known that the interdiffusion is also lower
than expected by the Darken relation for melts like Al-Ni
or ionic liquids, which exhibit a strong affinity between the
components [11,12,18], and the diffusion species are strongly
coupled [5]. In these cases the kinetic term is also smaller than
the self diffusion coefficients, which can be understood by the
fact that microscopically the decay of the velocity correlation
of the unequal species Aap(?) is slower than that of the equal
ones Aaa (7) and Agg(?), resulting in a negative dynamic cross-
correlation contribution Ay [11,12], and S < 1. Therefore,
also CSRO and the formation of preferred heterogeneous pairs
contribute to the slow kinetics of the interdiffusion.

Metallic glass-forming alloys are typically densely packed,
and most of them also exhibit a pronounced CSRO [36].
Although the strong affinity between the alloy components
like that in Zr-Ni leads to large thermodynamic factor, it only
raises the interdiffusion coefficient to a scale similar to the
self-diffusion, due to a slow, dominating kinetic contribution
[16—19]. Thus, the composition and temperature dependent in-
terdiffusion behavior is much more complicated than expressed
by the Darken relation.

V. CONCLUSION

In summary, combining different radiography techniques,
we were able to determine accurately the interdiffusion coef-
ficient of the glass-forming Zr-Ni melts. With a full set of ex-
perimentally determined self- and interdiffusion coefficients,
we show that in the Zr-Ni alloy melts the interdiffusion is
dominated by a slow kinetic contribution, despite the large
thermodynamic driving force of mixing. Darken equation
overestimates the interdiffusion, indicating that the contribu-
tion of the dynamic cross correlations cannot be neglected.
Particularly, utilizing MCT calculation, and comparing to
a hard-sphere-like mixture, we are able to show that the
contribution of the cross correlation mainly arises from the
dense packing of the melt. This could be a general feature of
these metallic glass formers, where a sluggish interdiffusion
impedes crystal growth and facilitates glass formation.
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