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Abstract
In ternary alloy systems, the mass diffusion of one component can be influenced by interactions
with other constituents caused by their chemical concentration gradients. The diffusion
coefficients of the ternary system around its eutectic composition (Al69.1Ag18.1Cu12.8 [at%])
were measured in the liquid state. The ex-situ shear cell (SC) method combined with in-situ
neutron radiography (NR) measurements of diffusion couples processed in a long-capillary, as a
benchmark experiment, provides significantly enhanced accuracy compared to the long
capillary method with post-mortem analysis. Based on these measurements, it is shown that no
uphill diffusion occurs. This result is supported by the obtained diffusion matrix. The diffusion
coefficients obtained from the SC and NR experiments coincide within their margins of error of
10%. Complementary quasi-elastic neutron scattering measurements of self-diffusion show that
interdiffusion and self-diffusion agree in the eutectic Al–Ag–Cu melt, revealing the dominant
influence of kinetic contributions to interdiffusion.

Keywords: diffusion, ternary alloy, neutron scattering

1. Introduction

The mechanical and physical properties of materials are
determined by their microstructure formation. The first
important step is the solidification of the molten material.
A profound understanding of the processes at the solid–
liquid interface between different phases during solidifica-
tion, as well as detailed knowledge of the melt dynamics,
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are essential for modeling solidification and crystal growth
processes [1, 2].

In multicomponent materials, using a single diffusion
coefficient is generally not sufficient to describe crys-
tal growth; knowledge of multicomponent diffusion is
required [3]. In a ternary material, diffusion is character-
ized by three self-diffusion coefficients and a 2× 2 matrix for
chemical diffusion [4]. The diagonal elements of this mat-
rix give the main diffusion coefficients, and the off-diagonal
elements give the cross diffusion coefficients, which describe
the mass transport of one component caused by a concentra-
tion gradient of another component [5, 6]. Measurements of
chemical diffusion in an organic ternary liquid showed that
the off-diagonal elements can be of the same order as the diag-
onal ones [7]. Significant cross-diffusion coefficients are also
observed in solid alloys [8–10].
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Despite their importance, diffusion measurements for
ternary metallic melts are extremely scarce [11]. For some
alloys, phenomenological models have been employed to
derive the ternary diffusion coefficients from those of the cor-
responding binary alloys [2, 12, 13]. However, measurements
are essential in order to establish benchmark coefficients that
can be used to test the reliability of the predicted values [14].

Measuring diffusion coefficients in liquid alloys presents
a number of experimental challenges. The most significant of
these are the flow effects that occur during the melting of the
diffusion couple, buoyancy-driven convection during diffusion
annealing, the formation of shrinkage, and mass transport due
to microstructure formation during solidification [15].

Traditionally, diffusion coefficients are measured by
determining concentration profiles of different elements in
a solidified sample. An important technique in this respect is
the long-capillary technique [16, 17]. In this technique, the
spatial distribution of a tracer or the spatial dependence of
composition along a thin rod-shaped sample is determined
after a full heating, annealing, and cooling cycle. This tech-
nique has proven highly successful for solids. However, in
liquids, the accuracy of the data used to determine the diffu-
sion coefficient is negatively affected by convection during
annealing and by changes in concentration or isotope distribu-
tion during melting and solidification. Such derived diffusion
data show a large scatter [18–20].

The development of new measurement methods allowed
the measurement of reproducible diffusion coefficients [21].
For binary systems, accurate diffusion coefficients can be
obtained by monitoring the long capillary (LC) in-situ using
x-ray or NR [22, 23]. However, to determine accurate diffu-
sion coefficients for alloys with insufficient or no contrast, the
so-called shear cell (SC) method has to be applied, whereby
individually solidified slices of the diffusion couple are ana-
lyzed post-experiment [11, 24, 25].

We use different measurement methods to investigate how
kinetics define the mass transport, and to determine the influ-
ence of thermodynamic driving forces on the interdiffusion
coefficient. The relationship between self-diffusion and inter-
diffusion was studied in various binary liquid alloys [26–30]
with the conclusion that in melts with a strong thermody-
namic tendency to mix, such as Ni–Zr or Al–Ni, a domin-
ant kinetic contribution to interdiffusion is observed [27, 28,
31]. The relationship between self-diffusion and interdiffusion
in multicomponent mixtures can be described by the Darken
equation [32, 33]. This equation provides an approximation
for interdiffusion coefficients by neglecting cross-correlation
terms in the autocorrelation functions [26]. Molecular dynam-
ics simulations have shown that, for ternary mixtures contain-
ing only light weighted components, the Darken approxima-
tion yields interdiffusion coefficients within 10%–20% of the
complete formulation. However, for ternary mixtures where
the mass of the components is highly asymmetric the Darken
equation can be off by a factor of two [34].

We present benchmark diffusion data for the eutectic
Al69.1Ag18.1Cu12.8 [at%], which has a large thermodynamic
factor [35], and therefore a thermodynamic influence on

interdiffusion can be expected. Furthermore, the low melt-
ing temperature of approximately 770 K facilitates exper-
imentation and reduces the risk of temperature gradients
across the sample, which could cause Marangoni convec-
tion [36–38]. The microstructure of eutectic Ag–Al–Cu has
been investigated using 3D synchrotron imaging and other
techniques [39, 40].

2. Experimental techniques

2.1. Sample preparation

The capillary samples were produced by arc melting in a
high-purity Ar atmosphere (6 N argon + Oxisorb) using
Al (99.99%, Chempur), Cu (99.999%, Chempur), and Ag
(99.9%, Chempur). The samples were melted three times for
homogenization and then poured by suction casting into a
water-cooled copper mould, resulting in cylindrical rods with
a diameter of 1.45 mm that were cut to length. Using x-
radiography, homogeneous samples without shrinkage holes
were selected. The composition of the sample was verified by
weighing the raw materials, as well as the samples, after each
step of the synthesis, and the application of energy dispers-
ive x-ray spectroscopy (INCA Oxford) with a LEO 1530 VP
scanning electron microscope. No evaporation or other loss of
sample material occured.

2.2. Chemical diffusion measurements

To determine of the chemical diffusion coefficients in the
Al69.1Ag18.1Cu12.8 ternary system, complementary measure-
ment methods were employed, including an enhancement of
the traditional LC method, the SC method, and NR.

In the traditional LC method, thin cylindrical samples with
slightly different compositions, typically measuring 1–1.5 mm
in diameter and 10–40 mm in length, are brought into con-
tact with each other. Typically, a sample pair is inserted into
a capillary made of graphite, for example, and subsequently
heated to the diffusion temperature above the melting point.
It is then kept there for a defined period of time before
being solidified. Stable density layering [41], a relatively thin
capillary [36] and a constant temperature profile along the
sample [42] are crucial for LC experiments conducted under
gravity conditions, as they minimize the occurrence and influ-
ence of convection in the sample. Using sample pairs with dif-
ferent compositions of the same alloy enables the determina-
tion of the interdiffusion coefficient through the analysis of the
concentration profile during (in-situ) and after (ex-situ) exper-
iment conduction [43]. In a standard LC experiment, the full
experiment cycle is conducted frommelting of the sample, dif-
fusion annealing at a constant temperature, and finally solidi-
fying it. The LC experiment setup used here consists of a mod-
ified tube furnace that can be moved downwards in order to
surround the crucible, and ensuring fast heating of the samples
and a homogeneous temperature distribution during anneal-
ing. The tube furnace can then be moved upwards by a hoist
to enable fast cooling. Thermocouples are used to monitor the
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temperature of the sample and its surroundings, and a homo-
geneous temperature distribution has been verified. The entire
setup is placed on a granite plate with air cushioning to prevent
the sample from vibrating. The crucible containing the sample
is inside an evacuated fused quartz tube. The crucible itself
consists of a graphite tube which is placed inside a slightly
larger graphite tube to provide mechanical stability and tem-
perature homogenization. Graphite felt is used as a spring to
press down on a graphite piston, compensating for the volume
change of the sample during heating and melting. The sample,
consisting of a diffusion pair, has a diameter of 1.5 mm and
is between 40 and 50 mm long. This enables annealing times
between 45 and 60 min. This comparatively long annealing
time ensures that the influence of diffusion during time needed
for melting and solidification of the samples is minimized.

A substantial disadvantage of ex-situ analysis is the lack of
process control. Disturbing effects such as bubble formation,
sedimentation, and free surfaces between the sample and the
container wall are difficult to detect. Therefore, a correct inter-
pretation of the diffusion profile and extraction of an accurate
diffusion coefficient is impeded. Furthermore, convective flow
arising during the melting and solidification of the samples
alters the concentration profile, thereby introducing an addi-
tional source of error. Improving the LCmethod by combining
it with x-ray radiography (XRR) helped to overcome some of
the aforementioned limitations [22, 44]. However, this method
is limited to alloys with sufficient x-ray contrast. The often
complementary cross sections of XRR and NR allow access
to some systems via NR. As in XRR, NR involves measur-
ing the attenuation of the beam along the sample and convert-
ing the obtained gray-scale distribution into concentrations. A
Gaussian error function is fitted to the concentration profile.
The diffusion coefficient can then be obtained from the fit-
ting parameters at different times during the diffusion process.
Further details of the NR setup can be found here [23].

The SCmethod is an improvement on the traditional ex-situ
LC method. It minimizes disturbance to the liquid sample
during melting and solidification by separating the diffusion
samples. The graphite SC [25] used in this study is an enhance-
ment on the SC version employed on the FOTON satellite
mission [45], facilitating the processing of up to six samples in
one experimental cycle at temperatures of up to 1600 ◦C. The
SCs are comprise 28 graphite discs, each with a diameter of
30 mm, a thickness of 3 mm, and 6 bores with a diameter of
1.5 mm, evenly distributed on a circle with a radius of 8.5 mm.
Placing all discs on top of each other with the bores aligned,
results in six long capillaries for six sample pairs. Rotating
individual discs separates the sample segments, allowing them
to melt and homogenize independently. The number of discs
limits the spatial resolution of the subsequent analysis. In the
initial configuration of the SC, only the disc at the sample pair
interface is rotated, which prevents shear convection between
the other segments at the start of the actual experiment. At the
beginning of the diffusion process,once the diffusion temper-
ature TDiff has been reached, the discs are perfectly aligned,
bringing the sample pairs into contact. This rotation is initiated
only after the heating phase has been completed and the SC
temperature has been homogenized, in order to diminish any

potential turbulence in the melt that might have emerged dur-
ing the heating process. This configuration is maintained for a
predefined process duration. At the end of the diffusion exper-
iment, all segments of the SC are separated, thereby freez-
ing the current concentration profile of the liquid column and
decoupling it from the cooling period and solidification pro-
cess. The errors occurring during the solidification phase are
therefore contained within the individual segments. However,
they do not impact the diffusion profile, since the average com-
position of each segment is measured by chemical analysis.

To ensure a comparable behavior between similar sample
systems using different measurement methods and to exclude
reactions with the material surrounding the samples, identical
graphite raw material was used for all measurement meth-
ods. Only for the NR experiments, Al2O3 was used due to the
neutron scattering in graphite [23]. The diffusion temperatures
were adjusted to a range of 983–993 K. For the LC methods,
this temperature deviated by up to ± 3 K, whereas for the SC
method, it varied by less than± 1 K. The temperature of 983 K
was chosen to make sure that the diffusion pairs, which due to
their composition have a higher melting point than the eutectic
composition, were fully liquid. The vacuum for all interdiffu-
sion experiments was of the order of 10−3 mbar.

2.3. Self-diffusion measurement

Quasi-elastic neutron scattering (QENS) was used to measure
the self-diffusion in liquid Al69.1Ag18.1Cu12.8 at various tem-
peratures. For elements that contribute to the inelastic scat-
tering of neutrons, the scattering signal at small wave num-
bers q is dominated by the incoherent contributions. The self-
diffusion coefficient can be obtained from the resulting inter-
mediate scattering function. This technique probes the dynam-
ics on atomic length and picosecond timescales and is unaf-
fected by convective flow [46, 47].Measurements were carried
out at the neutron time-of-flight spectrometer TOFTOF [48]
at the research neutron source Heinz Maier-Leibnitz (FRM II)
in Garching. The sample material was placed in thin-walled
Al2O3 containers providing a hollow cylindrical sample geo-
metry of 22 mm in diameter and a thickness of 1.2 mm. The
incident neutron wavelength of λ=5.4Å yielded an energy
resolution of δE≃ 85µeV (FWHM) and an accessible wave

number range at zero energy transfer of q= 0.4− 2.0Å
−1

.

3. Results and discussion

In the analysis of diffusion profiles, a quasi-binary sample is
assumed for a ternary alloy, where one component has a con-
stant concentration throughout the sample. This component
does not interact with the others, has no influence on their dif-
fusion processes, and remains constant after the experiment.
The two varying components can then be treated as a binary
system, and the analysis can be conducted as for any binary
system. However, if the concentrations of all three compon-
ents change, the system must be treated as a true ternary sys-
tem, and the diffusion coefficients must be derived using a dif-
fusion matrix.
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Table 1. Sample composition of the three sample pairs with one
constant constituent concentration each. These ternary alloys can be
considered quasi-binary.

Sample pair Sample composition in at%

#1 Al63.6Cu18.8Ag17.6/Al73.6Cu8.8Ag17.6
#2 Al68.6Cu18.8Ag12.6/Al68.6Cu8.8Ag22.6
#3 Al73.6Cu13.8Ag12.6/Al63.6Cu13.8Ag22.6

Table 2. Sample composition of the three sample pairs with three
varying constituent concentrations each. These ternary alloys cannot
be considered quasi-binary.

Sample pair Sample composition in at%

#4 Al71.5Cu8.0Ag20.5/Al65.7Cu19.6Ag14.7
#5 Al65.7Cu10.9Ag23.4/Al63.6Cu16.7Ag11.8
#6 Al62.8Cu16.7Ag20.5/Al74.4Cu10.9Ag14.7

In solids, it may be possible to obtain diffusion coeffi-
cients in multicomponent systems from a single diffusion
profile [49]. For liquids, several diffusion pairs are needed.
In this study, six Ag–Al–Cu sample pairs close to the tern-
ary eutectic Al69.1Ag18.1Cu12.8 [at%] were investigated. For
three of the sample pairs, the concentration of one alloy con-
stituent was kept constant (see table 1). For the other three
ternary sample pairs, all component concentrations varied
(see table 2). Different, complementary measurement methods
were employed and the individual results were compared.

3.1. Quasi-binary analysis

At the beginning of this study, approximately 50 experiments
were conducted using three AlCuAg sample pairs close to
the ternary eutectic Al69.1Ag18.1Cu12.8 [at%] where the con-
centration of one alloy constituent was kept constant in each
sample pair (see table 1). All three sample pairs were examined
with the ex-situ LC method and with the SC technique.
Additionally, sample pair #3 was investigated using the NR
method [23].

The diffusion coefficients of the quasi-binary sample pairs
are referred to asD∗

A/B where the coefficients A and B represent
the components of the quasi-binary alloy whose concentration
profiles change by diffusion during the experiment, while the
concentration of the third component remains constant.

The diffusion data of these alloys, derived from quasi-
binary post-mortem analysis of the ex-situLC experiments, are
shown in figure 1 and listed in table A1. Experiments with sub-
sequently proven errors were not taken into account. Proven
sources of error included graphite blockades at the interface
between the two samples, caused by the installation, free sur-
faces and the leakage of melt through ruptures or through the
sample capillary seal.

For all three sample pairs, the mean diffu-
sion coefficient was determined to be approximately
D∗
A/B = 6.3 · 10−9m−2 s−1. The individual values scatter

between 3.0 · 10−9m−2 s−1 and 9.7 · 10−9m−2 s−1, being a

factor of more than three. A uniform error range is plotted
around the average value and can be considered the error
for the ex-situ LC data. This large error is mainly caused by
the missing process control during experiment conduction.
Melting, and particularly solidification, of the samples intro-
duces additional systematic sources of error into the analysis
of a full process cycle in the LC, since both processes can
significantly influence the concentration profile. In summary,
even with a large number of similar experiments neither the
statistical mean value nor the lowest diffusion coefficient
allow a conclusion concerning the real diffusion coefficient.
Therefore, in-situ process control or alternative measurement
methods, such as the SC method, are preferable.

As the AgAlCu system lacks the necessary contrast for
x-ray investigations, an in-situ analysis using XRR is not
possible for this alloy system. Therefore, in-situ radiography
experiments were conducted using the neutron source of
the FRMII in Munich. The sample pair Al73.6Cu13.8Ag12.6\
Al63.6Cu13.8Ag22.6 [at%] was investigated with NR in a suit-
able in-situ LC oven [23]. For the quasi-binary analysis of the
diffusion profile, it is required that the contrast changes dur-
ing the experiment are solely caused by changes in the silver
and aluminum concentrations, while the copper concentration
remains constant. In particular, there must be no uphill diffu-
sion, i.e. diffusion against the concentration gradient, which is
observed in some multi-component systems [50].

For a comprehensive examination of diffusion in the
AgAlCu system, the SC method was applied combined with
a subsequent chemical analysis per atomic absorption spec-
troscopy (AAS) [51]. Combining these measurement and ana-
lysis methods, sample pairs with little x-ray or neutron contrast
can be investigated very accurately in ex-situ measurements.
For each of the three investigated sample pairs (see table 1),
three SC experiments with identical process parameters and
subsequent quasi-binary analysis were conducted.

Figure 2 exemplary shows the results of the chemical
analysis of Al68.6Cu18.8Ag12.6\Al68.6Cu8.8Ag22.6 [at%]with a
subsequent fit of a Gaussian error function [52]. No changes
in the aluminum concentration over the entire sample length
could be detected after experiment completion proving the
assumption that no uphill diffusion of aluminum occurs. The
diffusion coefficient was determined as D∗

AgCu = (4.1± 0.4) ·
10−9m−2 s−1 and lies, compared with the other SC experi-
ments, within a 10% error margin. The diffusion coefficients
shown in figure 3 are listed in table A2.

Within the error margin of 10%, the thus determined inter-
diffusion coefficients are equal for the experiments with the
same composition as well as in comparison with the other
two sample pairs (see figure 3). Further comparison with
the diffusion coefficient D∗

AlAg = (4.4± 0.4) · 10−9m−2 s−1

of the system Al73.6Cu13.8Ag12.6\Al63.6Cu13.8Ag22.6 [at%] as
determined by NR, shows that these are also lie within
the expected error margin of 10% (see figure 3). In con-
clusion, the Ag–Al–Cu sample pair close to its tern-
ary eutectic Al69.1Ag18.1Cu12.8 [at%] can be described by
a single diffusion coefficient determined by averaging to
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Figure 1. Interdiffusion coefficients of ex-situ LC experiments (triangles, squares, circles) with Al–Ag–Cu in comparison with those from
shear cell (SC) and in-situ neutron radiography experiments (stars). The scattering around the mean value is approximately ±50% for the
LC diffusion data and ±10% for the shear cell and in-situ data.

Figure 2. Evaluation of an ex-situ shear cell experiment with subsequent AAS analysis using the example of Al68.6Cu18.8
Ag12.6\Al68.6Cu8.8Ag22.6 [at%]. The concentrations of silver and copper were determined chemically, the one of aluminum was calculated.
z indicates the position on the sample along the sample length.
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Figure 3. Diffusion coefficients determined by quasi-binary analysis of the shear cell experiments and the inter-diffusion coefficient from
the in-situ neutron radiography experiment at the FRMII. Within the depicted error margins of 10% around the average of the measurement
values, all measured diffusion coefficients are identical.

D∗
A/B = (4.1± 0.4) · 10−9m−2 s−1 within the range of error

of 10%.
Contrasting the ex-situLCmethod readingswith those from

the SC and NR experiments reveals that fewer than 15% of
the LC values fall within the margin of error of the other two
measurement methods (see figure 1).

3.2. Ternary analysis

To further verify the suitability of the quasi-binary approach
described in the preceding section, we conducted a tern-
ary analysis of the Al–Ag–Cu system. In complex tern-
ary systems the applicability of the quasi-binary diffusion
analysis to alloys with one constant component cannot be
assumed a priori. In these systems, uphill diffusion can
occur, that is to say, the mass diffusion of one component
can be influenced by interactions with the other alloy com-
ponents, which are caused by their chemical concentration
gradients.

During this study, three Al–Ag–Cu sample pairs close to
the ternary eutectic Al69.1Ag18.1Cu12.8 [at%] [35, 53] and with
varying concentrations of all three constituents (see table 2)
were investigated with the SC method. The goal is to describe
all conducted experiments and their correlative concentration
profiles by a single diffusion matrix. In a ternary mixture,

diffusion is characterized by a matrix

D=

(
D11 D12

D21 D22

)
.

The secondary diagonal elements D12,D21 describe the inter-
actions of the components among each other, the main diag-
onal elements D11,D22 the systems’ diffusion coefficients.
Detailed derivations and information about the theoretical
coherences and the physical background can be found in
the works of Cooper [54], Anderson [55] and Gupta and
Cooper [56].

The quality of the measured data is of essential importance
for the unambiguous identification of the total minimum of the
correlated Gaussian error functions of all concentration pro-
files and crucially affects the derivation of the diffusionmatrix.
It is deduced from the measured concentration profiles by the
simultaneously fitting of the interdependent error functions via
a Levenberg–Marquard-algorithm under minimization of χ2.
The choice of the start values for this algorithm and the thereby
defined diffusion matrix is essential to avoid accidental con-
vergence of the χ2-test in a local minimum as solution for the
matrix [57]. Erroneous convergence can also occur if the devi-
ations within the individual concentration profiles within the
margins of error are too large and therefore inconsistent.
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Figure 4. Concentration profiles obtained from a shear cell experiments of the sample Al65.7Cu10.9Ag23.4\Al71.5Cu16.7Ag11.8 [at%] as a
function of the position along the sample length Z. Silver and copper concentrations were determined by AAS analysis, the aluminum
concentration was complemented to 100%.

The experiments conducted on the AgAlCu samples, with
the sample composition given in table 2, were used to test
the functionality of this analysis method and to verify the
in the previous section experimentally proven absence of
uphill diffusion also analytically. In these experiments, the
concentrations of all components varied between all sample
pairs. Identification of the diffusion matrix by determining the
total minimum requires several experimental runs with dif-
ferent sample pairs. Therefore, nine sample pairs were used
in four experiments. The derived experimental data could be
described with deviation of the error function of 20% max-
imum (see figure 4). The error functions include the interde-
pendency of the three components. The uncertainty in the ana-
lysis of a single experiment is a combination of the error in the
chemical analysis using AAS and the standard deviation in the
error function fit.

The use of the χ2-test for the discussed measurements
enabled the order of magnitude of the diffusion matrix entries
to be determined:

DAlAgCu =

(
10−9 10−12

10−13 10−9

)
m−2 s−1.

The ambiguous convergence discussed, prohibits further
specification of the values of the matrix elements. Based
on the chosen initial values, the diffusion coefficients fluc-
tuate between 3.5− 5 · 10−9m−2 s−1, which lies within the

calculated margin of error for the quasi-binary analysis (see
figure 3). Even without the exact values, it is obvious that the
secondary diagonal matrix elements are orders of magnitudes
smaller than the diffusion coefficients on the main diagonal.
This analytically proves the negligible nature of uphill diffu-
sion and justifies the continued application of the quasi-binary
approach in the previous chapter.

A recent study of diffusion in liquid Ce70Al10Cu20 at 837K,
it was found that the dynamics are dominated by the main dif-
fusion coefficients, with cross diffusion coefficients amount-
ing to only around 10% of the main diffusion coefficients [11].
While this tendency is consistent in both alloys, the cross
diffusion coefficients are smaller still in the case of eutectic
Al69.1Ag18.1Cu12.8 [at%].

This finding makes the simulation of liquid metals and their
solidification behavior less complex. As the off-diagonal ele-
ments can be neglected and the diagonal elements are similar,
a single coefficient would suffice to simulate the diffusion pro-
cess for this alloy.

3.3. Self-diffusion

The self-diffusion of eutectic Al65.7Cu10.9Ag23.4 was determ-
ined using QENS. For neutrons, copper has an incoherent scat-
tering cross section of 0.55 barn and for silver the incoher-
ent scattering cross section is very similar with 0.58 barn. In

7
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Figure 5. Interdiffusion coefficients measured with neutron radiography (NR) in-situ and in a shear-cell (SC) with post-mortem sample
anaylsis and average self-diffusion coefficients by quasielastic neutron scattering (QENS). The solid line represents an Arrhenius fit to the
QENS data.

contrast, the incoherent scattering cross section for aluminum
is much lower at 0.0082 barn [58].

We assume that the incoherent cross section relate individu-
ally to the atomic species and hence the contribution of alu-
minum can be neglected. The measured data can be described
by a single Lorentzian line, so the self-diffusion coefficients
of copper and silver can be assumed to be equal to within a
factor of two. However, recent publications [59] suggest a dif-
ferent treatment of incoherent cross sections in multicompon-
ent systems which is still debated. In this case, the aluminum
contribution would not be negligible. However, the experiment
results of the single Lorentzian line would suggest equal self-
diffusion for all three elements within a factor of two.

The result of the QENS measurements at different tem-
peratures is shown in figure 5. The red line is a fit with the
Arrhenius function

D= D0exp

(
−Q
kBT

)

where Q is the activation energy, kB Boltzmann constant and
T the absolute temperature. The fit yields the parameters
D0 = (41± 3)x10−9 m−2 s−1 and Q= 194meV. The activa-
tion energy is therefore very similar to the binary Al80Ag80

with 176± 6meV [60] but lower than for pure silver with 288
± 10meV [60].

Interdiffusion data (as in figure 3) are also depicted for com-
parison. As can be seen, the interdiffusion and self-diffusion
coefficients agree within error bars. This indicates that kin-
etic contributions to interdiffusion are significant in this tern-
ary melt.

4. Conclusion

The liquid Al–Ag–Cu system around its ternary eutectic
Al69.1Ag18.1Cu12.8 [at%] was studied systematically, and its
diffusion coefficients were measured. A combination of dif-
ferent techniques was applied in this study and revealed that
traditional LC experiments are considerably less reliable than
in-situ and SC experiments.

When analyzing diffusion in complex ternary alloy systems
with one constant constituent, it cannot be assumed a priori
that the quasi-binary approach is applicable. In such systems,
the mass diffusion of one component may be influenced by
interactions with other alloy constituents due to their chem-
ical concentration gradients. For the investigated sample pairs
with one constant component concentration, it was shown both
experimentally and analytically, using a diffusion matrix, that
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no uphill diffusion occurs and that the quasi-binary ansatz can
be used. The such derived diffusion coefficients for the SC and
NR experiments coincide within their margins of error of 10%.
Hence a single diffusion coefficient is sufficient for the con-
tinuing modeling approach to the examined system.

Using QENS, the temperature dependence of the self-
diffusion coefficient was obtained. It was found that interdif-
fusion and self-diffusion agree within errorbars, proving the
predominance of the mass transport over the thermodynamic
driving forces in the diffusion processes investigated.

As Al–Ag–Cu is one of the rare alloys for which ternary
diffusion has been measured in the liquid, these results will be
used for further simulations of ternary liquid alloys, as well
as for experimental studies of e.g. thermodiffusion in molten
Al–Ag–Cu.
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Appendix

Table A1. Diffusion coefficients in 10−9 m2 s−1 as obtained by
ex-situ LC measurements (LC). For the measurements a
quasi-binary approach is used where the composition of the
elements mentioned in the column heading are varied while the
third component is kept constant.

AlCu LC AgCu LC AgAl LC

7.5 7.9 4.3
6.8 3.0 9.4
4.4 8.2 3.1
3.2 5.2 5.9
9.6 9.2 6.8
2.9 3.3 4.7
5.8 7.5 3.3
7.5 8.5 7.9
4.5 5.4 8.7
7.3 4.2 7.2
5.7 7.5 5.7
6.8 7.6 8.9
8.2 2.9

Table A2. Diffusion coefficients in 10−9 m2 s−1 as obtained by
shear cell measurements (SC) and by neutron radiography (in situ).
The uncertainty of these values is 10%. For the measurements a
quasi-binary approach is used where the composition of the
elements mentioned in the column heading are varied while the
third component is kept constant.

AlCu SC AgCu SC AgAl SC AgAl in-situ

4.5 4.0 4.1 4.4
4.2 3.8 3.7
4.0 3.5 3.8

3.8
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