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ABSTRACT
Monotectic alloys offer the potential to produce materials with exceptional func-
tional properties due to their demixing behavior. To understand and control 
the formation of the final microstructure, knowledge of the dynamics near the 
miscibility gap is required. We measured interdiffusion in liquid Al–In using a 
combination of X-ray radiography and a shear cell furnace, which allows in situ 
observation of the diffusion process. While the temperature dependence of inter-
diffusion can be described by an Arrhenius function, its concentration depend-
ence is unexpectedly weak. From thermodynamics, a steep decrease of interdif-
fusion close to the miscibility gap is expected. However, the kinetic behavior of 
the liquid alloy, mainly determined by the self-diffusion coefficients, seems to 
largely compensate for this decrease. This finding is supported by additional 
density measurements. Studying the density in liquid Al–In up to a concentration 
of 20 at% In at temperatures between 850 and 1400 K shows that the temperature 
dependence of density, as well as the thermal expansion, for each alloy compo-
sition under consideration is the same inside and outside the miscibility gap. 
Significant deviation from ideality is obtained for the concentration dependences 
of density. This is reflected in a negative excess volume.

Introduction

Multicomponent alloys with a miscibility gap in the 
liquid state, also called monotectic alloys, are of inter-
est in basic and applied research for the development 
of structured materials [1–4]. The microstructure gen-
erated due to phase separation [2, 5–7] can produce 
novel materials with exceptional functional properties 

or e.g., increased yield strength [8]. Such materials can 
be produced using techniques such as casting or addi-
tive manufacturing [9, 10].

In order to be able to generate the microstructure 
and the volume ratios of the coexisting phases in a 
controlled manner, not only the choice of composi-
tion is crucial, but also the quenching dynamics [1, 
11]. Several alloys, e.g., Al–In, Bi–Ga, Cu–Pb, show 
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a demixed liquid state. When approaching the misci-
bility gap, either by changing the composition of the 
alloy or by reducing the temperature of the melt in the 
relevant composition range, the tendency for mixing is 
reduced. This tendency is reflected in the thermody-
namic factor which is derived from the Gibbs energy. 
For ideal systems the thermodynamic factor is unity, 
but when approaching the miscibility gap, it tends to 
zero. Interdiffusion can be represented by a kinetic 
contribution that contains the self-diffusion coeffi-
cients, multiplied by the thermodynamic factor. Con-
sequently, the interdiffusion coefficient is expected to 
decrease when approaching the miscibility gap.

We present interdiffusion measurements for the 
Al–In system at different Al-rich compositions and at 
different temperatures near the miscibility gap. Inter-
diffusion measurements were conducted in the misci-
ble phase except for two measurements that were done 
at the boundary line of the miscibility gap.

Denser liquids show slower diffusion behavior due 
to a decrease in the free volume [26, 27]. Therefore, 
complementary density data for Al-rich Al–In are 
obtained with the electromagnetic levitation tech-
nique. This technique bypasses the drawbacks of 
conventional container-based measurement tech-
niques such as reactions with container walls and 
contamination.

Theoretical background

The interdiffusion coefficient D
AB

 in a binary alloy can 
be estimated from the two self-diffusion coefficients 
D

A
,D

B
 , the concentrations c

A
 and c

B
 , and the thermo-

dynamic factor, Φ , using the Darken equation [28]

In the original Darken equation S = 1 . Microscopic 
considerations showed that additional contributions to 
interdiffusion need to be included and that these con-
tributions can be integrated in one factor S [29]. While 
in some liquid alloys, e.g., Al-rich Al–Cu [23], the fac-
tor S is close to unity, it contributes significantly in 
other alloys. For example in liquid Ni–Zr S = 0.4 was 
found for certain compositions [30]. When the Darken 
equation is applied to interdiffusion in crystals, a com-
parable factor, the Manning factor, is applied [31].

The different contributions to interdiffusion can 
be separated into a kinetic part L = S(c

B
D

A
+ c

A
D

B
) 

(1)DAB = ΦS(c
B
D

A
+ c

A
D

B
)

a miscibility gap in the liquid state. Such alloy sys-
tems exhibit large positive enthalpy of mixing and a 
preference of like atoms as nearest neighbors [12, 13]. 
Phase separation in a strictly monotectic alloy system 
already occurs in the liquid state, resulting in a liq-
uid–liquid phase separation.

For better control of the separation process, knowl-
edge of these liquid–liquid demixing dynamics is cru-
cial. However, there are hardly any experimental data 
on the dynamics of such liquid–liquid demixing metal 
systems [14–19].

Interdiffusion, also known as chemical diffusion, 
describes the transport of mass driven by a gradi-
ent in the chemical potential. In alloys that are fully 
miscible, this atomic transport leads to a reduction of 
concentration differences [20]. For the determination 
of interdiffusion coefficients in liquid alloys, the in situ 
shear cell method has been proven to yield accurate 
data. It allows an in situ X-ray investigation of binary 
alloy systems, providing space- and time-resolved 
information and excluding negative effects of melt-
ing and solidification [21–24]. Al–In was chosen for 
this study as it offers excellent X-ray contrast and also 
exhibits exemplary monotectic liquid–liquid demixing 
behavior [25].

The phase diagram of Al–In is shown in Fig. 1. The 
boundary line of the miscibility gap in the phase dia-
gram denotes the compositions and temperatures at 
which the alloy changes from a mixed liquid state to 

Figure  1   Phase diagram of Al–In. Temperatures and indium 
concentrations at which interdiffusion was measured are marked 
in orange.
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and a thermodynamic part Φ . In the microscopic 
description, the kinetic part is given by velocity auto-
correlation functions.

The thermodynamic factor accounts for deviations 
from an ideal behavior due to chemical interactions 
and is equal to one for ideal mixtures. It is defined 
as the second derivative of the Gibbs energy G with 
respect to the concentration c where either c

A
 or c

B
 

can be used:

R and T are the molar gas constant and the absolute 
temperature, respectively. When approaching the mis-
cibility gap, the thermodynamic factor tends to zero.

 Experimental method

 In situ shear cell technology

The in situ shear cell method makes use of the shear 
cell principle (e.g., [32, 33]) which ensures a defined 
start of the diffusion process and combines it with 

(2)Φ =
c(1 − c)

RT

�2G

�c2

X-ray imaging for in situ information acquisition of 
the interdiffusion process [24].

After reaching the target temperature where the 
samples are fully liquid, a concentration gradient is 
generated via the shearing process by shifting the 
lower shear cell segment (see Fig. 2a). Once adjacent 
capillaries of different concentrations are brought 
together, a so-called diffusion couple is thus formed. It 
is initially characterized by a step function in the con-
centration distribution. The shearing process and the 
changes in the concentration profile are continuously 
monitored radiographically. This allows a smooth 
process control of the experiment, but also an in situ 
information acquisition of the interdiffusion process. 
For X-ray imaging, we use a microfocus X-ray source 
(XT9160-TED, Viscom AG, Hannover, Germany) oper-
ated at 150 kV and 250 � A and a CdTe detector with a 
100 � m pixel size (XC-Thor series, Direct Conversion 
AB, Danderyd, Sweden). The effective pixel size for 
the experiment is ∼ 50 � m and the effective frame rate 
1 Hz. An X-ray image of the shear cell furnace after the 
shearing process is shown in Fig. 2b

The in situ shear cell method has been continuously 
improved over the past years [22, 34, 35]. In the cur-
rent design (see Fig. 2a), there are four adjacent sample 
capillaries which then, through shifting, form three 

(a) Scheme
(b) X-ray image

Figure 2   a Scheme of an in situ shear cell furnace: The orange 
line shows the position of the heating wires. The dashed line rep-
resents the sliding plane. After reaching a stable state at target 
temperature, the lower part is shifted as indicated by the arrows 

to form three concentration couples and initiate the interdiffu-
sion. b X-ray image of the shear cell furnace after shifting the 
lower part. The reservoirs at the top of the samples appear darker 
because they have a bigger diameter.
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diffusion couples per experiment. For example, one 
shear cell contained the four samples with 0, 3, 6 and 
9 at% In, resulting in three diffusion couples with the 
mean composition 1.5, 4.5 and 7.5 at% In.

Any perturbations of the concentration profile, due 
to e.g., shear convection at the beginning of an experi-
ment, resolve within the first minute, so that ideally 
diffusion periods between 100 and 800 s after shifting 
can be used for the analysis. The capillary length is 
26 mm and the capillary diameter is 1.3 mm. The shear 
cell itself is made of graphite, which ensures excellent 
heat conduction and an inert sample environment. 
During an experiment, a pressure of < 5 ⋅ 10

−3 mbar 
is maintained, preventing oxidation processes and 
reducing heat dissipation. Essentially, the entire 
design is aimed at avoiding convection, which can dis-
tort the measured interdiffusion coefficients [36, 37].

Microgravity experiments have shown that with 
the in situ shear cell design, the systematic error due 
to possible density-driven convection is very small to 
non-existent under laboratory conditions for certain 
alloys [38]. Although other in situ methods exist for 
the determination of diffusion coefficients (e.g., in situ 
radiotracer [39] or in situ X-ray fluorescence [40]), the 
in situ shear cell method is the only method that offers 
spatial information over the full sample length and 
width in addition to the temporal resolution of the 
diffusion process, which makes it unique for this par-
ticular application.

 Analysis of in situ shear cell method

The applied analyzing method was selected according 
to the X-ray contrast provided by the Al–In system 
for a concentration difference of 3 at%. This analyzing 
method can be applied also for sample systems with 
low contrast in the X-ray images. For other analyzing 
approaches see [22, 41, 42]. Prior to analysis, the detec-
tor photon counts will be converted to concentration 
profiles at each time step using references from Al–In 
alloys of known composition [24]. In this way, a data 
set of the concentration c(x, t) as function of position 
x along the sample and time t is obtained as starting 
point for the analysis. Figure 3 shows such concentra-
tion profiles c(x, t) for the diffusion pair 6 vs. 9 at% In 
at three different points in time.

For the given situation of a one-dimensional con-
centration distribution with an initial step function 
and infinite length, Fick’s 2nd law of diffusion is 
solved by this equation [43]:

The value x
0
 marks the point-symmetric center of 

the distribution, while Dt is a measure for the width 
of the concentration profile and thus the progress of 
the diffusion process with time. No effects at the cap-
illary ends are considered, which, however, would 
only occur if the diffusion had progressed very far in 
time (e.g., for D = 10

−8 m2∕ s and a capillary length 
of l

cap
= 26 mm the end of the capillary becomes rel-

evant for times larger than ∼ 1000 s). From the linear 
behavior of Dt(t), the diffusion coefficient D can be 
determined (see Fig. 4).

The analysis yields an average diffusion coefficient 
D for the concentration range between the initial con-
centrations c

1
 and c

2
 . According to Fick’s 2nd law, the 

diffusion coefficient is assumed to be constant within 
the concentration range between c

1
 and c

2
 . However, 

the diffusion coefficient usually shows a more or less 
pronounced concentration dependence [22, 23, 44]. 
If the diffusion coefficient is clearly concentration-
dependent within the measurement range between c

1
 

and c
2
 , which means that the concentration gradient 

spreads faster in one direction than the other, this will 
lead to a systematic error in the analysis. A clear con-
centration dependence of the diffusion coefficient pro-
duces an asymmetry in the concentration distribution 

(3)c(t, x) =
c
1
+ c

2

2

+
c
2
− c

1

2

erf

�

x − x
0

√

4Dt

�

Figure  3   Concentration profiles of diffusion couple 6 versus 9 
at% In at 1273 K for different diffusion times t. The Fit Erf-Func-
tion represents fitting through Eq. (3).
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over time. In this case, the left and right sides of the 
concentration distribution no longer behave point-
symmetrically around the center x

0
 , resulting in a shift 

of the fit value x
0
 over time. The stability of the x

0
 value 

in Fig. 3 is thus an important quality parameter of the 
fitting routine, ensuring the correctness of the analyti-
cal approach used here.

The most important source of error in interdif-
fusion measurements is residual convection. In an 
earlier publication [45], we showed that analyzing 
the left, center and right part of the vertical capillary 
separately, gives a good estimate of the accuracy of the 
measurement. Measurements with relative errors of 
more than 15% were excluded from analysis.

 Optical dilatometry method 
in electromagnetic levitation

For density measurements, the optical dilatometry 
method was used in combination with electromag-
netic levitation (EML). The EML operation principle 
is based on an alternating, inhomogeneous magnetic 
field, which is generated by a water-cooled copper 
coil carrying a high-frequency alternating current 
with 200 A and approximately 250 kHz. The spheri-
cal metallic sample, usual diameters ranging from 5 
to 7 mm, is placed inside the coil before the experi-
ment is started. With the start of the experiment, eddy 
currents are induced inside the sample by the AC 

magnetic field. The sample is simultaneously heated 
and eventually molten, due to ohmic losses by the 
eddy currents, and levitated, due to the Lorentz force 
acting upon the induced currents. A laminar cool-
ing gas flow with a high-purity inert gas mixture of 
Ar and He is used to adjust the temperature of the 
molten sample during the experiment. The density of 
the levitating molten droplet is determined by meas-
uring its volume. To do this, an expanded laser beam 
projects a shadow graph image of the sample onto a 
CCD camera opposite to the laser source. The projec-
tions are analyzed in real time with an edge detection 
algorithm. Assuming an average spherical sample, the 
volume in pixels3 is calculated, which is subsequently 
converted to the real volume based upon a previous 
calibration. Optical dilatometry in combination with 
EML is a well-established technique for the density 
determination of highly reactive metal melts. The 
container-less nature of the experiment circumvents 
the contamination risks associated with conventional 
container-based methods and offers the advantage of 
high possible undercoolings due to the absence of het-
erogeneous nucleation sites. A more in-depth descrip-
tion of the EML furnace and the exact optical setup 
used can be found in references [46–49].

A detailed uncertainty estimation for the density 
measurements using EML and the optical dilatometry 
method used in this work can be found in [50]. The 
main error sources are: mass loss (m), calibration (q) or 
temperature (T) error, strong sample movement and a 
distorted sample shape and symmetry ( V

P
 ). The usual 

total uncertainty is to be calculated using the formula

Experimental results and discussion

 Concentration dependence 
of the interdiffusion coefficient

The interdiffusion of the Al–In system shows 
only a slight concentration dependence within 
the measured concentration range (see Fig.  5). 
Compared to the self-diffusion of pure aluminum 
D

Al
(980K) = (7.2 ± 0.6) ⋅ 10−9  m2∕ s determined via 

quasi-elastic neutron scattering [51], interdiffusion 
even at very low content of In occurs more slowly 

(4)
Δ�2
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Δm2

m
2

+
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Figure  4   Dt values of experiment 6 versus 9 at% In at 1273  K 
from a series of fits as shown in Fig. 3 as a function of time. Dt 
values that are used for the linear fit are marked in yellow, and 
the red line shows the linear fit of the values.
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(by ∼ 20% ) at comparable temperatures. Such a drop 
in the dynamics even for very low concentrations has 
already been reported for other elements in liquid Al 
(e.g., Ni, Cu, Ag and Au [22, 23, 44, 52]).

Diffusion coefficients for pure indium have been 
reported by Foster et al. determined via capillary 
reservoir technique suggesting an In self-diffusion 
of D

In
(1300K) = (9.1 ± 1.1) ⋅ 10−9 m2∕ s [53]. It can be 

stated that the self-diffusion of pure indium seems to 
be slower than that of pure Al at the same T. Indium 
self-diffusion in pure indium is of similar magnitude 
(potentially slightly slower) as Al–In interdiffusion 
in the Al-rich regime.

On the In-rich side of the Al–In alloy, experiments 
using an ex situ shear cell furnace resulted in interdif-
fusion coefficients of D(893K) = (8.4 ± 1.5) ⋅ 10−9 m2∕ s 
and D(953K) = (9.3 ± 2.5) ⋅ 10−9 m2∕ s, for 97.5at% In 
[16].

With increasing In content, the interdiffusion coef-
ficient decreases only slightly. Calculations of the 
thermodynamic factor of the Al–In system based on 
the thermodynamic description by Kaban et al. [54] 
also suggest a different behavior (see Fig. 6). The 
thermodynamic factor decreases rapidly toward 
the miscibility gap. According to Darken’s equa-
tion (see Eq. 1), interdiffusion in a binary mixture 
can be calculated from the two self-diffusion coeffi-
cients and the thermodynamic factor. Therefore, the 

concentration dependence of the thermodynamic 
factor should also be reflected in the interdiffusion 
coefficient, which it is not, based on our measure-
ment results. For example, between 1.5 and 10.5 at% 
In at 1033 K the interdiffusion coefficient decreases 
by 20%, while the thermodynamic factor of Kaban 
et al. decreases by 50% in the same concentration 
range. This could be due to an increase of the fac-
tor S mentioned in Eq. (1) or due to an increase of 
the self-diffusion. A high self-diffusion coefficient of 
indium at the discussed Al-rich concentrations could 
counteract the influence of the thermodynamic factor 
on the interdiffusion and explain the weak concen-
tration dependence. To the best of our knowledge, 
there are currently no data on self-diffusion in Al-
rich Al–In melts. A low packing fraction is connected 
to high self-diffusion coefficients as atoms can move 
easier. Therefore, the density and the packing frac-
tion of liquid Al–In will be discussed in “Density 
measurements” section.

Molecular dynamic simulations of demixing liq-
uids are interesting to understand the general behav-
ior. In molecular dynamic simulations of demixing 
Cu-Co melts, the self-diffusion of Cu is slightly larger 
than of Co and both values increase by more than a 
factor of 2 with increasing Cu-composition. Interdif-
fusion obtained from the Darken equation shows a 
minimum near the critical composition [55]. Molecu-
lar dynamic simulations of a binary Lennard–Jones 
mixture approaching a critical point showed that 
the self-diffusion did not show diverging behavior. 

Figure 5   Interdiffusion coefficients of Al-rich Al–In as a func-
tion of the In concentration. Open squares refer to data measured 
in close proximity to the miscibility gap. The self-diffusion of 
pure Al [51] is shown for comparison.

Figure 6   Thermodynamic factor Φ of Al–In at 1033 K accord-
ing to Kaban et al. [54].
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Shear viscosity and the interdiffusion on the other 
hand follow asymptotic power laws as predicted by 
mode-coupling theories [56].

After discussing the measurements of interdiffu-
sion outside of the miscibility gap, we like to men-
tion the two data points at the right-hand side of 
the measurements at 953 and 973 K, shown in Fig. 5 
by open boxes. The concentration range of these 
experiments is right at the boundary line of the mis-
cibility gap and was partially within the binodal liq-
uid–liquid demixing regime. In the X-ray images, no 
separation could be resolved. It is possible that fine 
dispersed droplets of the minority phase formed in 
parts of the diffusion couple but did not agglomerate 
or sediment during the time of the experiment. The 
concentration profile along the diffusion couple was 
obtained the same was as for the other experiments. 
A mass transport along the capillary is apparent, 
which can be represented by a diffusion coefficient 
via the applied analysis. In this case, however, it is a 
mass transport superimposed by interdiffusion pro-
cesses in the main phase and the self-diffusion of the 
dispersed droplets. Accordingly, these data points 
should not be seen as pure interdiffusion coefficients 
of the system.

 Temperature dependence of the interdiffusion 
coefficient

Figure  7 shows the measured interdiffusion coef-
ficients semilogarithmically as a function of inverse 
temperature. Due to the small concentration differ-
ences and the low concentration dependence of the 
interdiffusion, all data were fit with the same Arrhe-
nius function:

Due to this averaging, the fitting results represent an 
average concentration of roughly 6at%In. From the 
Arrhenius fit, the average activation energy is E

A
(6at%

In) = 271 ± 27 meV. Comparing this to the activation 
energies of the pure elements E

A
(Al) ≈ 280 meV [51] 

and E
A

(In) ≈ 108 meV [57], E
A

(6at%In) is fairly close 
to the linear combination of the activation energies 
of the pure elements (cf. 0.06 ⋅ E

A
(In) +0.94 ⋅ E

A
(Al) 

= 270 meV).
Measurements in liquid Li

64
Na

36
 , which also has a 

miscibility gap, showed a deviation from the Arrhe-
nius behavior close to the critical temperature [17].

 Density measurements

Figure 8 shows the results of density measurements 
up to 20 at% In. The measured density values for pure 
Al agree very well with values in the literature [59, 60].

(5)D(T) = D
0
exp(−E

A
∕k

B
T)

Figure  7   Diffusion coefficients as a function of inverse tem-
perature in a semilogarithmic plot. The data were fitted with 
an Arrhenius function: D

0
= (12.8 ± 2.7) ⋅ 10

−8m2 /s and 
E
A
= 271 ± 27 meV. It represents the temperature dependence 

for the average composition ( ∼ 6at%In) of all measurements.

Figure  8   Results of density measurements using EML tech-
nique. Reference: Assael et al. [58]. The errorbars are roughly the 
size of the symbols.
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The temperature dependence of each composition 
can be described by a linear fit where the density �(T) 
is given by the density at the liquidus temperature, 
�
L
 , the slope �

T
= ��∕�T and the liquidus tempera-

ture T
L
 via

The parameters for each fit are compiled in Table 1.
It should be noted at this point that the density 

measurements were also carried out within the mis-
cibility gap. This is possible as long as the sample 
can be further levitated, and its surface does not 
deform too much asymmetrically. Within the sphere, 

(6)�(T) = �
L
+ �

T
(T − T

L
)

segregation will take place, but the melt will be con-
stantly recirculated by induced convection.

For example at 950 K, the composition of 20 at% In is 
already well inside the miscibility gap. Nevertheless, 
this is not noticeable in the temperature dependence 
of density. Both above and below the segregation tem-
perature, which is found for that composition at about 
1100 K, the thermal expansion of the melt is the same.

If the density is plotted as a function of In concen-
tration (see Fig. 9), it is clear that the density increases 
with increasing In concentration. However, densities 
between 5 and 15 at% In are found below the ideal 
solution. Molecular dynamic simulation of Len-
nard–Jones models shows that the excess volume can 
be negative and positive for both demixing and fully 
miscible systems and that its behavior is governed 
by an interplay between the repulsive and attractive 
interactions [13].

Density measurements in demixing liquid 
Li-Na [17] and Bi-Ga [15] showed only insignificant 
deviations from the ideal behavior with a relative 
value of the excess volume of less than 0.1%. Khairu-
lin et al. [61] reported an insignificant relative excess 
volume of not more than 0.4% for liquid Al–In. How-
ever, our measurements show a relative excess volume 
of up to 14%.

The measured density can be used to calculate the 
effective volume packing fraction F of the melt, assum-
ing that the atoms can be represented by hard spheres 
with their respective covalent radius. The volume 
packing fraction is calculated via

with c
i
 the molar concentration and r

i
 the covalent 

radius of element i, M the molar mass of the alloy and 
� its density.

With the covalent radii 142 pm for indium and 
121  pm for aluminum, volume packing fractions 
between 0.33 and 0.38 from the measured densities at 
1200 K are calculated. This is considerably lower than 
for other liquid alloys, e.g., Ge

2
 Ni (0.43) or Zr

64
Ni

36
 

(0.55) at the same temperature [62].
As mentioned before, low packing fraction is associ-

ated with fast self-diffusion [26, 27]. The result from 
density measurements therefore supports the idea 
that the contribution from self-diffusion counteracts 
the decrease of the thermodynamic factor leading to 
a weak concentration dependence of interdiffusion.

(7)F =

(

4�

3

∑

i

c
i
r
3

i

)

∕

(

M

�N
A

)

Figure  9   Determined densities, excess volume and relative 
excess volume at 1200 K as function of In concentration com-
pared to the ideal behavior.

Table 1   Parameters T 
L
 , �

L
 and �

T
 as in Eq.  (6) for the density 

measurements in liquid Al–In

Composition T
L
 [K] �

L
 [g cm−3] �

T
 [g cm−3 K −1]

Al 933.5 2.33 −3.80 × 10−4

Al
95

In
5

910.9 2.51 −4.32 × 10−4

Al
90

In
10

910.9 2.59 −2.22 × 10−4

Al
85

In
15

910.9 2.81 −4.43 × 10−4

Al
80

In
20

910.9 3.44 −4.00 × 10−4
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Conclusion

We used a shear cell furnace in combination with 
X-radiography to obtain in situ data on interdiffu-
sion in liquid Al-rich Al–In alloys. Al–In, as a typi-
cal monotectic alloy, shows a demixing behavior for 
medium concentrations. The thermodynamic factor 
is derived from the Gibbs energy of a mixture and 
is equal to unity for ideal mixtures. It is below unity 
for mixtures with a miscibility gap and is zero where 
the spinodal decomposition starts. When approach-
ing the miscibility gap, the thermodynamic factor 
decreases rapidly. According to Darken’s equation, 
interdiffusion is given by a kinetic contribution, 
containing the self-diffusion coefficients, multiplied 
by the thermodynamic factor. Therefore, a steep 
decrease of the interdiffusion coefficient would be 
expected when approaching the miscibility gap. 
However, our data only show a slight decrease. This 
could be explained by an increase of the self-diffu-
sion or by the factor S, which is also contained in the 
kinetic contribution to the interdiffusion coefficient. 
Future self-diffusion measurements in Al–In melts 
will clarify this open question. The temperature 
dependence of interdiffusion can be described by an 
Arrhenius fit with an activation energy of 270 meV, 
which is close to the activation energy of pure liquid 
aluminum.

Using electromagnetic levitation, we measured 
the density of Al-rich Al–In melts in temperature 
ranges where the alloy was fully mixed, as well as 
in the demixed phase. There is no visible change in 
the temperature dependence of the density when 
transitioning from the mixed to the demixed phase. 
The excess volume is negative, with more than 10% 
relative excess volume for 10 to 15 at% In. Although 
demixing alloys may show positive or negative 
excess volume, such a large deviation from the ideal 
behavior has not been reported in any other demix-
ing liquid alloy.

The volume packing fraction can be calculated 
from the density. For Al-rich Al–In, the volume pack-
ing fraction is very low compared to other metallic 
melts. Low volume packing fractions usually mean 
fast self-diffusion. This is an additional hint that 
the kinetic contributions to interdiffusion are more 
important than the thermodynamic contributions to 
interdiffusion in liquid Al-rich Al–In.
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