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It has been shown recently that minute additions of Cr in Al-Zn alloys refine the solidified grain structure
and induce multiply-twinned grains which can only be explained if the icosahedral symmetry is
considered (Kurtuldu et al., 2013). It has been suggested that Cr addition to Al-Zn alloys promotes the
formation of icosahedral short-range order (ISRO) in the liquid, leading to the formation of icosahedral
quasicrystals (iQC) acting then as a template for the nucleation of the fcc Al-phase. If ISRO exists in liquid
Al-Zn-Cr alloys, this should influence diffusion of solute elements in the liquid. The present study focuses
on the effect of Cr addition on Zn diffusion in liquid Al-Zn-Cr alloys. The solute diffusion coefficients of Zn
and Cr in the liquid were deduced from the solute profiles in the quenched liquid ahead of a planar solid-
liquid interface. By comparison with the same measurement in Al-Zn alloys, it is shown that Cr indeed
slows down the diffusion (and mobility) of Zn atoms, an effect which reinforces the hypothesis of ISRO in
Al-Zn liquid induced by Cr.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Diffusion of solute elements in liquid metallic alloys play a sig-
nificant role in the formation of microstructures. Diffusion co-
efficients are also of theoretical interest since they are related to
atomic mobilities [1]. While the atomistic structure of liquids is
generally thought as totally random, Frank [2] already in 1952
suggested that atoms in metallic liquids may exhibit icosahedral
short-range order (ISRO). More recently, molecular dynamics sim-
ulations [3,4] and small-angle scattering in various metallic liquids
[5e8] have shown this conjecture to be real. This was also rein-
forced by the discovery of quasicrystals [9], for which icosahedral
symmetry plays a major role. As reviewed for example in
Refs. [10,11], quasicrystals (QC) with 5-fold symmetry have been
observed later inmanymetallic systems, mainly Al-transitionmetal
alloys.

Long before the discovery of quasicrystals, it was already known
that hundreds of intermetallic crystalline compounds have com-
plex structures containing icosahedral building blocks in their unit
y of Metal Physics and Tech-
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cell, thus demonstrating already a strong tendency for icosahedral
clustering in the undercooled liquid [12]. During cooling, these
crystals with large unit cells, which are now called ”approximants”
[13], preserve icosahedral arrangement of atoms at a local scale
while establishing (unlike QC) long-range translation periodicity.
Their existence in an alloy system also gives significant clues on the
structure of liquids.

We have recently shown that icosahedral quasicrystals (iQC’s)
can also play a major role in the nucleation of the fcc Al phase
during solidification of an Al-20wt%Zn alloy [14,15]. Small additions
of Cr (1000 ppm) in the liquid metal drastically decrease the size of
the fcc grains and induce an abnormally high fraction of twin or
near-twin grain boundaries. By careful analysis of the orientation of
nearest-neighbor (nn) fcc grains, we found several multiply-
twinned nn grains configurations. Their mutual orientation could
be explained only if they were assumed to form on a single regular
or interlocked icosahedron with the epitaxial relationship:
〈111〉fcc

�� 3-fold symmetry iQC axes, and 〈110〉fcc⊥ 2-fold symmetry
iQC axes. This provided compelling evidence supporting the
concept that fcc grains could nucleate from an icosahedral tem-
plate, known to be present as iQC’s in the supercooled liquid or as
building blocks of the crystalline structure of the approximant
Al45Cr7 phase [16e18]. Similar observations were then made for
yellow gold alloys (Au-12.5 wt%Cu-12.5 wt%Ag) inoculated with
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very small amounts of Ir (5e200 ppm) [19]. Nucleation and growth
of 10-fold twinned dendrites on a decagonal QC have also been
reported by Hornfeck et al. [20] in the Ni-Zr system.

In this QC-enhanced (or QC-mediated) nucleationmechanism of
the fcc phase, ISRO in the liquid is promoted by Cr additions to Al-
Zn alloys. But ISRO should also influence solute diffusion in the
liquid, since the local covalent bonds should reduce their mobility.
Accurate measurements of self-diffusion coefficient in metallic
liquids are possible through the use of quasielastic neutron scat-
tering on a picosecond time scale, which is short enough not to be
disturbed by convective flow [21e24]. However, these measure-
ments are mainly well-established in case of ”incoherent scat-
terers” such as Ni, Cu, Co or Ti, for which the quasielastic signal at
small q is dominated by the incoherent contribution. In the present
study, the liquid diffusion coefficients of Zn and Cr elements in Al-
Zn-Cr alloys have been measured after quench from the solute
concentration profiles ahead of a planar solid-liquid interface. This
technique has already been used to determine diffusion coefficients
of various solute elements in liquid Al [25e31]. For low solute
content alloys having a narrow solidification interval, a planar front
can remain stable up to a fairly high speed v in a fixed thermal
gradient G. Under such conditions, a steady-state regime is reached
over fairly short distances of processing in a Bridgman furnace. The
solute boundary layer ahead of the planar solid-liquid interface in a
binary alloy is given in this case by the ratio D[/v, thus providing a
direct measurement of the solute diffusion coefficient in the liquid,
D[.

For systems with a high nominal solute composition (and thus a
large solidification interval), the solidification speed has to be
reduced accordingly in order to ensure planar front growth. Under
such conditions, it is more difficult to reach steady state but the
diffusion coefficient D[ can still be deduced from the solute profile
ahead of the planar solid-liquid interface in the transient regime
[29].

2. Experimental methods

2.1. General procedure

In this study, Al-Cr, Al-Zn and Al-Zn-Cr alloys were prepared in
an induction furnace under Ar atmosphere from high purity Al
ingots (99.99 wt%), Zn rods (99.99 wt%) and Cr powder (99.5 wt%).
Specimens with appropriate dimensions for Bridgman solidifica-
tion (BS) experiments were extracted from the cast ingots by wire
electrodischarge machining. They were then solidified in a high
temperature gradient Bridgman furnace, the details of which can be
found in Ref. [32]. It is just recalled that the hot stage of the BS
furnace is made of an induction coil which heats up a molybdenum
susceptor, itself heating by radiation the specimen contained in a
ceramic crucible. The cold stage is a liquid metal cooling (LMC) bath
in which the ceramic crucible is immersed.

In order to limit natural solutal convection (see below), the size
of the specimenwas limited by using small capillary alumina tubes
with an inner diameter of 1.2 mm (outer diameter 2 mm, length
140 mm). Filling liquid metal into the capillary without any
disruption or bubble was achieved by using an infiltration method.
The alumina capillary was inserted inside an Al alloy cylinder (in-
ternal diameter 2 mm, outer diameter 4 mm). Two centering BN
rings were attached to the capillary tube. The detailed sample set-
up configuration can be found in Ref. [33]. The whole set-up was
inserted in an alumina crucible (inner diameter 4 mm, outer
diameter 7 mm and length 500 mm) and mounted in the BS
furnace. After the sample was placed inside the furnace, the
chamber and crucible were evacuated and purged with Ar gas three
times. The susceptor was then heated up to 900 �C at a controlled
rate and the sample was maintained at this temperature for 15 min.
The molten alloy, which then overflows over the mouth of the
capillary, was then pushed inside by applying an Ar pressure of
300 kPa in the crucible. Once the capillary tube was infiltrated by
the alloy, the crucible was lowered at 2 mm/min until it was
immersed 20 mm into the liquid metal cooling bath. The whole
system was equilibrated for 2 h and directional solidification was
then performed at a sufficiently low velocity that ensured planar
front growth.

The temperature during the whole experiment was controlled
by a thermocouple inserted in an alumina capillary and placed at
the center of the sample. Between the solidus and liquidus tem-
peratures of Al-20 wt%Zn (TSol ¼ 585 �C, TLiq ¼ 626 �C), a thermal
gradient G z 100 K/cm was measured. Based on this value, the
pulling speed vp ensuring steady-state planar front growth was
estimated to be 0.8 mm/s according to the constitutional under-
cooling criterion [34]:

vp < vc ¼ GD[

DT0
(1)

where vc is the critical velocity above which instabilities of the
solid-liquid front develop, DT0 ¼ ðTLiq � TSolÞ is the solidification
interval of the alloy and D[ is the solute diffusion coefficient in the
liquid (estimated to be on the order of 3 � 10�9 m2/s prior to the
present measurements).

2.2. Diffusion coefficient measurement

The diffusion coefficient of Cr and Zn in liquid binary (Al-Cr and
Al-Zn) and ternary (Al-Zn-Cr) alloys have been measured from the
corresponding solute composition profile in the liquid, either dur-
ing steady state or during the transient. At the end of solidification
at constant pulling speed, a fast quench froze the solute profiles and
ensured that the interface motion during quenching is negligible
compared to the thickness of the solute boundary layer. Composi-
tion profiles in the solid and quenched liquid were measured by an
electron probe microanalyzer (EPMA) and Energy Dispersive X-ray
(EDX) analysis, as a function of the distance to the quenched
interface. Since the quenched microstructure is composed of fine
eutectic and dendrites, the composition measurements were
averaged on 500 mm line scans parallel to the quenched interface.
While 10 points were measured in the solid on a line scan for each
distance from the interface, each line scan value in the quenched
liquid was an average over 30 points. The standard deviations of Zn
and Cr compositions for a line scan in the solid are about 0.15 wt%
and 0.02 wt%, respectively. Although more points were used in the
quenched liquid, the corresponding solute compositions showed
larger deviations due to the formation of the microstructure during
quenching. The standard deviation of Zn and Cr compositions for a
line scan in the liquid are about 6 wt% and 0.02 wt%, respectively.

2.3. Effect of convection

As mentioned earlier, avoiding convection in the liquid is crucial
in the determination of liquid diffusion coefficients. In LMC
configuration where gravity is opposed to the vertical thermal
gradient, the gradient of liquid density ahead of a planar front in Al-
Zn specimens is parallel to gravity, i.e., opposed to the thermal
gradient. Indeed, besides thermal expansion of the liquid (cold and
denser liquid is below), rejected zinc is also heavier than aluminum
(kZn > 1, where kZn is the partition coefficient of Zn). In Al-Cr or Al-
Zn-Cr, the effect of chromium can be neglected although this solute
element is depleted in the liquid [33] (kCr > 1) and heavier than
aluminum. Indeed, the Cr composition of the specimens is very low
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(~0.1 wt%) and the solidification interval of the binary Al-Cr system
is very small [35].

Nevertheless, fluid flow can still occur if there is a small hori-
zontal component of the thermal gradient. Such can be the case in
our BS setup, since the sample is heated radially by the Mo sus-
ceptor with the low-thermal conductivity ceramic crucible in be-
tween [36]. This is particularly the case if the solid-liquid front is
not precisely located in the middle of the adiabatic zone between
the hot and cold stages. Fig. 1 shows the quenched solid-liquid
interface of an Al-20 wt%Zn alloy directionally solidified in a
4mm inner diameter crucible with G¼ 100 K/cm and vp¼ 0.8 mm/s.
The solid-liquid front is indeed stable under such growth condi-
tions, but definitely curved. The convex shape of the solid phase,
with the presence of quenched liquid near the surface of the cru-
cible, indicates that solutal convection of zinc is from the center to
the periphery of the specimen, i.e., of a solidus isotherm that is also
convex (i.e., the radial component of the thermal gradient, Gr, is
positive). In order to limit the influence of convection on the
measurement of diffusion coefficients [29,37], the diameter of the
specimens was reduced from 4 mm (Fig. 1) to 1.2 mm.

3. Modeling planar front solidification

Smith et al. [38] studied the initial transient of planar front
growth and based on a few assumptions, they developed analytical
solutions for the evolution of the solute profiles in the solid and
liquid phases. For more realistic situations, some of these as-
sumptions need to be relaxed and this then requires to use nu-
merical methods. In the present case, the 1-dimensional finite
differences model developed by Valloton et al. [39] has been used.
This model first considers a variable velocity v* of the solid-liquid
front during the initial transient. This velocity increases from zero
at the start of solidification, when the interface is at the liquidus
temperature of the alloy, to the pulling speed vp, when steady state
is reached and the temperature of the interface is that of the soli-
dus. Secondly, the model also accounts for the liquid velocity
induced by solidification shrinkage, since the densities of the solid
and liquid are not equal. The fluid velocity, v[, at the interface po-
sition is given by �bslv

* where bsl ¼ ðrs � r[Þ=r[ is the shrinkage
factor, rs and r[ being the solid and liquid densities, respectively.
Fig. 1. A quenched solid-liquid interface of Al-20 wt%Zn growing at G ¼ 100 K/cm,
vp ¼ 0.8 mm/s in an alumina tube with 4 mm inner diameter.
Please note that bsl depends on the Zn composition: at low Zn
composition, it is positive (the solid is denser than the liquid), but
for higher composition it becomes negative due to the leaner Zn
content of the solid. Although the liquid density itself is a function
of the Zn composition (in particular within the diffusion layer), it
was assumed constant and equal to that of the interface. Thirdly,
the solidus and liquidus lines of the Al-Zn phase diagram being
curved, tabulated values calculated with Thermocalc have been
used instead of the assumption of a linear phase diagram (and
constant partition coefficient).

The main aspects of the model are shown schematically in Fig. 2
for a binary system. A sample of initial composition C0 is pulled
with a velocity �vp (vp < vc) through an imposed thermal gradient
G. Two reference frames are considered: the x-axis is attached to
the sample while the z-axis is attached to the solid-liquid interface
and moves with the velocity v*. The assumptions of the model are
as follows:

� The problem is one dimensional.
� The temperature at any given point and time within the spec-
imen is given by:

Tðx; tÞ ¼ TLiqðC0Þ þ G
�
x� vpt

�
(2)
� The composition of the liquid at the interface is given by the
phase diagram:

C�
[ ¼ CLiqðT�Þ (3)

where CLiq(T) is the equation of the liquidus line and T* is the
interfacial temperature given by Eq. (2) taken at the actual position
x*.

� The densities of the liquid and solid are constant, but not equal.
� Solid state diffusion is neglected, i.e., Ds ¼ 0. The composition
profile in the solid is then “frozen” and corresponds to the
interfacial liquid composition of the solute element multiplied
by its partition coefficient k. The diffusion calculation can thus
be performed in the liquid domain only.

� The diffusion coefficient D[ in the liquid domain for a given
nominal composition is uniform and constant.

� The length of the liquid domain in which the calculation is
performed remains equal to L and thus the specimen is assumed
to bemuch longer than the distance to establish steady state and
the boundary layer thickness in the liquid (semi-infinite
approximation). The final transient is therefore not considered.

Under such assumptions, the diffusion equation in the liquid
phase solved in the moving reference frame is given by:

�D[
v2C[
vz2

þ v0[
vC[
vz

þ vC[
vt

¼ 0 (4)

where C[ is the solute composition in the liquid and v0[ is the
apparent liquid velocity in the moving frame, which can be related
to v* with the following relationship:

v0[ ¼ �ð1þ bs[Þv� (5)

The liquid domain of length L is subdivided into N grid points
(see Fig. 2). The composition at the interface, C�

[ , is used as a
Dirichlet condition at the first nodal point (position z1 ¼ 0) while a
homogeneous Neumann condition is set at the last one (position
zN ¼ L). The diffusion equation is expressed using a finite differ-
encesmethod, an implicit scheme to avoid any Fourier criterion and



Fig. 2. Schematic diagram of the numerical model used for the segregation calculation (see text) [39].

Fig. 3. Planar solid-liquid interfaces in the longitudinal section of (a) an Al-6.5 wt%Zn
alloy (vp ¼ 0.75 mm/s, G ¼ 100 K/cm and t ¼ 80,000 s) and (b) an Al-17.6 wt%Zn-0.1 wt%
Cr alloy (vp ¼ 0.75 mm/s, G ¼ 100 K/cm, t ¼ 25,740 s) in a 1.2 mm diameter tube.
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a tridiagonal matrix algorithm to obtain the nodal compositions.
The interface velocity is updated at each time step using the

solutal balance equation:

r[D[
vC[
vz

j� ¼ �rsv
�C�

[ ð1� kÞ (6)

The numerical model described above was also applied to the
Al-Zn-Cr ternary system by assuming that there is no interaction
between the solute elements (this hypothesis is discussed later in
the paper). Therefore, the diffusion equation (Eq. (4)) can be solved
independently for each solute element (diffusion coefficients of
solute elements in ternary alloys are labelled with a “ ’ ” upper
index to distinguish them from the corresponding values measured
in the binary alloys).

4. Results

4.1. Cr diffusion in liquid Al-Cr alloy

Using the same BS experimental procedure for an Al-0.08 wt%Cr
alloy, we have been able recently to end a controversy about the
nature of the invariant between liquid, Al and Al45Cr7 [33]. Chro-
mium was shown to be depleted in the liquid ahead of the
quenched planar solid-liquid interface, thus proving that the
invariant reaction on the Al-rich side of the Al-Cr phase diagram is
peritectic. Measuring the slope of the solute profile in the quenched
liquid after steady state growth was reached, a value
D[,Cr ¼ 2.4 � 10�9 m2/s was deduced for the diffusion coefficient of
Cr in liquid Al (T* ¼ 660.6 �C). This value is in close agreement with
the measurement of Shibata et al. [27], i.e., 2.28 � 10�9 m2/s. The
partition coefficient measured from the composition jump at the
quenched interface, kCr ¼ 1.71, is also in good agreement with the
phase diagram of Murray (kCr ¼ 1.75) [35].

4.2. Zn diffusion in liquid Al-Zn alloys

The diffusion coefficient of Zn in liquid Al-Zn alloy was
measured for various Zn initial compositions: 6.5, 12.8 and 18.4 wt
%. Fig. 3(a) shows the quenched solid-liquid interface in a longitu-
dinal section of an Al-6.5 wt%Zn sample after 80,000 s of growth. It
is planar over the entire cross section and no radial segregation is
apparent in the sample. This demonstrates that solute transport
was controlled mainly by diffusion in the small capillaries, with no
visible effect of a radial component of G and induced convection
(except that associatedwith shrinkage). The quenched liquid shows
a fine dendritic structure. Dendrites initiated by planar front in-
stabilities during quenching grow over about 10e50 mm before
being stopped by equiaxed grains nucleated in the liquid. Beyond
the equiaxed zone, the quenched liquid exhibits longer and larger
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grains with nearly random orientation. Although this specific
quenched grain structure is probably linked with the supersatu-
ration ahead of the planar front at the time of the quench, it was not
further investigated. The Zn compositions in the solid and liquid
close to the interface show that the motion of the flat interface
during quenching was negligible.

The Al-Zn system having a much larger solidification interval
than that of Al-Cr, the critical pulling speed vc is lower (Eq. (1)) and
the transient before reaching steady state extends over longer
distances for this alloy. While steady could be reached for the
samples with 6.5 and 18.4 wt%Zn compositions, the growth of the
Al-12.8 wt%Zn sample was interrupted during the initial transient
at a value C�

s =C0 ¼ 0:88 (instead of 1 for steady state). The solidi-
fication shrinkage value, bs[, calculated with the interfacial com-
positions are 0.014, �0.02 and �0.06 for Al-6.5 wt%Zn, Al-12.8 wt%
Zn and Al-18.4 wt%Zn, respectively.

The liquid diffusion coefficient of Zn in these three alloys was
deduced by a least-squares curve fit based on the compositions
C[(z) measured in the quenched liquid (Section 2) and the numer-
ical solution obtained with the model described in Section 3. The
compositions measured over the first millimeter from the interface
were weighted by a factor 3 compared to those of the remaining
profile.

The measured composition profiles in the quenched liquid and
the best fit obtained from the numerical model for the three alloys
are shown in Fig. 4. This procedure allowed to deduce the liquid Zn
diffusion coefficient, D[,Zn, as well as the partition coefficient, kZn,
listed in Table 1. The values of D[ reported in this table were finally
assigned the temperature T* of the solid-liquid interface at the time
of the quench, using the interfacial compositions and the Al-Zn
phase diagram [40].

The values of the Zn diffusion coefficients in liquid Al listed in
Table 1, D[,Zn(T), can be compared with two previous experimental
studies found in the literature. The first measurements of Kopach
et al. [41] to determine the temperature dependence of Zn diffusion
in liquid Al were performed using the liquid capillary method
with 1.2e1.6 mm inner diameter tubes. The data points of
these authors (using a logarithmic scale) are reported with open
squares in Fig. 5 as a function of the inverse of the temperature in
Kelvin, together with those of the present study (filled circles).
Sato et al. [25] used planar front solidification experiments to so-
lidify Al-0.08 wt%Zn specimens but with fairly large dimensions
(5 mm � 3 mm � 220 mm). Their measured value, D[ ¼ 4.67
� 10�9 m2/s, is shown in Fig. 5 by an open triangle.

As can be seen in Fig. 5, the measured diffusion coefficients of Zn
in liquid Al-Zn alloy are in good agreement with those of the
literature. However, while making this comparison, it should be
kept in mind that the concentration dependence of D[ was
neglected in our study, while the literature values were all
measured for more dilute solutions. Neglecting the influence of
composition and diffusion being a thermally-activated process, an
Arrhenius relationship:

D[ ¼ D[;0 exp
��Ea

RT

�
(7)

was used to fit the present values and those of the literature (line
drawn in Fig. 5). The pre-exponential factor D[;0 ¼ 1:62�10�6m2=s
and the activation energy Ea ¼ 44.7 kJ/mol are quite different from
the values predicted by Du et al. [42].

4.3. Cr and Zn diffusion in liquid Al-Zn-Cr alloys

In order to see the influence of Cr additions on diffusion in Al-Zn
alloys, planar front growth experiments were performed on the
ternary system with various Cr and Zn compositions. Fig. 3(b)
shows the quenched solid-liquid interface of an Al-17.6 wt%Zn-
0.1 wt%Cr alloy. As for Fig. 3(a) without Cr, fine dendrites grow
epitaxially from the interface over a distance of about 50 mm before
being stopped by equiaxed grains. However, beyond this equiaxed
region, columnar dendrites very well aligned with the capillary axis
(i.e., perpendicular to the planar solid-liquid interface) are clearly
visible.

The composition profiles of an Al-17.6 wt%Zn-0.1 wt%Cr alloy
shown in Fig. 6 demonstrates that while Zn is rejected into the
liquid, Cr is depleted of the interface. After 25,740 s, solidification
was interrupted during the initial transient regime with a ratio
C�
s;Zn=C0;Zn ¼ 0:94. The slightly increasing Zn composition of the

frozen solid also indicates that steady state was not reached. If the
interactions between Cr and Zn solute elements is neglected (no
cross-diffusion), the diffusion coefficients of Cr and Zn in liquid Al-
Zn-Cr can be determined independently using the measured pro-
files and the model for binary alloys described in Section 3. The
influence of Cr on the temperature of the interface during the
transient, T*, as well as on solidification shrinkage (bs[ ¼ �0.06 in
this case) was neglected since the Cr composition of the alloy is
very low and its solidification interval very narrow. The values of
the two diffusion coefficients deduced for this alloy, D0

[;Zn and D0
[;Cr ,

are listed in Table 1. While the calculated profiles in the quenched
liquid are in good agreement with the measured values, the
experimental Cr profile in the solid near the interface does not
match very well the calculated one (Fig. 6). This is probably due to
the varying Cr partition coefficient, kCr, during solidification.
Indeed, while the partition coefficient for Zn, kZn(T), was variable
during the calculations and taken from the tabulated binary phase
diagram, that of Cr was fixed (kCr ¼ 2.85).

The temperature of the solid-liquid interface at the time of the
quench was determined from the ternary Al-Zn-Cr phase diagram
calculated by ThermoCalc (Fig. 7(a)) using the SSOL2 database and
the solute compositions measured in the solid at the interface. The
deduced value of T*, 602 �C, corresponds to an isothermal section
for which the solute compositions in the liquid at the interface
indicate the formation of the Al45Cr7 intermetallic phase ahead of
the a-planar interface. In order to determine the undercooled zone
ahead of the quenched interface, the liquidus temperatures of
Al45Cr7 and a-Al phases were calculated using ThermoCalc and the
solute compositions measured in the quenched liquid. Using
fourth-order polynomial fits, the two liquidus lines are drawn in
Fig. 8 together with the temperature profile imposed by the
furnace. This profile was determined from the interface tempera-
ture and the thermal gradient. As can be seen, the a-Al liquidus line
is always below the actual temperature in the liquid, as expected for
planar front growth. However, although intermetallic phases could
not be observed in the quenched liquid by SEM, the liquid is
undercooled over a distance of 4 mm ahead of the interface with
respect to the Al45Cr7 liquidus. Themaximumundercooling reaches
~ 25 �C at the interface. Although DTA results of Al-Cr alloys showed
that high undercooling (40 �C for Al-2wt.%Cr alloy at 10 K/min
cooling rate) is required for the nucleation of Al45Cr7 [43], the
deduced solute diffusion coefficients can be affected by the for-
mation of Al45Cr7 intermetallic phase. Please note that the tie line
deduced from the solid/liquid interfacial compositions (or the
partition coefficients for Zn and Cr listed in Table 1) does not agree
with the calculated isothermal section shown in Fig. 7(a). This
raises the question of the validity of the phase diagram data and/or
of the assumption of local interfacial equilibrium.

Another alloy of lower composition, Al-5.1 wt%Zn-0.065 wt%Cr,
was solidified with a higher pulling speed (vp ¼ 1.56 mm/s) since its
solidification interval DT0 is reduced (Eq. (1)). After 26,400 s, so-
lidification was interrupted during the steady-state regime. The



Fig. 4. Measured and best fit of the Zn composition profiles near the planar solid-liquid interface of (a) Al-6.5 wt%Zn solidified at vp ¼ 0.75 mm/s and G ¼ 100 K/cm during steady
state solidification after 80,000 s solidification; (b) Al-12.8 wt%Zn solidified at vp ¼ 0.8 mm/s and G ¼ 100 K/cm during the initial transient after 21,900 s solidification; (c) Al-18.4 wt%
Zn solidified at vp ¼ 0.8 mm/s and G ¼ 100 K/cm during steady state solidification after 63,000 s solidification. The values of the diffusion coefficients and partition coefficients
deduced from the best fits are listed in Table 1.

G. Kurtuldu et al. / Acta Materialia 115 (2016) 423e433428
ratio of the Zn composition in the solid at the interface and the
nominal Zn composition, C�

s;Zn=C0;Znz1 demonstrates that steady-
state had been reached at the time of the quench (Fig. 9). Steady
state is confirmed by the flat profiles measured in the solid. Using
the same procedure as before (but with bs[ ¼ 0.06 for this Zn
composition), the diffusion coefficients listed in Table 1 were



Table 1
Parameters used in transient or steady state planar front growth simulations and values of diffusion coefficients, D[, and partition coefficients, k, of Zn and Cr solute elements
deduced with the model and the measured solute profiles in Al-Cr, Al-Zn and Al-Zn-Cr alloys. The solid-liquid interface temperature, T*, as well as the ratio C�

s =C0 at the time of
the quench are also listed.

Alloy
(wt%)

vp
(mm/s)

Solidification
time (s)

LSolid (mm) C�
s =C0

(wt%/wt%)
k
(wt%/wt%)

T*

(�C)
D[

(�10�9 m2/s)

Al-0.08%Cr 5 3,600 z18 z1 1.71 660.6 2.4
Al-6.5%Zn 0.75 80,000 z57 z1 0.44 635 4.2
Al-12.8%Zn 0.8 21,900 z16 z0.88 0.47 619 4.2
Al-18.4%Zn 0.8 63,000 z47 z1 0.49 592 3.1
Al-5.1%Zn-0.065%Cr 1.56 26,400 z40 z1 kZn ¼ 0.45 642 D0

[;Zn ¼ 3:3

kCr ¼ 1.75 D0
[;Cr ¼ 1:7

Al-17.6%Zn-0.1%Cr 0.75 25,740 z16 For Zn kZn ¼ 0.47 602 D0
[;Zn ¼ 2:6

z0.94 kCr ¼ 2.85 D0
[;Cr ¼ 1:8
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deduced from these profiles with the numerical model.
Please note that the low nominal composition of this alloy

prevents the potential formation of the intermetallic phase ahead
Fig. 5. Diffusion coefficient of Zn in liquid Al measured in this study and found in the literatu
inverse of the temperature in Kelvin. The best fit of an Arrhenius law on all these data is s

Fig. 6. Cr and Zn composition profiles near the planar solid-liquid interface of an Al-17.6 w
processing. The experimental solute profiles are compared with the results of the numeric
of the solid-liquid interface, as shown in the isothermal section of
the ternary phase diagram (Fig. 7(b)) performed at the steady-state
interfacial temperature (T* ¼ 642 �C). As for the previous Al-Zn-Cr
re [25,41], plotted with a logarithmic scale on the vertical axis and as a function of the
hown with a solid line.

t%Zn-0.1 wt%Cr alloy solidified at vp ¼ 0.75 mm/s and G ¼ 100 K/cm after 25,740 s of
al calculation with the diffusion coefficients listed in Table 1.



Fig. 7. Calculated isothermal sections of the Al-Zn-Cr phase diagram at (a) 602 �C and (b) 642 �C. The two red points show the compositions in the solid and liquid at the interface of
the Al-17.6 wt%Zn-0.1 wt%Cr and Al-5.1 wt%Zn-0.065 wt%Cr alloys in (a) and (b), respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Linear thermal profile imposed by the Bridgman furnace in the liquid ahead of the quenched interface and liquidus temperatures of Al45Cr7 and a-Al phases calculated from
the measured Cr and Zn compositions in the liquid (Fig. 6). The gray-shaded area shows the undercooled zone in the liquid for the formation of Al45Cr7.

Fig. 9. Cr and Zn composition profiles near the planar solid-liquid interface measured in a Al-5.1 wt%Zn-0.065 wt%Cr alloy solidified at vp ¼ 1.56 mm/s and G ¼ 100 K/cm after
26,400 s of processing. The experimental solute profiles are compared with the results of the numerical calculation with the diffusion coefficients listed in Table 1.

G. Kurtuldu et al. / Acta Materialia 115 (2016) 423e433430
alloy, the tie line deduced from the interfacial compositions, and
thus the partition coefficients listed in Table 1, does not agree with
the phase diagram calculated with ThermoCalc.
5. Discussion

The method of planar front solidification to deduce the diffusion
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coefficient of solute elements in the liquid has often been used in
past literature. It is known that significant errors can be present if
any fluid flow is present in the system. In Al-Zn alloys in which the
density gradient in the liquid is parallel to gravity, the effect of
convection could be minimized by using 1.2 mm inner diameter
capillary tubes. While shrinkage-induced convection cannot be
avoided and changes direction as the Zn composition is increased, a
nearly diffusion-controlled regime has been obtained with no
visible effect of macrosegregation. The parameters that were used
in the transient or steady-state regimes of planar front growth as
well as the deduced values of D[ and k obtained from the solute
profiles in the liquid for Al-Cr, Al-Zn and Al-Zn-Cr alloys are sum-
marized in Table 1. In order to compare the deduced diffusion co-
efficients for different alloy compositions and the values in the
literature, the temperature of the solid-liquid interface, T*, has been
determined from the binary or ternary phase diagrams.

Fig. 10 summarizes the results and shows the influence of Cr
additions on the solute diffusion coefficients in Al-Zn-Cr alloys. In
order to better see the temperature dependence of the diffusion
coefficient of Zn in liquid Al, the values reported in the literature are
also shown in this figure. Diffusion of Zn in the liquid of Al-Zn-Cr
alloys is clearly slowed down by small Cr additions as compared
with binary Al-Zn alloys. Before concluding that this effect is
associated with icosahedral short range order (ISRO) promoted by
Cr addition, one should first check that this is not due to cross
diffusion.

In the diffusion calculations made so far in this study for Al-Zn-
Cr, it has been assumed that the two solute elements do not
interact. In other words, the diffusion coefficient of Zn in this
ternary system, i.e., D0

[;Zn, has been deduced by taking into account
only the composition gradient of Zn in the liquid. Considering now
that the chemical potential of Zn, mZn(C[(Zn),C[(Cr)), is a function of
both the Zn and Cr compositions, it is shown in the Appendix that
the diffusion coefficient D’

[;Zn is given by:

D0
[;Zn ¼ D[;Zn

8<
:1þ

0
@

vmZn
vC[;Cr

vmZn
vC[;Zn

1
A
0
@dC[;Cr

dz
dC[;Zn

dz

1
A
9=
; (8)

providing the mobility of Zn atoms remains unchanged when a
small amount of Cr is added to the binary Al-Zn alloy.

The derivative of mZn(C[(Zn),C[(Cr)) with respect to variations of
Cr and Zn compositions have been calculated using Thermocalc.
They were found to be both positive and their ratio, i.e.
Fig. 10. Diffusion coefficient of Cr and Zn in liquid Al-Zn, Al-Cr and Al-Zn-Cr alloys
measured in this study and found in the literature [41,25,28]. The fitted Arrhenius
correlation for binary Al-Zn alloys is also drawn.
�
vmZn
vC[;Cr

.
vmZn
vC[;Zn

�
, is close to 1 in liquid Al-Zn-Cr alloys in the range 5 to

40 wt%Zn, 0.03 to 0.1 wt%Cr and 600e700 �C. The composition
gradients of Cr and Zn (i.e., dC[,Cr/dz and dC[,Cr/dz) can be deduced
from the measured composition profiles in the liquid ahead of the
solid-liquid interface. Because Zn is rejected into the liquid, while
Cr is depleted, during solidification, their ratio is always negative
and this could thus contribute to slow down diffusion Zn in the
ternary alloy. However, the ratio of composition gradients, i.e.,�
dC[;Cr

dz

.
dC[;Zn

dz

�
, is about �0.01 only. Therefore, this is insufficient to

explain the lower diffusion coefficient of Zn in the ternary Al-Zn-Cr
alloys, and it can be logically concluded that the mobility of Zn
atoms is decreased by Cr additions. Such finding seems to confirm
that Cr induces ISRO in the liquid of Al-Zn alloys.

As mentioned in Section 1, ISRO is generally considered as a
basic structural unit for most metallic liquids [2,7,8,44], providing
the atomic radii of elements, alloy composition and electronic
contributionsmeet certain criteria for interatomic interactions [45].
ISRO especially prevails in liquid Al alloys that form iQC phase, e.g.,
Al-Pd-Mn [46], Al-Mn-Cr [6], Al60Cu34Fe6 [47], decagonal QC phase,
e.g., Al65Cu25Co10 [48] and Al74Co26 [49] and complex poly-
tetrahedral phase, e.g., Al13(Co,Fe)4 [49], as directly evidenced by
neutron scattering studies. In an alloy system such as Al-Cr, the
existence in the equilibrium phase diagram of intermetallic phases
with a complex crystalline structure containing several icosahedral
building blocks in their large unit cell is already a strong indication
that ISRO of atoms is present in the liquid [12]. As can be seen in
Fig. 7, Al13Cr2 intermetallic phase can form in liquid Al-Zn-Cr. This
intermetallic phase has a monoclinic structure, with a very large
unit cell containing 14 Cr and 90 Al atoms [16,17]. Several icosa-
hedral building blocks formed by a Cr atom at the center of twelve
Al atoms (Al or Zn) at the vertices can be seen in Fig. 11 of Ref. [14].
These icosahedral building blocks are linked together by sharing a
vertex, an edge or a face, or by interlocking. Al and Cr have the
appropriate atomic radii to be arranged in the icosahedral config-
uration and besides Al45Cr7, other Al rich intermetallic compounds
formed by peritectic reactions, Al11Cr2 and Al4Cr, have also icosa-
hedral atomic arrangements in their unit cell [50]. Another inter-
metallic phase, Zn13(CrxAl1�x)27 (x ¼ 0.34e0.37), has recently been
shown to exhibit icosahedral building blocks in its rhombohedral
system [51]. These crystallographic observations strongly support
the interpretation of grain refinement induced by Cr during equi-
axed solidification of Al-Zn-Cr alloys in terms of quasicrystal-
mediated nucleation [14]. The present measurements of the influ-
ence of Cr on the diffusion coefficient of Zn in Al-Zn-Cr alloys is
another experimental fact that supports the formation of ISRO in
this liquid alloy.
6. Conclusion

The quasicrystal-enhanced nucleation mechanism discovered
recently in Al-Zn-Cr alloys [14] assumes that Cr promotes the for-
mation of ISRO in the liquid. If such interpretation is correct, Cr
should also influence diffusion in the liquid as a result of short-
range covalent-type interactions. In the present contribution, the
diffusion coefficient of solute elements in Al-Cr, Al-Zn and Al-Zn-Cr
liquid alloys have been measured by analyzing the concentration
profile ahead of a planar solid-liquid interface during directional
solidification after quenching. The diffusion coefficient of Zn in
liquid Al-Zn-Cr alloy is found to be significantly smaller than that in
binary Al-Zn alloy. The decrease in diffusion coefficient of Zn in Al-
Zn-Cr alloy has been attributed to the formation of ISRO promoted
by Cr addition.
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Appendix

For a steady state planar growth of a binary Al-Zn alloy, the
solute flux in the liquid ahead of the interface JZn can be described
by Fick’s first law:

JZn ¼ �DAl
ZnZn

vC[;Zn
vz

(9)

DAl
ZnZn is the diffusion coefficient of Zn in Al and given as D[,Zn in the

text.
In ternary Al-Zn-Cr system, Zn flux is given by:

JZn ¼ �DAl
ZnZn

vC[;Zn
vz

� DAl
ZnCr

vC[;Cr
vz

(10)

where DAl
ZnCr is the cross diffusion coefficient between solute

elements.
We can also write solute flux as driven by chemical potential

gradient:

JZn ¼ �MZnxZn
vmZn
vz

(11)

where xZn is the mole fraction of Zn andMZn is the mobility of Zn in
liquid. mZn is a function of solute compositions and by means of
chain rule of derivation, Equation (10) can be written as:

JZn ¼ �MZnxZn

�
vmZn
vC[;Zn

vC[;Zn
vz

þ vmZn
vC[;Cr

vC[;Cr
vz

�
(12)

By the definition of diffusion coefficients, i.e.,
DAl
ZnZn ¼ MZnxZn

vmZn
vC[;Zn

and DAl
ZnCr ¼ MZnxZn

vmZn
vC[;Cr

, Equations (10) and (12)
are the same.

If we deduce liquid diffusion coefficient of Zn in measurements
by neglecting cross diffusion between Zn and Cr, i.e. D0

[;Zn, the flux
can be written as:

JZn ¼ �D0
[;Zn

vC[;Zn
vz

(13)

By using diffusion coefficient definitions, Equations (10) and
(13), we can write:

D0
[;Zn ¼ DAl

ZnZn

8<
:1þ

0
@

vmZn
vC[;Cr

vmZn
vC[;Zn

1
A
0
@dC[;Cr

dz
dC[;Zn

dz

1
A
9=
; (14)
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