JPEDAV (2016) 37:2–3
DOI: 10.1007/s11669-015-0396-0
1547-7037 ASM International

Short Communication
Quasicrystal-Enhanced Nucleation During the Solidification of fcc Metallic Alloys:
A Tentative Thermodynamic Approach
Michel Rappaz and Güven Kurtuldu

This short contribution is an extended abstract which summarizes a
recent discovery we have made
regarding the nucleation of fcc grains
during the solidiﬁcation of metallic
alloys. While trying to analyze the
effects of minute solute additions to
the directional solidiﬁcation of aluminum alloys, we observe that
200 ppm of Cr added to Al20 wt.%Zn alloys induced a change
of the primary trunk growth direction
from Æ100æ to Æ110æ.[1] Such a change
of growth directions, so-called dendrite orientation transition (DOT), has
been evidenced in the Al-Zn system
when the zinc composition is increased
from about 25 to 55 wt.%.[2–4] It has
been attributed to a change of the
solid-liquid interfacial energy anisotropy, since zinc is a highly anisotropic element which has a very high
solubility in aluminum at high temperature.[5] In the present case, it
seems that a few hundreds ppm of
Cr produce the same effect for Al-Zn
alloys having a composition at the
lower limit of the DOT.
Investigating then the behavior of
Al-20 wt.%Zn-Cr
alloys
under
equiaxed solidiﬁcation conditions,
we found out that chromium had a
drastic effect on the ﬁnal grain size for
otherwise identical cooling conditions.[1,6] Besides grain reﬁnement,
detailed EBSD analyses showed that:
(i) chromium induces an abnormal
percentage of twinned grain boundaries (more than 2%); (ii) some of
these grain boundaries are in a neartwin relationship, i.e., a twin relationship with a rotation of 5-7 around a
common Æ110æ direction; (iii) several
nearest-neighbor (nn) grains exhibit
multiple twin or near-twin relationships with a common Æ110æ direction.
These observations are a strong indi-
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cation that a template must induce the
nucleation of the fcc phase.
Considering the phase diagram of
Al-Zn-Cr,[7] Al-20 wt.%Zn-0.1 wt.%
Cr has the liquidus of the intermetallic phase Al13Cr2 above that of the
fcc phase, i.e., this phase can form
ﬁrst during solidiﬁcation. Furthermore, Al13Cr2 (also identiﬁed as
Al7Cr or Al45Cr7) contains many
icosahedral building blocks in its
large monoclinic unit cell,[8] with
Cr atoms at the center of each of
them. It is the approximant phase
of Al7Cr icosahedral quasicrystals
(iQC). iQC’s have a very low interfacial energy with the liquid,[9]
mainly because their structure is very
close to that of the liquid, for which
atomic icosahedral short-range order
(ISRO) was postulated by Frank
already in the 1950s.[10] Since the
nucleation barrier is a cubic power of
the interfacial energy, the undercooling required for the formation of
iQC’s is much lower than that of the
fcc phase (see Fig. 1).[11]
Based on the observations made on
the Al-Zn-Cr system and on theoretical considerations, we then proposed
the following nucleation mechanism
(see Fig. 2): (i) iQC’s form in the
liquid from ISRO of atoms in the
liquid; (ii) They grow, thus depleting
the melt in Cr atoms (the system is
peritectic[12]). At some point the fcc
phase forms heteroepitaxially on the
iQC’s facets with the following relationships: Æ111æfcc//threefold symmetry axes of the iQC, and Æ110æfcc ^
twofold symmetry axes of the iQC.
This induces multiply-twinned fcc
grains, which share a common Æ110æ
direction when they are issued from
ﬁve facets of an iQC sharing a
ﬁvefold symmetry axis; (iii) Upon
further cooling, the iQC template can

even disappear by a peritectic transformation.
Similar observations, with an even
more drastic effect, have then been
made on yellow gold (Au-12.5wt.
%Ag-12.5wt.%Cu) in which 20200 ppm of iridium are added.[13] In
this case, the grain size can be
decreased by a factor 10 (a factor
103 in the grain density) with the
addition of 200 ppm Ir. Nine multiply-twinned fcc nn grains could be
found in this case which reproduced
with their common Æ110æ directions
the six ﬁvefold symmetry axes of an
iQC.
In a recent contribution presented
at the occasion of this Hume-Rothery
symposium,[11] we have suggested,
based on thermodynamic considerations, that the iQC-mediated nucleation of the fcc phase could be viewed
in a way similar to precipitation of a
stable second phase from a supersaturated solid solution (e.g., a sequence
of metastable phases such as h’’ ﬁ
h’ ﬁ h Al2Cu in Al-Cu or a¢rhomb
ﬁ a¢ ﬁ Zn in Al-Zn alloys). In
such phase transformations, the
sequence usually starts from soluterich Guinier-Preston (GP) zones which
can be viewed as a spinodal decomposition of the parent phase. In the present
case, the formation of iQC’s from the
liquid could occur by a similar mechanism, i.e., demixing of the liquid
leading to iSRO-rich regions which
then transform into iQC’s. Homogeneous nucleation of iQC’s would no
longer be considered as a discontinuous process but rather as local ﬂuctuations of icosahedral conﬁgurations of
atoms in the liquid until a critical size is
reached. Once the temperature has
decreased and the iQC’s have grown,
thermodynamic considerations seem to
indicate that this is rather a peritectic
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Fig. 1 Homogeneous nucleation temperature, TN, as a function of the nucleation rate
for Al-20 wt.%Zn and for Al7Cr iQC’s in the same alloy. The thermodynamic data of
Al7Cr iQC’s are taken from the approximant phase, while assuming an interfacial
energy cQC,‘ @ 0.1 cfcc,‘ and the pre-exponential factor IiQC
= 5910 49Ifcc[11]
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Fig. 2 Schematic diagram showing the iQC-mediated nucleation of the fcc phase during solidiﬁcation: (a) ISRO atomic arrangement in the liquid; (b) Formation of iQC; (c)
Formation of the fcc on the iQC with heteroepitaxy relationship; (d) Further growth of
the fcc with disappearance of iQC during cooling, leaving only multiply-twinned fcc
grains with some common Æ110æ directions

transformation of the outer layers of the
iQC’s into a fcc arrangement that promote the transition to fcc grains.[11]
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