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Abstract

Although the grain refinement of yellow gold alloys with Ir has been used in industry and known for nearly half a century, the basic
mechanism is still unknown. The present contribution shows that the mechanism is the same as that evidenced recently in Al–Zn alloys,
when small amounts of Cr (1000 ppm) are added to the melt (Kurtuldu et al., 2013). The reduced face-centered cubic (fcc) crystal size, the
abnormal fraction of twin, or near-twin, grain boundaries and the 5-fold symmetry crystallographic orientation of multiple nearest-
neighbor grains reproduce the symmetry of icosahedral quasicrystals (iQCs) with the following heteroepitaxial relationships:
{111}fcc/h110ifcc? 3-fold/2-fold symmetry axes of iQCs. While iQCs and the approximant stable Al45Cr7 phase, which contains several
5-fold symmetry building blocks in its unit cell, are known to exist in Al–Cr alloys, no such phases have been reported for yellow gold
+Ir. Nevertheless, when minute amounts of Ir ( K 200 ppm) are added to the gold alloy melt, it is shown that the grain refinement from
248 to 30 lm is accompanied by a spectacular increase in the fraction of twinned grain boundaries, i.e. from less than 1% without Ir to
11% with 200 ppm Ir. Furthermore, up to 9 grains have been shown to reproduce the six 5-fold symmetry axes of the icosahedron, while
many other grain configurations exhibit this heteroepitaxial relationship with the icosahedron or interlocked icosahedron. This confirms
that fcc crystals can form in a supercooled liquid by heteroepitaxial growth from an iQC template.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

In order to explain the large supercoolings of metallic
liquids observed by Turnbull [1], Frank [2] suggested in
1952 that atoms in metallic liquids develop short-range ico-
sahedral order when the temperature is reduced below the
equilibrium freezing point. Molecular dynamics simula-
tions [3,4] and small-angle scattering in various metallic
liquids [5–8] confirmed this conjecture. More recently,
Shechtman et al. [9] discovered quasicrystals (QCs) in a
http://dx.doi.org/10.1016/j.actamat.2014.02.037
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rapidly solidified Al–Mn alloy, thus changing our view
on crystallography. While exhibiting long-range order
and 5-fold symmetry, QCs do not possess translational
order. Although metastable Al–Mn QCs were shown to
remain stable for 1 h up to 350 �C, they transformed into
the approximant Al6Mn phase above this temperature.
After this discovery, for which Shechtman won the Nobel
prize in 2011, thermodynamically stable QCs were found
in binary [10,11] and ternary alloys [12–14], and were
grown into grains several millimeters in size.

Interestingly, Shechtman et al. [9] had already noticed
that crystalline films of face-centered cubic (fcc) Al formed
around nodular shaped QCs, which is expected for such a
peritectic system, but did not investigate further if there
ommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Nucleation mechanism assisted by iQC formation: (a) Frank’s
icosahedral short-range order of atoms in the liquid (red: Cr atoms; blue:
Al or Zn atoms); (b) formation of iQC in the liquid; (c) heteroepitaxy of
the a-fcc phase on the iQC facets, with twin planes in between the various
a nuclei; (d) growth of the fcc phase and dissolution of the iQC during
cooling due to the peritectic nature of the phase diagram. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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were some cystallographic relationships between these films
and QCs. Singh and Tsai [15] demonstrated that epitaxial
crystallographic relationships exist between the a-Mg phase
and Mg–Zn–Y QCs, as well as between Pb, Bi and Sn par-
ticles embedded in an icosahedral Al–Cu–Fe matrix. Crys-
tallographic relationships were also found between QCs
and approximant intermetallic phases [16–18], in particular
in rapidly solidified Al–Cr alloys. In vapor-deposited Al
films on Al–Pd–Mn icosahedral QC (iQC), an epitaxial
relationship between the fcc phase and QCs was observed,
with the h111ifcc direction parallel to one of the 3-fold sym-
metry axes of the icosahedron [19,20].

We have recently shown that iQCs can also play a role
in the nucleation of the fcc Al phase during solidification
of an Al–20 wt.%Zn alloy [21]. 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 (> 2%). By careful
analysis of the orientation of nearest-neighbor fcc grains,
we also found several configurations where multiple-
twinned grains exhibited a symmetry which could be
explained only if they were assumed to form on a single
regular or interlocked icosahedron with the epitaxial
relationship: h111ifcck3-fold symmetry iQC axes, and
h110ifcc ? 2-fold symmetry iQC axes. This provided com-
pelling evidence supporting the concept that fcc grains
could nucleate from an icosahedral template, known to
be present as iQCs in the supercooled liquid or as building
blocks of the crystalline structure of the approximant
Al45Cr7 phase [22,23]. The phase initiated from a melt
can be the one that is closest in free energy to the liquid,
not the thermodynamically most stable one [24]. Metasta-
ble iQC in supercooled metallic liquid is the most likely
candidate to form initially due to its low interfacial energy
[25,26]. Indeed, Kelton et al. [27] have demonstrated that
the icosahedral short-range order first grows into a meta-
stable iQC phase, then transforms into a more stable crys-
talline phase in a supercooled Ti39.5Zr39.5Ni21 liquid.

This iQC-induced nucleation is schematically summa-
rized in Fig. 1. In Fig. 1a, Al and Zn atoms (in blue) tend
to arrange around Cr atoms (in red) in Frank’s configura-
tion. The liquidus temperature of the approximant Al45Cr7

being above that of the fcc phase in this alloy, iQCs (or the
approximant phase itself) form at some undercooling
(Fig. 1b). As the Al–Cr system is peritectic, the liquid layer
ahead of the iQC is depleted in Cr, thus favoring the for-
mation of the fcc (Al–Zn) phase, with epitaxial relation-
ships (Fig. 1c). Upon further solidification and cooling,
the iQC disappears while the fcc phase grows with multiple
twin or near-twin relationships between the various grains,
as indicated in Fig. 1d. Once the fcc phase reaches a critical
radius, the solid–liquid interface is destabilized, thus
leading to the formation of twinned dendrites [28,29,21],
a morphology known in industrial direct chill-cast Al
alloys for more than 60 years and whose origin could not
be explained before this nucleation mechanism was
demonstrated.
In this paper, the same nucleation mechanism is shown
to operate in yellow gold alloys (Au–12.5 wt.%Cu–
12.5 wt.%Ag or Au–28.4 at.%Cu–16.7 at.%Ag) when min-
ute amounts of Ir (5–200 wt. ppm) are added to the melt.
“Inoculation” of such alloys with Ir is a grain-refining tech-
nique currently used in industry and known for nearly half
a century [30–32]. However, although the effect of Ir on
grain size is well established, there has been no investiga-
tion on the basic mechanism responsible of such grain
refinement.

2. Experimental methods

Ingots of 700 g of Au–28.4 at.%Cu–16.7 at.%Ag alloys
(purity Au, Ag, Cu: 99.99%) with a suitable amount of Ir
(in the form of Cu–0.67 at.%Ir) were prepared in a vacuum
induction furnace under an argon atmosphere. The mixed
elements were heated in a graphite crucible. The tempera-
ture was brought up to 1300 �C for 5 min and then reduced
to 1100 �C, where it stabilized for another 5 min. The
ingots were cast at 1100 �C into copper molds
(20 � 20 � 100 mm3) at room temperature. Samples were
cut at about two-thirds from the top of the ingot and pre-
pared for electron backscattered diffraction (EBSD) analy-
sis by polishing with 0.5 lm alumina suspension (OPS) and
by subsequent etching with KCN. Optical and electron
microscopy as well as EBSD observations were made on
yellow gold specimens containing 5, 10, 20, 30, 50, 100
and 200 wt. ppm Ir. A Phillips XLF-30 FEG SEM with
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an HKL detector was used for that purpose and analysis of
the reconstructed EBSD maps to identify twin boundaries
was made with a tolerance of 5�.

3. Results and discussion

Fig. 2 shows false-color EBSD maps of as-solidified
Au–Cu–Ag alloys without and with 20 and 200 ppm Ir
additions. The three color components of the grains
Fig. 2. EBSD reconstructed maps of as-cast Au–Cu–Ag alloys (a) without and
grains corresponds to their three measured Euler angles and twin grain bounda
distributions between neighboring grains are also shown. The grain boundary m
distribution of randomly nucleated grains (continuous black curves, Mackenzie
twin can also be viewed as a rotation of 60� of the crystallographic lattice aroun
in this figure legend, the reader is referred to the web version of this article.)
correspond to their three Euler angles, and identified twin
grain boundaries are outlined with white lines. Ir has a
drastic effect on the grain size, as expected from the known
literature: the grain size is about 250 lm in the specimen
without Ir addition, and only 30 lm in the specimen with
200 ppm Ir (i.e. the grain density is multiplied by 600). This
grain refinement is accompanied by a spectacular increase
in the fraction of twinned grain boundaries, from less than
1% without Ir to 11% with 200 ppm Ir. The grain boundary
with (b) 20 ppm or (c) 200 ppm Ir additions to the melt. The color of the
ries are indicated by white lines. For each EBSD map, misorientation angle

isorientation histograms of the samples are compared with the theoretical
plot [33]). The peak appearing at 60� corresponds mostly to twins, since a
d a common h111i direction. (For interpretation of the references to color
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misorientation distributions of these alloys can also be seen
in Fig. 2. While a few twinned grain boundaries are present
in yellow gold alloys without Ir addition, many twinned
grains are formed when Ir is added as shown by EBSD
reconstructed maps. From the orientation of the grains, a
statistics of the grain misorientation can be made. The rel-
ative orientation of one grain with respect to its neighbor
can be described by three Euler angles, or alternatively
by one rotation axis (two variables) and a rotation angle.
Fig. 2 shows the statistics of this rotation angle between
two adjacent grains. These experimental histograms can
be compared with the misorientation distribution of ran-
domly oriented grains of cubic symmetry, known as a Mac-
kenzie plot (black continuous curves) [33]. For regular gold
alloys without Ir in Fig. 2a, the experimental histogram fol-
lows fairly well the random distribution. When an increas-
ing amount of Ir is added (Fig. 2b and c), a peak of
increasing intensity appears at 60�. This corresponds to
twin boundaries, since a twin corresponds to a rotation
of 60� of the lattice around a common h111i direction.
These EBSD measurements show the correlation between
the grain refinement effect of Ir on yellow gold alloys and
the increasing percentage of twin boundaries.

To further investigate the effect of Ir addition, various
EBSD measurements were performed on as-cast gold
alloys containing 5, 10, 30, 50 and 100 wt. ppm Ir. Fig. 3
shows the effect of different amounts of Ir addition on
the grain size and frequency of twins. The error bars for
the grain size correspond to the standard deviation of the
distribution. With only 5 ppm addition of Ir, the grain size
drops from 250 to 90 lm. Further addition of Ir continues
to reduce the grain size, but to a lower extent. The grain
size drops to about 60–70 lm for 10–50 ppm Ir addition
and further decreases to 30–40 lm with 100–200 ppm Ir
addition. Two phenomena can explain this saturation
effect. (i) The final grain structure in a solidified alloy is a
convolution of nucleation and growth. Once the first grains
form, they grow and can entrap other potential nucleation
sites. In order to further refine the grain size, growth should
then be impeded by increasing the cooling rate. (ii) For the
highest Ir compositions, we have observed by scanning
electron microscopy the precipitation of a few Ir particles
Fig. 3. Grain size and frequency of twins as a function of Ir addition in
Au–Cu–Ag alloys. While error bars show the standard deviation for grain
size, they show the error limits for twin frequency with a confidence
interval of 99%.
(typically 1–2 lm in size), indicating that they had formed
in the liquid, i.e. the Ir solubility limit of the alloy has been
exceeded.

The frequency of twin boundaries, i.e. the ratio of
boundaries between two grains exhibiting a twin relation-
ship within a tolerance of 5� over the total number of grain
boundaries, is shown on the second vertical axis in Fig. 3.
The error bars for twin density correspond to a 99% confi-
dence interval for the corresponding total number of grain
boundaries. For a random orientation of a grain with
respect to a reference grain, the probability of having a
twin relationship within a 5� tolerance between them is
0.3% [34]. For gold alloy without Ir, the frequency of twin
formation is 0.82% � 0.53%. This greater-than-random
value could be attributed to the same mechanism induced
by uncontrolled impurity elements, or to the formation of
a few spontaneous stacking faults at the fcc Au–liquid
interface (which then lead to twins upon growth) since gold
is known to have a low stacking fault energy [35]. When Ir
is added to gold alloys, as can be seen in Fig. 3, the density
of twins increases significantly, reaching 10.9% for alloy
containing 200 ppm Ir. This value is different from the
relative frequency of grain boundary misorientation distri-
bution at 60� (Fig. 2), because grains having 60� misorien-
tation do not always have a twin relationship and also
because the relative frequency in Fig. 2 gives information
on the length of the grain boundaries with a certain misori-
entation relative to the total length of the grain boundaries.

The relationship between the grain size and fraction of
twin grain boundaries is summarized in Fig. 4 for all the
Ir compositions. While the grain size values are grouped
as 248, 90, 60–70 and 30–40 lm for 0, 5, 10–50 and 100–
200 ppm Ir contents, respectively, the frequency of occur-
rence of twins can be grouped as 0.82, 2.84, 7.4–8.1 and
10.7–10.9% for 0, 5, 10–50 and 100–200 ppm Ir contents,
respectively. This shows that addition of Ir continues to
decrease the grain size, if and only if it promotes the forma-
tion of twin boundaries. As for Al alloys in which a few
ppm of Cr are added, this already gives a very significant
clue as to the nucleation mechanism of the fcc phase in gold
alloys inoculated with a few ppm of Ir. However, in order
to prove that this nucleation mechanism is similar to that
Fig. 4. Grain size vs. frequency of twins in Au–Cu–Ag alloys with or
without Ir addition. Error bars show the standard deviation for grain size
and the error limits for frequency of twins with a confidence interval of
99%.
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identified in Al–Zn–Cr alloys (see Fig. 1), multiple-twin
orientation relationships between several fcc grains must
be identified.

Further detailed EBSD investigations of Ir-inoculated
gold alloys revealed several grains having multiple twin
relationships between three, four and five grains having a
common h110i direction as shown in Fig. 5.

Fig. 6a shows the EBSD reconstructed map of an occur-
rence of nine grains in a 20 ppm Ir–gold alloy exhibiting
multiple twin or near-twin relationships between them.
For a better visibility and understanding, their crystallo-
graphic orientation are grouped into six h110i pole figures
(Fig. 6c–h) according to grains sharing a nearly common
h110i direction. In the pole figures, each grain orientation
is shown with the same color as in Fig. 6a and “useless”

h110i directions (i.e. not contributing to the understanding
of multiple twin relationships) are discarded. Common or
nearly common {111} planes of the various fcc grains
are represented as arcs of circle, and common or nearly
common directions of more than two grains are encircled.
Finally, in order to relate these orientations with a com-
mon icosahedron template, an icosahedron with 10 visible
facets has been drawn in Fig. 6b with an orientation
approximately corresponding to that deduced from the
Fig. 5. (a) EBSD reconstructed map of grains in Au–Cu–Ag alloy with 200 p
figures show the multiple twin relationships with a common or near-common h1
B3/B4/B5. (d) EBSD map of grains in Au–Cu–Ag alloy with 20 ppm Ir ha
corresponding h110i pole figure. The common or nearly common {111} plan
directions of a multiple twin relationship are shown by a single circle in each
pole figures. The triangular facets of the icosahedron are
numbered and colored in a way corresponding to the fcc
grains in Fig. 6a. The six 5-fold symmetry axes of the ico-
sahedron have been labeled (c)–(h) and their position in the
pole figure (Fig. 6b) corresponds to that of the h110i com-
mon direction of the grains in the pole figures (Fig. 6c–h).

In Fig. 6c, the h110i pole figure of grains 1–5 shows a
twin relationship between the set of grains 1/2, 2/3, 3/4
and 4/5, and a near-twin relationship between grains 5/1,
all sharing a common h11 0i direction (circled in this figure
and labeled (c) in the icosahedron of Fig. 6b). This near-
twin relationship, defined in Ref. [21], corresponds to a
rotation of 7� of the nearly common {111} plane along a
common h11 0i direction in order to match the opening
deficiency of five side-by-side {111} tetrahedra. Indeed,
regular tetrahedra in an fcc crystal have four {111} trian-
gular facets and six h110i edges. Two side-by-side fcc tet-
rahedra sharing a common {111} twin plane and three
h1 10i edges are in a perfect twin relationship. When five
such tetrahedra share a common h110i direction, they
form almost a pentagonal dipyramid, but with a gap of
7.35� between the closest {111} planes of the first and last
tetrahedra. Assuming these five fcc gold grains form on a
perfect icosahedral (or dipyramidal) nucleation template,
pm Ir having multiple twin relationship with each other. The h110i pole
10i direction (b) between grains A1/A2/A3 and (c) between grains B1/B2/

ving four multiple twinned grains C1/C2/C3/C4 as shown in (e) by the
es are displayed in each pole figure by arcs of circle and common h110i
pole figure.



Fig. 6. Crystallographic relationships of nine grains in Au–Cu–Ag alloy with 20 ppm Ir. (a) EBSD reconstructed map of the grains. The corresponding
h110i pole figures of these grains shown in (c)–(h) are grouped in such a way as to reveal the six common 5-fold symmetry axes of an icosahedron labeled
with the same letter in (b). A perfect icosahedron positioned with about the same orientation is also shown in (b) with facets from which the fcc phase
formed having the same color and number as the grains in (a). The common or nearly common {111} planes are displayed in each pole figure by arcs of
circle, while the 5-fold nearly common h110i directions of four or five grains in (c)–(h) are circled. Note that unnecessary h110i directions, i.e. those that
are not common to at least two grains, are not represented in the pole figures for the sake of clarity. Grains with a primed number have the same or nearly
same orientations as the corresponding unprimed grain (e.g. 8 and 80). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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this 7.35� deficiency should be shared equally between them
(i.e. the five nearly common {111} planes of these five
grains should exhibit a misorientation of 1.47� along the
common h110i direction between two neighbors). How-
ever, besides the precision of EBSD measurements which
is of the order of 2�, subgrain misorientations develop dur-
ing grain growth, and since coherent twin boundaries exhi-
bit a sharp cusp in the grain boundary energy [36], it is not
surprising that this opening deficiency is “concentrated” on
a single near-twin boundary.

Already at this stage, it is fairly evident that the five fcc
gold grains labeled 1–5 in Fig. 6 must have formed on a
template having the 5-fold symmetry of a pentagonal
dipyramid. The other orientation relationships shown by
grains 1–9 in the pole figures Fig. 6d–h indicate that the
template is in fact an icosahedron, i.e. with five supple-
mentary 5-fold symmetry axes labeled (d)–(h) in Fig. 6b.
However, when comparing the orientation relationships
of these nine fcc grains with the symmetry properties of
the icosahedron, it should be kept in mind that the defi-
ciency gap of 7.35� built in the pentagonal dipyramid
cumulates when the other 5-fold symmetry axes are added
for the construction of the icosahedron from 20 {111}
tetrahedra.

The h110i directions of grains 4, 5, 6 and 7 are shown in
the pole figure of Fig. 6d. These four grains share three
common or nearly common {11 1} planes having a com-
mon h110i direction (circled in this figure and identified
as (d) in Fig. 6b). The fifth grain sharing this common
h110i direction could not be found in the metallographic
cross-section. Note that grains 6 and 7 have a near-twin
relationship, while the two other sets of grains (4/5 and
4/6) are in a perfect twin relationships.

The third 5-fold axis of the icosahedron, labeled (e) in
Fig. 6b, appears via the orientation relationships of the five
grains 3, 4, 6, 8 and 9 shown in Fig. 6e. The pairs of grains
3/4, 3/8 and4/6 are in perfect twin relationships, but the
misorientations between 6/9 and 8/9 are larger. Grains 6
and 9 share a common {111} plane (arc of circle) but the
three h1 10i directions in this plane are slightly rotated
along a common h111i direction. This rotation of grain 9
with respect to grain 6 is also reflected in the orientation
relationship with its other neighbor, grain 8. While grains
3, 4, 6 and 8 are rotated around a common h110i direction,
that of grain 9 is misoriented by about 10�. While another
name could be found for this pseudo-twin relationship
between grain 9 and its neighbors, the misorientation still
comes from the gap deficiency of the pile-up of {111}fcc

tetrahedra, which cumulates when 20 of them form on a
regular icosahedron.

Only four grains have been found in the metallographic
cross-section to identify the fourth 5-fold symmetry axis (f)
of the icosahedron (Fig. 6f, grains 2, 3, 7 and 8). The two
sets of grains 2/3 and 3/8 have a twin relationship, while
grains 2/7 are in a pseudo-twin relationship identical to
that of grains 1/5. The missing grain (uncolored facet on
the icosahedron in Fig. 6b), is on the opposite facet of
the icosahedron where another grain of the 5-fold symme-
try was already absent (missing grain in the set 4, 5, 6 and 7
of the symmetry shown in Fig. 6d). It is worth noting that
two opposite facets of an icosahedron are parallel, with
edges of the triangle also parallel but turned 180� with
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respect to each other. Thus, fcc crystals forming on two
opposite facets of the icosahedron have the same orienta-
tion (if one neglects the gap deficiencies). This is why grain
7, which clearly belongs to the set of grains sharing the 5-
fold symmetry axis (f) (grains 2, 3, 7 and 8), also appears in
the set of grains 4, 5, 6 and 7 (5-fold symmetry axis (d))
while it does not appear to share any common edge on
the icosahedron of (b). When such occurrence happens,
i.e. a grain appearing in the cross-section and sharing a
symmetry property with others but coming from the oppo-
site facet of the icosahedron, the prime symbol is used (e.g.
10, 30, 80).

The misorientation of grain 9 with respect to its neigh-
bors 6 and 8 in Fig. 6e also appears in the pole figure
(Fig. 6g) with its third neighbor 1 or 10 which has a similar
crystal orientation as grain 1 (rotation of 11� around a
common h110i). Except for this misorientation, the orien-
tations of the grains 1, 2, 6, 7 and 9 shown in the pole figure
(Fig. 6g) share a nearly common h110i direction which cor-
responds to the fifth 5-fold symmetry axis of the icosahe-
dron (see Fig. 6b). Finally, the last 5-fold symmetry axis
of the icosahedron appears in the orientation of the fcc
grains 1, 5, 80 and 9 (Fig. 6h). The crystal orientation of
9
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8 12

7 1
86

6 34
2

3

15

Fig. 7. (a) EBSD reconstructed map of grains in yellow gold alloy with 20 ppm
the four facets 80, 9, I1, I2 on which {111} planes of the four correspondin
demonstrated by h110i, h111i and h211i pole figures (c–e). The common edge
green) correspond to common h110i directions in the pole figure circled with th
in each pole figure by arcs of circle and common h110i directions of a twin relat
common to these four grains is surrounded by a double circle in (e). (For interp
to the web version of this article.)
grain 80 is very close to that of grain 8 (rotation of 15�
around a common h10 0i direction).

Fig. 7 shows that, different from twin or near-twin rela-
tionships, there is another relation between the gold grains
80, 9, I1 and I2, which was also observed in Al–Zn–Cr
alloys [21]. Their h110i, h111i and h211i pole figures are
given in Fig. 7c–e. As can be seen from these pole figures,
the grain sets 80/9 and I1/I2 are in a twin relationship. The
common h110i and h1 11i directions of these two pairs are
circled in the h11 0i and h111i pole figures. However, twin-
ning is not the only relationship existing between these four
grains. These two pairs share a common h211i direction,
double circled in the h211i pole figure, and their crystallo-
graphic configurations are simply rotated by 63� around
this direction. Furthermore, grains 80 and I2 share a com-
mon h110i direction (circled in green), while grains 9 and
I1 share another common h110i direction (circled in red).
The crystallographic relationships between these four
grains can be understood if one considers the four triangu-
lar facets labeled 80, 9, I1 and I2 of the interlocked icosahe-
dron shown in Fig. 7b. Assuming again epitaxial growth of
the a-phase on the facets of this interlocked icosahedron, it
can be seen that: (i) tetrahedra 80 and 9, as well as I1 and I2,
9

l1
12

8

Ir (same as Fig. 6). (b) Schematics of an interlocked icosahedron showing
g Al grains seen in (a) can form to explain their orientation relationship
between 9 and I1 (in red) and common parallel edge between 80 and I2 (in
e same color. The common or nearly common {111} planes are displayed

ionship are shown by a single circle in each pole figure. The h211i direction
retation of the references to color in this figure legend, the reader is referred



Fig. 8. (a) Representation of the relationship between icosahedral phase and fcc crystal. One fcc crystal is shown by its {111} planes corresponding to the
heteroepitaxial relationship with the icosahedron. (b) Stereographic projection showing orientation relationships between icosahedral phase and an fcc
crystal. Pentagons, triangles and rectangles represent 5-fold, 3-fold and 2-fold symmetry axes of the icosahedron seen in (a), respectively. Indices of cubic
phase directions close to icosahedral symmetry axes are indicated.
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are in a twin relationship; (ii) tetrahedra 9 and I1 share a
common h1 10i edge (in red); (iii) tetrahedra 80 and I2 have
two parallel h110i edges (in green); (iv) all four tetrahedra
have one parallel h211i direction (double circled in
Fig. 7e), pointing outward of the interlocked icosahedron
through the middle of one of their h110i edges (labeled
with a small dot in Fig. 7b).

The six 5-fold symmetry axes of an icosahedron have
been revealed by the twin or near-twin orientation relation-
ships of nine fcc neighbor grains. Furthermore, grains 80, 9,
I1 and I2 have an orientation relationship compatible with
four adjacent facets of an interlocked icosahedron. All
these crystallographic relations constitute very strong evi-
dence for the presence of an icosahedral template on which
fcc grains can nucleate and grow with heteroepitaxy rela-
tionships: triangular facets/edges of the icosahedron corre-
sponding to the {111} plane/h1 10i directions of fcc as
shown in Fig. 8a. In Fig. 8b, a stereographic projection
has been constructed to show the orientation relationships
between the iQC and one of the formed fcc crystals. A 5-
fold icosahedral axis and one h11 0i axis are placed at the
center. Three of the 5-fold iQC symmetry axes nearly cor-
respond to h1 10ifcc directions, three 2-fold iQC symmetry
axes correspond to h211ifcc directions and one 3-fold
iQC symmetry axis corresponds to a h111ifcc direction
(normal to the iQC facet).

Small misorientations between the icosahedral and cubic
axes are due to the small mismatch between a tetrahedron
which is deformed to fit into an icosahedron and a regular
one. Six 5-fold symmetry axes can be seen on a stereo-
graphic projection. Five multiple twinned grains rotated
around a common h11 0i direction cover the gray colored
region of the icosahedron.

It appears that very a small amount of Ir addition into
gold alloy promotes the formation of icosahedral solid
clusters. The icosahedral phase cannot grow over long
distances and generally exists as small clusters with a high
surface-to-volume ratio. Icosahedral sites should be pre-
ferred to cover large surface and to preserve the icosahedral
symmetry, but are energetically unfavorable due to their
position [37]. A transition from icosahedral to fcc struc-
tures occurs when closed packed sites are occupied by
atoms during growth [38]. The heteroepitaxial relationship
induces multiple twinning, with gap deficiencies being
“concentrated” in a few grain boundaries as growth of
the fcc phase proceeds, since coherent twin boundaries
exhibit a sharp cusp of minimum interfacial energy. This
multitwinned nucleation mechanism shares some similari-
ties with multitwinned nanoparticles of Au and Ag studied
in the 1960s [39,40].

4. Conclusion

It has been shown that while Ir addition significantly
reduces the grain size in Au–28.4 at.%Cu–16.7 at.%Ag
alloys, it also promotes the formation of multiple twinned
grains in a way comparable to minute Cr additions to
Al–Zn alloys. Several grains are shown to have orienta-
tion relationships compatible with the icosahedron or
interlocked icosahedron geometry. All our findings point
out the existence of a pre-existing quasicrystal phase with
5-fold symmetry, which firstly forms from a supercooled
liquid due to its low interfacial energy with the liquid.
This mechanism could bring a significant contribution
to nucleation phenomena, and could explain the discrep-
ancy between the current rationales and experimental
findings. Nevertheless, a small difference exists between
Cr:Al–Zn and Ir:Au–Ag–Cu: in the first case, intermedi-
ate approximant phases and iQCs are known in Al–Cr
system and Cr is peritectic in Al–Zn–Cr, whereas the
phase diagram of Ir–Au does not show any intermediate
phase. Nevertheless, our observations clearly show that
icosahedral order is responsible for nucleation of the fcc
phase.
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J, et al. Ullmann’s Encycl Ind Chem 2000.
[33] Mackenzie JK. Biometrika 1958;45:229.
[34] Warrington DH, Boon M. Acta Metall 1975;23:599.
[35] Reed RP, Schramm RE. J Appl Phys 1974;45:4705.
[36] Hasson GC, Goux C. Scr Metall 1971;5:889.
[37] Martin TP. Phys Rep 1996;273:199.
[38] Farges J, De Feraudy MF, Raoult B, Torchet G. J Chem Phys

1986;84:3491.
[39] Ino S. J Phys Soc Japan 1966;21:346.
[40] Ino S. J Phys Soc Japan 1969;27:941.

http://refhub.elsevier.com/S1359-6454(14)00130-X/h0010
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0015
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0020
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0025
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0025
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0030
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0030
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0035
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0035
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0040
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0040
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0045
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0045
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0050
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0050
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0055
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0060
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0060
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0065
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0065
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0070
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0075
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0080
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0085
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0090
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0095
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0100
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0100
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0105
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0110
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0115
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0120
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0125
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0130
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0130
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0135
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0135
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0140
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0140
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0145
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0150
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0155
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0160
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0165
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0170
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0175
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0180
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0185
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0190
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0190
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0195
http://refhub.elsevier.com/S1359-6454(14)00130-X/h0200

	Icosahedral quasicrystal-enhanced nucleation of the fcc phase in  liquid gold alloys
	1 Introduction
	2 Experimental methods
	3 Results and discussion
	4 Conclusion
	Acknowledgements
	References


