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Abstract

We report the formation of large and highly twinned dendrites of the AlysFe, approximant phase embedded in
an fcc Al-rich matrix. Using a rapid cooling technique, the approximant appears as a 10-fold dendrite. Within each
arm, all grains share a common [010] direction. The grain distributions within the arm are quite complex and a
single dendrite arm can contain up to four different orientations. Using several techniques, including Electron Back-
Scattered Diffraction (EBSD) and Transmission Electron Microscopy (TEM), it has been possible to identify three
types of twins, namely {100}, {001} and {201} twins. From these observations and previous reports, we propose
a growth mechanism to explain the formation of such specific 10-fold motifs. It corresponds to the heteroepitaxial
growth of the Al;3Fe, approximant from a well-facetted decagonal Al-Fe quasicrystalline seed.

Keywords: A. intermetallics; B. nucleation and growth, twinning; C. rapid-solidification; D. grain boundaries; E.

electron backscatter diffraction

1. Introduction

The proportion of scrap used for aluminium production will continually increase in the coming decades [1]. With
recycling, the amount of iron continually increases in aluminium alloys [2], and it is important to know its effects
on microstructures and properties. Iron is an essential alloying element in a variety of aluminium alloys used for
packaging, architecture and lithography [3, 4]. New aluminium alloys with improved temperature capability have
been widely investigated for potential use for a variety of aerospace applications [5, 6]. Depending on the cooling
rates and the initial alloy stoichiometry, different Al-Fe binary compounds may coexist including metastable and

stable phases of various morphologies. For instance, post-heat treatments of Al-2.5 wt% Fe binary alloys produced
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by laser powder bed fusion (L-PBF) technique contain particles of the metastable AlgFe phase and needle- or plate-
shaped stable Alj3;Fe4 phase. This L-PBF technique in which laser selectively irradiates on successive Al-Fe alloy
bedded layers enables very high cooling rates during solidification and represents an alternative process to synthesize
Al alloys of improved mechanical properties [7]. Other approaches used to obtain metastable and stable Al-Fe phases
embedded in an Al-rich matrix include for instance arc melting and melt spinning techniques.

The growth of Al-Fe binary phases can also occur fortuitously at coating interfaces. When hot-dip aluminizing of
steel and cast-iron, the coating microstructure consists of an outer layer of molten bath composition and an inner
intermetallic layer containing aluminium and iron elements. This inner layer present two zones with Al;3Fes and
AlsFes phases respectively adjacent to the outer layer and to the cast-iron or steel substrate [8]. The influence of
reaction temperature and time on the thickness and growth kinetics of the Al;3Fe4 has been recently investigated [9].
Indeed, it is of importance to understand the Al-Fe phase formation and interfacial microstructure evolution in several
industrial process including hot-dip aluminizing, die casting or weld brazing to name of few.

The Alj3Fes compound is often identified as the brittle intermetallic in Al alloys affecting the formability and
resistance of the end product [10]. Using X-ray diffraction measurements, Black [11] determined the Al 3Fe,4 crystal
structure and highlighted the complexity of the system with the presence of (100) and (001) glide twin models. This
followed the first report by Groth [12] of (100) and (001) reflection twins observed by optical microscopy. As reported
by Mondolfo [13], the monoclinic structure of Al;3Fe4 was initially observed as containing 100 atoms per unit cell
until more recently [14]. Adam et al.[15] reported the evolution of the crystallographic relationships between the
Al-Alj3Fey4 eutectic phases, the Alj3Fes microstructure and the associated twinning mechanism for various imposed
temperature gradient (G) to growth rate (R) ratio. In their study, it was demonstrated that for low G/R the Alj3Feq
plates branched frequently while this was suppressed with increasing G/R ratio. In addition, twin plane re-entrant
edge mechanism was proposed for the growth of AljsFe4 plates. Later, for rapidly solidified Al-14at.%Fe alloy,
Fung et al. [16] reported the coexistence of tenfold AljzFes twins and decagonal quasicrystal. The ten AljzFeq
dendrites were shown to share a common [010] direction. Their study confirmed the existence of (201) twinning as
another possibility along (100) and (001) twins as initially proposed by Louis et al. [17] to explain the star-shaped
Al;3Fes microstructure. Since, several models [18, 19] have been proposed to explain the ten-arm morphology of the
intermetallic, including a model based on (100)-(201) fivefold twins [19]. All atomic models of the twins identified in
Alj3Fe4 and more generally in Al;3sMy (M=Fe, Pd, Co) are described by Saito et al. [20]. Twinning and planar lattice
defects were also observed for Aly3Fe, compounds solidified from the gas phase obtained by evaporating an Al-Fe
alloy in Xe gas [21].

All these studies demonstrate the complexity and numerous morphologies associated with the growth of the
Alj3Fes phase in Al-rich matrix depending on the synthesis conditions. From a hypereutectic Al-Fe alloy rapidly
solidified, we report the growth of highly twinned 10-fold dendrites of Alj3Fes phase. A systematic study of the
crystallographic orientations of the Al;3Fe4 phase was carried out to gain information on the preferred arm growth
direction, on the twinning relationships among adjacent grains and on the origin of the dendrite nucleation.
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After a description of the experimental details in Section 2, the main results obtained from a multi-technique ap-
proach will be presented in Section 3. Before the conclusion, the results will be discussed in Section 4 and a growth

mechanism for the 10-fold dendrites will be proposed.

2. Experimental details

The Al-Fe samples have been synthesized by arc-melting under a partial argon atmosphere (700 mbar) from high
purity Fe and Al metals (>99.8%). The elements in the form of platelets are placed on a water-cooled copper hearth
(anode) to limit heat exchange. To minimise material loss, aluminium having the highest vapour pressure is covered
by iron shots. Note the large material density difference (Al: 2.7 g.cm™ and Fe: 7.8 g.cm™3) and melting tem-
perature (Al: 933 K and Fe: 1808 K). The sample obtained is turned over and remelted several times to ensure its
homogeneity, which could be compromised a priori by the strong thermal gradient between the point of impact of the
arc and the crucible. An activated (pre-heated) Zr-Ti button acting as an oxygen getter was placed on the copper hearth
away from the Al-Fe preparation. The arc-melter was stopped abruptly to favor a high cooling rate and potentially
trap metastable phases. Initially, an Al-Fe primary sample was prepared with the compositions Al-95 at.% (Al-90.2
wt. %). The Al-rich atomic composition is selected to explore which (meta)-stable phases will be present under the
present preparation conditions. For instance, can the metastable AlgFe or AlgFe, [22, 23] phase be synthesized for

these compositions?

Following the synthesis, the sample has been studied using standard metallographic techniques, optical mi-
croscopy and scanning and transmission electron microscopy techniques (SEM/TEM). For microscopic observations,
a millimeter-thick slice has been cut from the AlgsFes ingot. The final polishing step was performed with a colloidal
silica suspension (0.05,:m) to obtain a mirror-like surface. The local composition of the phases have been determined
by energy dispersive X-ray spectroscopy (EDS). The SEM is also equipped with an electron back-scattered diffrac-
tion (EBSD) detector for a quantitative characterization of the microstructures of the mirror-polished polycrystals
and to determine the grain orientation within the materials. The EBSD measurements have been performed using a
ZEISS GeminiSEM 500 equipped with a Symmetry CMOS EBSD detector from Oxfords Instruments. The Aztec
software (Oxford Instruments) has been used for data acquisition and phase indexing. A step size of 170 nm has been
chosen for the measurements. The data analysis has been carried out using the HKL Channel 5 program suite by Ox-
ford Instruments. For the TEM analysis, electron transparent lamellae have been prepared by focus ion beam (FIB).
The characterisation of the phases was carried out using powder X-ray diffraction (PXRD) on a D8 Advance Bruker
diffractometer using Cu K,, radiation (A = 1.54056 A). Some powder was extracted from the ingot by scraping its
surface with a diamond saw and an X-ray diffraction pattern was recorded in the 10° to 100° 26 range. The EVA soft-

ware (Bruker Company) was used to simulate the “Intensity” diagrams (in arbitrary units) as a function of the angle 26.
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Figure 1: Optical micrograph of a slice through the AlgsFes button with the different 10-fold dendritic and acicular morphologies observed.

3. Results

3.1. Optical and scanning electron microscopy observations

The optical microscopy observations on AlgsFes reveal the presence of numerous almost complete 10-fold branched
dendritic particles (hereafter referred as 10-fold dendrites) surrounded by eutectic cells of Al (see Figure 1). A higher
density of such 10-fold dendrites is found on the button side in contact with the water-cooled copper hearth (i.e. higher
cooling rate).

The later cells are also located in the interdendritic regions. The 10-fold dendrite branching begins some distance
from the particle core before propagating into the Al-rich matrix[17]. These features are reminiscent to the tenfold
twins reported by Fung et al. [16] while studying rapidly cooled Al-Fe alloys obtained by melt-spinning method.
In other parts of the sample, the facetted 10-fold dendrites are less developed and the morphology is dominated by
elongated needle-like features. As seen in Figure 2, the latter are particularly well identified using SEM techniques.
The chemical analyses performed by EDX on the needles and 10-fold dendrite arms lead to an atomic composition
of 70 to 75 at.% aluminium and 30 to 25 at.% iron. From the Al-Fe phase diagram and the EDX uncertainty, these
stoichiometries would be consistent with the stable AlsFes and/or Al;3Fe4 phases but not with any reported Al-Fe
metastable phases. The oxygen concentration is relatively low and seems to be slightly higher in the needle and petal

vicinity.



Figure 2: SEM image showing a region where large and small 10-fold dendrites can be distinguished.

3.2. Powder X-ray diffraction analysis
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Figure 3: Powder X-ray pattern recorded for the AlgsFes sample revealing the presence of Al-fcc (Fm3m) and AljsFes (C2/m) phases. The peaks
marked by blue triangles are assigned to the Al-fcc while the other peaks are associated to the approximant phase. For clarity, only the most intense

peaks of the Alj3Fe4 phases have been indexed on the diffractogram.

The Aly3Fe, compound is a well-known approximant to the decagonal quasicrystal which exhibits a four-layer
periodicity along the pseudo-ten-fold axis. It crystallizes in the C2/m monoclinic space group. The unit cell contains
102 atoms and has the following lattice parameters: a = 15.492 A, b =8.078 A, ¢ = 12.471 A with 3 = 107.69° [14].

Apart from these two systems, no other phases could be detected in the powder X-ray diffraction pattern. Note that



the presence of two phases such as AlgFe (metastable) and Al;Fes (stable) compounds have been identified in sample

with respectively 2 at.% and 10 at.% Fe that we have prepared under the same arc-melting conditions.

3.3. Characterisation by TEM
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Figure 4: (A) SEM image showing the area where the FIB lamella was taken (white rectangle). (B) Cross-sectional view of the FIB lamella. (C)
SAED patterns Grain b - zone axis (ZA) [001](C-left); Grain b - ZA [001] and Grain ¢ - ZA [102] (C-right).

In order to complete the SEM and PXRD measurements, a FIB lamella bisecting the cores of two 10-fold dendrites
has been cut and investigated by Scanning TEM (STEM) and selected area electron diffraction (SAED) techniques.
As shown in Figure 4(A), small 10-fold dendrites, with underdeveloped arms, have been selected as they should rep-
resent the initial stages of the approximant growth/nucleation. Thus, their core may contain additional (meta)-stable
phases undetected by PXRD. As demonstrated by cross-sectional observations of the FIB lamella by TEM (see Figure
4(B)), the two small 10-fold dendrites appear to intersect beneath the surface. The elongated grains labelled a, b, ¢
in Figure 4(B) are adjacent to each other and arrange in parallel to form part of the 10-fold dendrites. Qualitatively,
EDXS mapping carried out on the three grains reveals that those are composed of aluminium and iron while the matrix
consists in almost pure aluminium. The quantitative analysis gives an atomic percentages of 75% of Al and 25% of

Fe, which is consistent with the exclusive presence of the Alj3Fe4 phase within the 10-fold dendrites.

The different grain orientations have been determined using SAED technique. As shown in Figure 4(C), the

pattern of the central grain b has been acquired in the [001]aj,,re, zone-axis. The orientations of grain a and c are
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identical and viewed along the [102]a,,re, zone-axis (only shown here for grain c¢). These results demonstrate a
specific structural relationship between [001] and [102] Al;3Fe4 directions. If grains a and ¢ correspond indeed to
diametrically opposite arms of the 10-fold dendrites, then they share a common orientation. These orientations are
also consistent with the domain twinning relationship presented in Fig.7(b) where for instance [001] (orange domain)
and [102] (green domain) directions will be colinear to each other. In addition, these SAED patterns demonstrate that
both [001] 41,4 Fe, and [102] 47,, e, directions are perpendicular to the 10-fold axis of the dendrites as confirmed in

Fig.5(b) and Fig.6(b,c).

3.4. EBSD analysis

To further analyse these intrinsic structural relationships, EBSD measurements were carried out on a large ten-
fold dendrite as shown in Figure 5(A). The entire dendrite could be indexed to the Al 3Fe, phase in agreement with
XRD and TEM measurements. Figure 5 shows different orientations within each arm. Another striking feature is
the similar orientations shared by opposite arms, as evidenced by the associated grain colours. These observations
are consistent with recent work by Cui et al. [24]. In their studies, the domain orientations are also repeated on the
opposite side of the 10-fold grain they characterised. Figure 5(B) shows the corresponding pole figures (PF) of the
main crystallographic directions, i.e. (100), (001) and (010). Following the (100) and (001) directions, each grain is
rotated with its neighbour by 36°, which is compatible with decagonal symmetry. All indexed grains have a common
(010) direction, as previously reported by several authors [16, 24, 25] (coincidence at a single central point). In the
last PF, the black arrows correspond to the ten dendrite growth directions observed in the microstructure, the directions
of the (100) and (001) poles are indicated by red circles, while the common (010) pole is indicated by a black circle.
This shows that the visible growth directions do not seem to correlate with the low-index directions, which are usually

the growth directions [26].
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Figure 5: (A) EBSD false colours map (Euler orientation map) of the 10 arms dendrite. (B) Corresponding (100}, (001) and (010) pole figures.

The last pole figure summarizes the position of the (100), (001) (red circles) and (010) (black circle) while the black arrows indicate the actual

dendrite arms growth directions (see text for details).

A closer examination of one dendritic arm was performed to further investigate the growth crystal directions and
mechanism, corresponding to the large upper arm in Figure 5(A), which contains 4 different grain orientations. As
shown in Figure 6(A), two grains (dark green and orange respectively) appear alternately along the central part of
the arm. Two other grain orientations (blue and pink) have been identified to the left and right of the central region.
Figure 6(B) shows a PF with the corresponding (001) and (010), with the apparent direction of growth indicated by a
black arrow. The corresponding (001) directions have been included in Figure 6(A). This direction appears to be the
growth direction, especially for the blue and pink grains in the image. Why does the (001) direction not correspond to
the actual growth direction? Figure 6(C) shows the (100), (102) PF corresponding to the four grains. The dark green
and orange grains share a common (100), while the blue and pink grains are rotated by +36° and -36° respectively.
The (102) PF shows that the (102) direction of the orange grain corresponds to the (001) direction of the dark green
grain, and vice versa.

The difference between the overall dendrite arm direction and the (001) crystal growth direction can be understood
by considering that the Al;3Fe4 phase has nucleated from a decagonal quasicrystal (d-QC) with the following orien-
tation relationships: (i) (010)a1,;5Fe, || [00110]4qc 2-fold symmetry axes; (ii) (001) a1, re, || [00001],.0c 10-fold
symmetry d-QC axis and (iii) (100) a1, re, L [10000]s.qc 2-fold symmetry axes. While the latter will be discussed
in detail in section 4, it is illustrated in Figure 6(D). Assuming nucleation on a d-QC, the dendrite analysed in Figure
6 is likely to have nucleated on the upper facet of the partial decagon shown in Figure 6(D). From the orientation
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relationships above, the dark green and orange grains have the same probability of nucleation from the d-QC. The
blue and pink grains have the same crystal growth directions as the dark green and orange grains respectively, but it
is still unclear why they appear. The answer lies in the fact that one of the growth mechanisms of Alj3Fe, is twinning
[24]. While it is poor at low growth rates, it can become more dominant at high growth rates for faceted crystals [27].
From the results presented in Figure 6(B-D) several clues can be observed to determine the relationship between the

twinning orientations:
* the dark green and orange grains have a common [100] orientation,
* the blue and dark green grains, and the orange and pink grains respectively, share a common [001] direction,

* the [102] directions of the orange and dark green grains are parallel to the [001] directions of the dark green/blue

and orange/pink grains, respectively.

A B Yo C <100> {102}
<001> o A<001> L
L (]
X0
{010}
D 001> <001> <001>

Figure 6: (A) EBSD false colours map for one of the arms of the 10-fold dendrite having 4 different grains, (B) Reconstructed pole figures showing
the (001) directions (indicated by colored arrows in (A)) and the {010} planes corresponding to an average orientation for each grain orientation.
The apparent growth direction of the whole dendrite branch is indicated with a black arrow, (C) corresponding (100) and (102) pole figures, (D)

schematic representation of the crystal direction on a partial view of a decagon.

The [001] directions of the dark green and orange grains are actually at 144° (180° — 36°). The [102] directions
of the orange and dark green grains are parallel to the [001] directions of the dark green/blue and orange/pink grains

respectively (see Figure 7(A)). These analyses lead to the determination of the respective orientations and the twinning

9



relationship that exists between the largest grains in the arm. For example, Figure 7(B) shows the existence of (100)
twinning planes between pink/orange and also dark green/blue grains. Furthermore, a double twinning along first
(201) and then (001) planes transforms the orange to the blue grain. It is important to note that the (201) plane is
parallel to the [102] direction. The same operation ((201) followed by (001) planes) is valid to change the dark green
to pink grain. During growth, a succession of parallel twins (i.e. within the same plane) may occur, as observed in the
central region of the arm (change from dark green to orange grains). The configuration is different when the second
twin is in a different plane. The growth of this reoriented grain is likely to join other boundaries, creating a secondary
twin. This is probably the scenario in the present case and could explain the twinning relationships observed between
the orange/blue grains and also the dark green/pink grains. Although not shown here, the same analysis performed
on this arm can be applied to the other nine dendrite arms. These EBSD results are of paramount importance for
understanding the nucleation and growth mechanisms of the 10-fold Alj3Fe4 dendrites. The grains with a common
habit plane grow in a zigzag manner by twinning with a 180° rotation of the (100) directions along the [010]; the
grains with a common (001) growth direction have a 180° rotation around this direction ((100) twinning). Grains

with no common plane or direction are accommodated by twinning around the (201) and then (001) planes.
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Figure 7: (A) Orientations of the four different grains exposing their Al13Fe4(010) planes. (B) Twinning relationship among the four domains

within the same arm. The blue, orange, pink and dark green lattice vectors are gathered by pairs to visualise the twinning relationship identified.
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4. Discussion
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Figure 8: (A) Schematic representation of a decagonal quasicrystal where quasiperiodic layers are stacked periodically along the [00001] direction
(10-f axis). (B) Model illustrating the hypothetical growth of the Alj3Fes4 10-fold dendrite, starting from a decagonal seed. The 10-f axis of the
d-quasicrystal and the [010] (referred as pseudo-10-fold (p-10-f)) direction are parallel. Around the central germ constituted by the decagonal

phase, grow the ten arms of the dendrites. Their ¢ axes are distributed every 36°.

By rapid solidification of Al-Fe binary mixtures with a very high content in Al (85 to 95 % at.), a whole variety
of complex phases ranging from metastable (for example decagonal, tetragonal centered Al,,,Fe, monoclinic AlgFe,,
orthorhombic AlgFe) to stable phases (Alj3Fe4,...) can be potentially synthesized. This variety is related to different
factors including the initial mixture composition and the cooling rate [28-31]. Hence, several metastable and stable
phases may coexist within the same sample depending on the growth/synthesis technique used. This is precisely what
Fung et al. [16] observed by TEM observations on an Al-14at.%Fe alloy obtained by rapid solidification. This study
reported the formation of Alj3Fe4 tenfold twins (10-fold dendrite) with all arms sharing a common [010] direction.
The arms exhibited by TEM numerous stacking faults contrast bands perpendicular to the growth direction. More
importantly, high resolution images demonstrated the coexistence of the decagonal Al-Fe and the Al3Fe,4 approxi-
mant phases with the [010]a1,,re, direction being parallel to the 10-fold axis of the decagonal quasicrystal. At this
stage, it is important to recall the structural relationship between the two complex phases. With 102 atoms per unit
cell, the Alj3Fe, structure can be described along the [010] direction as a stacking of flat planes (F) and puckered
planes (P) in the sequence Fy oPg.25F0.5P0.75 (the subscript standing for the y coordinate). The periodicity along the
b axis is 8.078 A and each plane presenting a pseudo-10-fold (p-10-f) symmetry. In 3-dimensions, the structure can
be described geometrically by 23-atom pentagonal bipyramid clusters [32]. Concerning the aperiodic system, the
d-Al-Fe structure can be described as a periodic stacking (period equal to 2xb = 1.65 nm [16]) along the direction

[00001] of 10-fold quasiperiodic planes. The as-grown decagonal single grains usually exhibit ten well-defined facets
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as shown and depicted in Figure 8(A) as is the case for d-Al-Ni-Co grain described by Fisher [33]. Two non-equivalent
two-fold (2-f) directions (Figure 8(A)), namely [00110] and [10000] lie perpendicular to the 10-fold axis. From these
structural descriptions, the orientation relationship [010] a1, ;Fe, ||[00001]d_Qc appears highly coherent considering
the match between both periods. Hence, it is not surprising that annealing of the Al-14-at.%Fe alloy in situ resulted

in the thermal decomposition of d-Al-Fe into the Al;3Fe4 approximant phase [16].

Later, similar ten-fold twinned Al;3Fes have also been identified by Kim et al. [28] on melt-spun ribbons of
initial composition Al-15-at.%Fe post-annealed to 753 K for 15 min. As explained above, this study illustrates the
possibility to obtain metastable phases for different compositions ranging from 5 to 15 at.% Fe and for various cool-
ing rates. Thus, the metastable microquasicrystalline, decagonal, Al,,Fe, as well as AlgFe phases appeared in order
of increasing thermodynamic stability. The microquasicrystalline phase (sample Al-5at.%Fe) consists of clusters of

nanometer-scale randomly oriented icosahedral particles [28].

In the present work, the 10-fold dendrite in Figure 5 have been obtained by arc melting for an initial composition
of Al-5at.%Fe, i.e. with a lower cooling rate and Fe content than previously reported [16, 28]. Compared to the works
cited above, important differences can be highlighted on the larger length scale of the dendrites than reported by melt
spinning, the twin types present among the grains and the absence of metastable phase, with only stable phases Al
and Al3Fe4 phases being detected. In line with the work of Hiraga ef al. [20], we mainly find twin planes (100) and
(001) but also indirectly (201). It should be recalled here that twins are intrinsic to the Al;3Fe4 system and are also
found in single crystals obtained by Czochralski growth. The EBSD maps demonstrate the presence of dendrites with
a [001] growth axis. This preferential growth orientation is particularly visible for the elongated blue and pink grains
(see Figure 6(A)). The alternance between dark green and orange grains at the arm center (Figure 6(A)) translates into

a zig-zag of the c axis along the dendrite.

From the observations of Fung et al. [16], the decagonal Al-Fe and the growth of the 10-fold dendrite of the
approximant Alj3Fe4 are intrinsically linked but how can we explain this particular growth? During the synthesis
of our sample, we can initially expect the presence of an icosahedral local order (ISRO for Icosahedral Short Range
Order) in the liquid phase. Proposed by Frank [34] to explain the significant supercooling observed in many metals,
this ISRO has been highlighted in several metals in melting and supercooling states but also for a composition leading
to the formation of the decagonal quasicrystal AlgsCuysCojg [35]. Moreover, additional works on interfacial energies
on d-AlgsCuys5Coig and icosahedral (i)-AlgyCussFeg quasicrystals have highlighted a much lower interfacial energies
for the quasicrystalline phases than for normal crystalline phases. The reason given is a greater structural similarity
between the melt and quasicrystalline solid [36]. It is likely that a similar mechanism is present in the Al-Fe system

for which nanometer-scale randomly oriented icosahedral particles have already been identified [28].
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It is therefore reasonable to postulate that the aperiodic phase will grow from local icosahedral order leading to
decagonal grains of high structural quality as observed by Fung et al. [16]. Decagonal quasicrystals are usually highly
faceted with easily distinguishable 2-fold facets (see also Figure 4 in reference [33] and Figure 1(B) in reference [37]
for micrometer-size faceted decagonal quasicrystals). The decomposition of the decagonal phase into the approximant
phase has been confirmed and observed in situ by Fung et al. [16]. Thus, we propose that during this decomposition,
the growth of the Al 3Fe4 phase starts on the 10 facets of a nanometer-size decagonal grain. The natural orientation
between the quasicrystal and the approximant phases leads to parallel 10-f and p-10-f axes. From a careful inspection
of Figure 6, the ¢ and - directions appear as rapid growth directions. Hence, the Alj3Fes compound tends to grow
from the (Ei,g) plane which would minimize its interfacial energy. As the ¢ axis is not being perpendicular to this plane,
repetitive twins will occur to maintain a rapid growth and to maximize the (6,5)-t0-liquid interface, as seen in Figure
7. The Alj3Fe4(010) planes are then parallel to the two-dimensional quasicrystalline planes (see Figure 8(B)). Under
our synthesis conditions, the disappearance of the decagonal phase is total. In this nucleation scenario, the orientation
of opposite grains (see D1 and D1’ in Figure 8(B)) would be identical, hypothesis confirmed experimentally by EBSD
measurements. The [102] direction of a domain is here parallel to the direction [001] of the adjacent domain in the

counter-clockwise direction. These specific directions are themselves aligned with the 2-f [00110] axis.

5. Conclusion

In conclusion, rapid cooling of an Al-Fe mixture (Al-5%at.Fe) obtained by arc-melting can lead to the growth
of the Al 3Fe4 approximant in the form of 10-fold arms embedded into an Al-rich matrix. No quasiperiodic phase
could be detected in the sample. Using EBSD measurements, it has been possible to determine the twinning relation-
ships between the grains present within the dendrites with {100}, {001} and {201} twins being identified. All grains
analysed share a common [010] direction and appear to grow in the [001] direction. A high density of (001) twins
perpendicular to the arm rapid growth direction are distinguishable. Regarding the 10-fold dendrite growth mecha-
nism, ISRO in the liquid could possibly precede the nucleation of a well-facetted decagonal Al-Fe grain. Then, the
latter will decompose into the Al;3Fe4 approximant which will grow from the d-Al-Fe facets. From their structural
similarity, the d-Al-Fe / Al;3Fe4 natural orientation will lead to 10-f || p-10-f axes. The approximant phase will grow
from (a,b) planes to minimise the interfacial energy. As the [001] direction is not perpendicular to this plane, twins
occurs to maximise the (a,b) interface. These successive nucleation steps are necessary to understand the microstruc-
ture composed of 10 arms. They are reminiscent to the hypothesis formulated by Kurtuldu and Rappaz [38—40] to
explain the large number of neighboring grains in a twin relationship in the Cr:Al-Zn and Ir:Au-Cu-Ag systems. The
addition of a minute amount of Cr and Ir leads to a refinement of the fcc grains. The latter present orientation re-
lationships compatible with the icosahedron or with interlocked icosahedron geometry [38]. For the Al-Zn system,

the authors concluded to a heteroepitaxial growth of the fcc grains from the faces of an icosahedral quasicrystalline
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phase with the following relationship: 111 ¢.. | 110 fee L 3-fold | 2-fold. This work is coherent with the existence of
icosahedral quasicrystalline phases preceding the formation of fcc grains, but also its importance on nucleation and
the twin relationships obtained between neighboring grains. In comparison to the works reported by Kurtuldu et al.
[38], the origin of the 10-fold dendrite should be considered as the result of a heteroepitaxial growth of a decagonal
approximant on a decagonal Al-Fe quasicrystalline template. Similar to previous works [35], it is foreseen that elastic
neutron scattering experiment carried out for various AlgsFes melt temperatures could bring further evidences of the

existence of ISRO in the liquid state.
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