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Microstructure of a rapidly solidified
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The microstructure of rapidly solidified 65AI-20Cu-15Fe (at. %) powders was investigated by
analytical transmission electron microscopy. It was found that segregation in the powder particle
occurred during solidification. The major phase present in the powder particles was the
icosahedral quasicrystalline I-phase, which was determined to have space group m35. Two other
crystalline phases, B-AlCu, and 0-Al, ; Fe,, coexisted with the |-phase. The |-phase was revealed
by convergent beam electron diffraction to have three-dimensional quasiperiodicity (1 = 1.618)
which is different from quasicrystals in the other systems. The compositions of the three phases
have been analysed by energy dispersive X-ray analysis. The |-phase in this system could be
approximately described as Al;CuFe. The composition of the 6-Al, ;Fe, was very close to the
equilibrium condition while B-AlCu, was far from stoichiometry. An orientation relationship
between B-AlCu; and 0-Al, ;Fe, was found as follows:
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(1111, 1[001 ],

1. Introduction

Icosahedral phases with five-fold symmetry have been
found in many alloy systems rapidly quenched from
the melt [1,2]. In a few systems, however, stable
quasicrystals have been prepared by conventional sol-
idification. Examples of these are Al-Li—-Cu [3],
Ga—-Mg-Zn [4] and, more recently, Al-Cu-Fe [5].
Quasicrystals have been found in both melt-spun
and arc-melted AlgsCu,oFe,s. These quasicrystals
have been heat treated and found to be stable up to
098 T, [5].

AlgsCu,oFe, s has recently been rapidly solidified
by high-pressure gas atomization. The aim of that
experiment was to investigate the possibility of produ-
cing powder particles which are stable single quasi-
crystals. The present paper presents results from an
analytical transmission electron microscopy investiga-
tion on the Alg;Cu,,Fe, s powder particles.

2. Experimental procedure
The alloy was prepared by melting elemental alumi-
nium, copper and iron. Powder was prepared by
argon atomization in a high-pressure gas atomization
apparatus [6].

Thin foils for transmission electron microscopy
were prepared from powder size fractions which had
been embedded in nickel deposited by electroplating

[7]. The electrolyte used for the electroplating process
had the following composition: 435 g/1 NiSO, - 6H,O;
80 g/1 NiCl, - 6H, O; 45 g/1 H, BO,. The temperature
was held constant at 50°C and a current density of
2.4 mA cm ~2 was used for the first 12 h followed by
9.6 mA cm ~2 for 10 to 20 h. The deposition rate was
about 1.9 umh ™! for the latter step. Discs, 3 mm dia-
meter, were punched from the resulting Al-Cu-Fe
powder—-Ni composite and jet electropolished in an
electrolyte consisting of 25 vol % HNO; in methanol
at 30V and -30°C. Occasionally a final thinning
operation by ion-beam milling was used on these foils.

The thin foils were examined in a Jeol-2000FX
scanning transmission electron microscope (TEM/
STEM) which was equipped with a Link Systems
AN-10000 energy dispersive X-ray (EDX) spectro-
meter and operated at 200 kV. The EDX results were
made quantitative using the Link systems RTS 2/FLS
computer program which compares spectra against
stored standard peak profiles obtained from pure ele-
ments, applies the thin foil approximation [8] with
experimental Kxsi values and corrects for absorption
[9]. Specimen thicknesses were estimated using the
contamination spot method [10].

3. Results
An optical micrograph of the cross-section of
65A1-20Cu—15Fe particles (in the size fraction of
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Figure I Optical micrograph of the cross-section of Al-Cu-Fe
powder particles (size fraction of < 25 pm).

<25 um) is shown in Fig. 1. It can be seen that each
powder particle consists of several grains, The bright-
field transmission microscopy image (BF) in Fig. 2
shows the microstructure of rapidly solidified
65A1-20Cu-15Fe powder particles in the size range
<25 pm. It can be seen that the grains are equiaxed

Figure 2 Transmission electron micrograph of rapidly solidified
powder in the size range of < 25 pm diameter.

and have a size in the order of ~0.5 pm. Often the
grains are featureless and have low contrast. Junctions
between grains have often higher contrast,
Selected-area electron diffraction (SAED) patterns
taken from the featureless grains show that these are
the icosahedral quasicrystalline phase, I-phase [1]

Figure 3 SAED patterns from the icosahedral quasicrystailine phase, I-phase. (a) Incident beam parallel to five-fold axis; (b) incident beam
parallel to three-fold axis; (c) incident beam parallel to two-fold axis; {d) incident beam parallel to two-fold axis.
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Figure 4 CBED patterns from the I-phase, which shows the Holz rings. (a, b) From five-fold axis corresponding to Fig. 3a, (a) zero-order Laue
zone (ZOLZ), (b) higher-order Laue zone (HOLZ); (b) from three-fold axis corresponding to Fig. 3b; (c) from two-fold axis corresponding

to Fig. 3c.

(see Fig. 3). Convergent beam electron diffraction pat-
terns (CBED) from the I-phase are shown in Fig. 4. It
can be seen that for the five-fold axis the whole pattern
symmetry of the CBED is 5m and for the three-fold
axis it is 3m [11]. Bendersky and Kaufman [12]
summarized the diffraction groups of the three major
zone axes for the two icosahedral point groups, i.e. 235
and m35 [13]. From the CBED pattern symmetry for

Figure 5 A typical EDX spectrum from the I-phase.

the diffraction groups [ 11], it is obvious that the point
group for the I-phase can be readily determined by
looking at its whole pattern (WP) symmetry in CBED
from one of the three major zone axes. For the 235
group the WP symmetries for CBED from two-, three-,
and five-fold zone axes are 2, 3 and 5, respectively. For
the point group m 35, they are 2mm, 3m and 5m,
respectively. Therefore, the point group of the I-phase
in the present material is m 35. Moreover, it is possible
to make measurements of the spacings of the higher-
order Laue zone (HOLZ) rings in the CBED patterns
in Fig. 4. By applying the relationship between HOLZ

TABLE I Compositions of observed phases as determined by
EDX (at. %)

Powder particle size I-phase B-AlCu, 6-Al,;Fe,

(um)

<25 Al 693+09 495+16 736+03
Cu 140+09 443 +09 54+ 0.1
Fe 167108 62+03 210403

25-37 Al 6711+£09 500+20 735+02
Cu 159+13 4724117 64106
Fe 170409 284+£03  201+05
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rings and crystallographic parameters, the third di-
mension of the phase along the given zone axis can be
determined [14, 157. The results obtained indicated
that the spacings of reciprocal lattice planes are non-
periodic as expected for the quasiperiodic lattice of the
icosahedral phase [ 1]. The spacings R; (where i stands
for the ith order Laue zone) of the first three reciprocal
lattice planes normal to the beam direction, are
R,/R; ~1.27 and R;/R, ~ 162 which give the
quasiperiodicity in the real space (R,/R,)* =1 and
(R;/R,)* =1> where 1 is the golden mean
T=(1+ 5%2)/2, ie. the characteristic number of
icosahedral quasiperiodicity. A typical EDX spectrum
from the I-phase is given in Fig. 5. It shows that the
I-phase has higher iron content than the nominal alloy
composition. The EDX analyses from a number of
I-phase grains in several powder particles is given
in Table I which gives the I-phase composition as
approximately Al;CuFe.

Fig. 6a shows the grain boundary phase. Moiré
fringes of this phase can be seen. SAED patterns from
the grain-boundary phase are shown in Fig. 6b. These
could readily be indexed as {111 and {100} zone
axes of a body-centred cubic phase with @ = 0.29 nm.
This phase was then determined as B-AlCu; which has
the bce crystal structure with space group Im3m
[16]. Its lattice parameter is a = 0.295 nm but can
vary with its composition, i.e. a decreases when the
copper and/or iron content(s) increase [16].
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Figure 6 The B-AlCu, present in the junction of the I-phase grain
boundaries. (a) Transmission electron micrograph; (b,c) SAED
patterns from the B-AlCu;, (b) {100} zone axis, (¢} {111 zone
axis.

Fig. 7 is a typical EDX spectrum from B-AlCu,,
which shows a great amount of copper and a very low
iron content in comparison with the composition of
the I-phase. The calculated composition from a num-
ber of EDX spectra is given in Table 1.

Al

Figure 7 A typical EDX spectrum from the B-AlCu,.

Figure 8 Transmission electron micrograph from the 8-Al,,Fe,
grains.



Figure 9 SAED patterns from the 0-Al,;Fe, and their schematic solutions. (a) From {110} zone axis; (b) from {010) zone axis.

Another type of grain can also be seen in Fig. 8.
SAED patterns from this phase are shown in Fig. 9
from which the phase was identified as 0-Al,;Fe,.
This is an equilibrium phase and has a monoclinic
structure [17]. The extra spots are due to twinning
17,207 as shown by the schematic drawings and the
streaking in the (00 1) has been reported to be due to
microtwinning [18]. A typical EDX spectrum from
this phase is given in Fig. 10. It shows a very high iron
content and a low copper content. This is quite differ-
ent from both the I-phase and B-AlCu,. The EDX
analyses of the phases are summarized in Table I and
the crystal structure data are given in Table II.

When the selected-area aperture was placed over
the B-AlCu; and 8-Al, ; Fe, composite SAED patterns
of the B-AlCu; and 6-Al ;Fe, could be obtained as
shown in Fig. 11. This shows that the orientation
relationship between the B-AlCu; and 6-Al, ;Fe, is as
follows

[(110]glI[010]q

[11115][001]p

The SAED patterns shown in Fig. 12 which are com-
posite patterns from the B-AlCu, and I-phase show
that an orientation relationship also exists between
these two phases, but further work would be required
in order to establish this correctly:

Observations, which were made on larger powder
particles in the size range 25 to 37 uym, showed no
major difference in the microstructure except that in
the larger powder particles there was a slightly higher
volume fraction of the crystalline phases, ie. the
B-AlCu, and 6-Al,,Fe, and a slightly higher content
of iron in the B-AlCu, phase as shown in Table I.

4. Discussion

The results show that undercooling and cooling rate
during solidification have not been sufficiently high to
prevent segregation in powder particles. The existence
of the B-AlCu; in the triple junction between the
I-phase grains implied that the B-AlCu, formed after
the solidification of the I-phase was completed. The
melting temperature of the I-phase in this system is,
therefore, probably higher than the B-AlCu; phase.
This is different from the case of slow cooling in which

Figure 10 A typical EDX spectrum from the 6-Al,;Fe,.

the I-phase was reported to have formed by a peri-
tectic reaction between 0-Al, ; Fe, and residual liquid
[19]. The orientation relationship between the
B-AlCu, and 6-Al, ;Fe, indicates that a transformation
reaction after solidification had taken place. The in-
crease in the amount of iron dissolved in the f-AlCu,
in smaller powder particles shown in Table I seems to
be due to the higher cooling rate during solidification,
but the total amount of iron and copper remained
unchanged. The total contents of iron and copper in
this phase were considerably higher than in the equi-
librium case. However, EDX results show that the
composition of the 6-Al, ; Fe, in this alloy is very close
to that of die-cast Al-Fe—Si alloys which forms dur-
ing solidification at very low cooling rates [20]. The
composition of the I-phase varied with the powder
particle size, i.e. the cooling rate during solidification.
The measured composition of this phase deviated
from the nominal composition; the copper and iron
contents were lower.

The contrast of the I-phase image in this system is
very uniform irrespective of orientation. By compari-
son, the contrast of the I-phase in other alloy systems
is generally considerably less uniform. This could be
due to the lower stored energy in the I-phase in this
system as noted by Tanaka et al. [21]. However, this
point has yet to be proved.
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TABLE II The structure data of observed phases

Phase Space group Lattice parameters (nm) Reference
I-phase Point group m35 Present work
B-AlCu, Im3m a = 0.295 [16]
0-Al;Fe, C2/m a=1549 b=0808 ¢ = 1247 B = 107° [17]
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Figure 12 Composite SAED patterns of the 6-Al,;Fe, and I-phase. (a) (11 1>9 | 5-fold axis of the I-phase. (b) {11 1

the I-phase.

I-phases in other alloy systems do not show three-
dimensional quasiperiodicity. However, the present
study of HOLZ rings in CBED patterns have shown
that the I-phase in the rapidly solidified Al-Fe—Cu
alloy shows three-dimensional quasiperiodicity, ie.
T while in the other systems the two-dimensional
quasiperiodicity is t3 [22].

5. Conclusions
1. Three phases have been observed in the rapidly

solidified 65A1-20Cu—15Fe alloy, ie. I-phase,
B-AlCu, and 0-Al,;Fe,.
2. The two crystalline phases, B-AlCu, and

0-Al, yFe, precipitated after the formation of I-phase
had completed.
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| 2-fold axis of

3. An orientation relationship between the two
crystalline phases has been found, i.e.

[110]5]1[010]e
[111]51[001]s.

4. SAED and CBED from the I-phase show
that the I-phase produced by rapidly solidified
65A1-20Cu-15Fe has a point group m 35.

5. The I-phase has been showed to have three-
dimensional quasiperiodicity T.

6. The composition of the I-phase has been deter-
mined by EDX to be approximately Al;CuFe.
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