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The effect of casting and homogenizing treatment conditions on the formation of several
Al-Fe-Si intermetallic compounds in 6063 aluminum alloy was investigated using X-ray
diffraction and transmission electron microscopy (TEM). The four kinds of alloys containing
0.1 to 0.5 mass% Fe were melted and then cooled at three different cooling rates ranging
from 0.06 to 50 K/s, following the homogenization at 858 K for 54 ks and 2400ks. The
Al-Fe-Si compound particles were extracted from the alloy ingots using the thermal phenol
method. The as-cast 0.1 mass% Fe ingot obtained at the casting cooling rate of 0.06 K/s had
a largest amount of the 8 phase among the ingots investigated. When this ingot was
homogenized at 858 K for 54 ks and 2400 ks, the amount of the 8 phase decreased, while
that of the o’ phase increased. On the other hand, the as-cast 0.5 mass% Fe ingot obtained
at the casting cooling rate of 50 K/s had the largest amount of the @ phase among the ingots
investigated. When this ingot was homogenized at 858K for 54 ks, a large amount of the «
phase remained. However, the homogenization at 8568 K for 2400 ks resulted in the
transformation of the o phase to the o’ phase. The main phase in the as-cast 0.2 mass% Fe
ingot obtained at the casting cooling rate of 5K/s, close to the industrial cooling rates, was
the 8 phase. The 8 phase gradually decreased, and the relative amounts of the « and «’
phases increased during homogenization at 858K for 54 ks. Furthermore, almost all of the
Al-Fe-Si intermetallic compounds were transformed into the o’ phase in the ingots
homogenized at 858K for 2400ks. © 1999 Kluwer Academic Publishers

1. Introduction and gray Al-Fe—Si patrticles are identified asgrando
The formation of Al-Fe-Si intermetallic compounds phases, respectively. Moreover, needle or plate-like par-
in commercial 1000 series aluminum alloys have beetticles are identified as the phase, while chunky, Chi-
studied extensively [1-4]. Depending upon the alloynese script or rounded particles ar@hase. However,
composition and solidification condition, various typesbecause more than 10 types of Al-Fe-Si intermetallic
of the Al-Fe-Si intermetallic compounds are formed.compounds have beenreported [1, 10-14], itis very dif-
On the other hand, for the commercial 6000 series Alficult to identify all of the compounds by this method.
Mg-Si alloys, there are only reports that tBegphase In the present study, the Al-Fe-Si intermetallic
[5] formed in the as-cast ingots is transformed intocompounds formed in the Al-Mg-Si alloys containing
the a phase [6] by applying suitable homogenizing different amounts of iron have been examined using
treatments [7, 8]. The systematic studies have not beemansmission electron microscopy. The influence of the
carried out of the formation of Al-Fe-Si intermetallic casting cooling rate and homogenizing treatment con-
compounds in the commercial Al-Mg-Si alloys during dition on the type of the Al-Fe—Si intermetallic com-
casting and homogenizing. pounds formed has also been investigated.

Al-Fe-Si intermetallic compound particles in the
Al-Mg-Si alloys have been identified by optical mi-
croscopy observation on the basis of the difference o2. Experimental procedure
colors and shapes of the intermetallic compounds in th&our kinds of Al-Mg—Si alloys containing 0.1, 0.2, 0.3,
specimens etched in a 0.5% HF solution [7, 9]. Blackand 0.5% iron, based on 6063 aluminum alloy, were
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TABLE | Chemical composition of specimens (mass %)

6063 alloy Mg Si Fe Cu Ti Mn Cr Zn Al

0.1%Fe 0.49 0.43 0.09 0.002 0.001 0.001 0.000 0.001 bal.
0.2%Fe 0.49 0.42 0.18 0.001 0.001 0.001 0.000 0.001 bal.
0.3%Fe 0.49 0.42 0.33 0.001 0.001 0.000 0.000 0.002 bal.
0.5%Fe 0.52 0.40 0.50 0.002 0.000 0.003 0.000 0.001 bal.
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Figure 1 Schematic representation of the ingots.

prepared. The chemical compositions of the alloys are
given in Table |. They were prepared by melting in air
using 99.99% pure aluminum ingots, 99.9% pure mag-
nesium ingots, 99.9% pure silicon ingots, and Al-48.1-
51.3%Fe alloys. The casting was carried out at three
different cooling rates. Slowly solidified ingots were
prepared by furnace cooling in the cylindrical crucible
furnace with an internal diameter of 67 mm. The in-
gots obtained were 40 mm in length. The center parts i
of the ingots (25 mm in length) were used as specimens % & ® ‘ e s '
by cutting off both of the sides. The ingots prepared at - i -
the intermediate cooling rate were cast into the perma- == s
nent mold with a bottom area of 2475 mm and with a
height of 123 mm. The top and bottom 20 mm in length
ofthe ingots were cut off, and the remaining was used as
specimens. Rapidly solidified ingots were prepared by
casting into V-shaped copper mold, and the tip of the
ingots (about 15 mm in length) was used. Schematic
representation of each ingot is shown in Fig. 1. About #
10 g of specimens was used for homogenizing treat- 23
ment. The specimens were heated at a rate of 1 K/s t
858 K and maintained at this temperature for 54 ks or =" ..
2400ks in air. ”

The surface of the specimens was observed by opti- ' §
cal microscopy after electropolishing. The Al-Fe—Siin- [+
termetallic compound particles formed were extracted
from the matrix using the thermal phenol method. The
structure of the extracted particles was identified bYFigure 2 Optical micrographs of the 0.3%Fe as-cast ingots solidified at
using a Rigaku RINT 1100 X-ray diffractometer with (a) slow, (b) intermediate, and (c) fast cooling rates.
CuKu radiation and a TOPCON Co. LTD EM002B
transmission electron microscope (TEM) equipped
with EDAX facilities. The extracted particles were (kg 2a) Their particles and the Al-dendrite cell size
taken on carbon-coated grids for TEM observation an DCS) became smaller as the cooling rate increased.
on glass plates for X-ray measurement. The similar changes in the microstructures were ob-

served irrespective of iron content (6:0.5%).
The precise cooling rate of the ingots was measured

3. Results by using thermocouples. The cooling rates of the ingots
The microstructures of the as-cast 0.3%Fe alloy ingotsolidified at slow, and intermediate cooling rates were
obtained at the three different cooling rates are shown imbout 0.06 and 5 K/s, respectively. The cooling rate of
Fig. 2. The intermetallic compound particles, observedhe fast solidified ingots could not be measured because
as dark contrast, are coarse in the slowly solidified ingothe cooling rate was too fast.
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Fig. 4a shows a TEM image of an intermetallic com-
pound particle extracted from the 0.1%Fe ingot so-
lidified at cooling rate of 0.06 K/s and homogenized
at 858K for 2400ks. This faceted Al-Fe—Si com-
pound particle is about 0m in width and 50um
in length, and is identified as the phase (hexagonal:
a=1.23nm,c=2.62nm) from the SADP. Many in-
termetallic compounds in this phase were identified as
thea’ phase. Fig. 5 shows the change in the relative
frequency of Al-Fe—Si phases in the slowly solidified
0.1%Fe ingot with time of homogenizing treatment at
858 K. It is found that the8 phase transforms into the
o’ phase in the slowly solidified ingots during homog-
enization.

Fig. 6 shows the changes in the relative frequency
Figure 3 The results of TEM observation of an intermetallic compound Of Al-Fe—Si phases in the 0.2%Fe ingot solidified at
particle extracted from the as-cast ingot at the cooling rate of 0.06 K/s.

The particle is supported on a microgrid. (a) Bright field image and (b)
selected area diffraction pattern. Beam // [001] of monocliilFeSi.

@
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The relationship between a secondary dendrite arr
spacing (DAS) and cooling rate was reported to be ex
pressed as follows [15]: G

d = 85R 038 1)

whered is DAS andR is cooling rate. In order to de-
termine the cooling rate of the fast solidified V-shaped
ingots, the secondary dendrite arm spacing (DAS) wa
used to measure. To obtain the accurate DAS, the obse
vation of the grains with an identical orientation is re-
quwed, butthe grains observed were randomly orlerY[edl:igure 4 The results of TEM observation of ari-AlFeSi particle ex-
Thus, the accurate DAS was not measured. Howeve{r'acted from the 0.1%Fe ingot solidified at the casting cooling rate of
the same relationship between DCS and cooling rate asoe k/s and homogenized at 858 K for 2400ks. () Bright field image
that between the DAS and cooling rate (Equation 1) forand (b) selected area diffraction pattern. Beam // [001] otthghase.
the ingots solidified at slow and intermediate cooling

rate was found. By applying this relationship between ,,,,%

DAS and cooling rate to the fast solidified ingot, the pg.cast /// B ///// N:15

cooling rate of the V-shaped ingots was estimated to b seas % z7ZZ %

about 50 K/s. 858K /////// ;
Fig. 3ashows a TEM image of a coarse stick-like Al- 54ks a W % N:13

Fe—Si compound particle of 40m in length extracted 858K
from the 0.1%Fe alloy ingot solidified at the cooling 2400ks

o N:13

rate of 0.06 K/s. The selected area diffraction patterr 0 20 40 60 80 100
(SADP) shown in Fig. 3b corresponds to the pattern
of the B8 Al-Fe-Si phase (monoclinia=b=0.612
nm,c=4.15nm,f = 910)' The incident electron beam Figure 5 Change in the relative frequency of Al-Fe-Si intermetallic
direction is parallel to [001]. In the slowly solidified in- compounds in the 0.1%Fe ingots at the casting cooling rate of 0.06 K/s
gots, many intermetallic compound particles were verywith homogenizing timeN: total number of the particles observed.

Relative frequency (%)

coarse. Thus, SADP could not be obtained from most
of intermetallic compounds, and only a few intermetal-

lic compounds were identified from SADP. Among Aq.cast B N:29
fifteen intermetallic compound particles observed in

the slowly solidified 0.1%Fe ingot, fourteen particles, 858K
corresponding to about 93% of the intermetallic com- 54ks
pounds, were identified as tiephase, that is, about 858K

93% of Al-Fe-Si intermetallic compounds were the 2400ks
phase. This percentage was largest among the as-ci 0 20
ingots examined in this study. This also agrees very wel
with the results of X-ray investigation. In the slowly so-

lidified m_gOtS' alarge amo_unt of the binary Mg-Si in- Figure 6 Change in the relative frequency of Al-Fe-Si intermetallic

termetallic compound particles, as well as the Al—Fe—Sl:ompounds in the 0.2%Fe ingots at the casting cooling rate of 5 K/s with
compound particles, were also observed by TEM. homogenizing timeN: total number of the particles observed.

o N:27

Relative frequency (%)
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Figure 9 Change in the relative frequency of Al-Fe-Si intermetallic
compounds in the 0.5%Fe ingots at the casting cooling rate of 50 K/s
with homogenizing timeN: total number of the particles observed.

Fig. 9 shows the changes in the relative frequency of
Al-Fe—Siphasesinthe fast solidified 0.5%Fe ingot with
‘ _ o a homogenizing time at 858 K. A large amount of the
Figure 7 The results of TEM Qbservatlon of a;nAIFeS particle ex- phase remained in the homogenized ingot at 858 K for
tracted from the 0.5%Fe alloy ingot at the casting cooling rate of 50 K/s. L : .
(a) Bright field image and (b) selected area diffraction pattern. Beam //54 ks, S'm_"ar to the .aS-C&St Ingot. However, the main
[212] of simple cubic. Al-Fe-Si intermetallic compounds change from the
phase to the’ phase in the ingot homogenized at 858 K
for 2400 ks, similar to the ingots solidified at the slow
and intermediate cooling rates.

Fig. 10 shows the schematic views of the changes
in the Al-Fe—Si intermetallic compounds in the as-cast
and homogenized ingots with the cooling rate and the
iron content. It was reported that tifephase formed
in the as-cast ingots transformed into thegphase by
suitable homogenizing treatment in 6000 series alu-
minum alloys [7, 8]. In the present study, it was found
that thex phase increased when the ingots solidified at
the cooling rate of 5K/s were homogenized at 858 K
for 5 ks. However, irrespective of Fe content and casting
cooling rates, almost all of the Al-Fe—Si intermetallic
compound particles were identified as thigphase af-

Figure 8 The results of TEM observation of ari-AlFeSi particle ex-  ter homogenizing at 858 K for 2400 ks. This result is
tracted from the 0.5%Fe as-cast ingot homogenized at 858 K for 2400 kglifferent from the previous report [7, 8].

at the casting cooling rate of 50 K/s. (a) Bright field image and (b) se-

lected area diffraction pattern. Beam // [001] of tiHeAlFeSi.

(a)
(

4. Discussion
the cooling rate of 5K/s, with time of homogenizing |t was reported that the phase was formed in the Al-
treatment at 858 K. The solidified condition of this in- Si—Fe alloys solidified at a fast cooling rate, while the
got is very similar to that of the commercial aluminum g phase was formed in the Al-Mg-Si alloys solidified
alloys. In the as-cast ingot, the relative frequencyof at a fast cooling rate. However, theohase was formed
phase is about 80%. The amountphase gradually in the present Al-Mg-Si alloys solidified at the fast
decreases and those of thephase (cubica=1.252  cooling rate of 50K/s, irrespective of Fe content, as
nm ora=1.256 nm) andx’ phase increases after ho- shown in Fig. 10.
mogenizing for 54 ks. Further prolonged homogenizing  The formation of the Al-Fe—Si phases during solidi-
treatment, thatis, 2400 ks treatment, leads to the almosication of 6000 series alloys has been reported to take

complete transformation of theandg phases into the  place through the following reactions [+88]:
a’ phase. Fig. 7a shows a TEM image of thghase

extracted from the fast solidified 0.5%Fe ingot with- .
o L — Al dendrite 2

out homogenizing treatment. Among the twenty-seven

Al-Fe—Si compound particles observed, there is only L — Al + AlzFe (3)

thea phase with Chinese script morphology [16]. The

relative frequency of phase in this ingot is the high- L + AlsFe — AlsFe+ a-AlFeSi (4)
est among all the as-cast ingots. Fig. 8a shows a TEM L — Al + a-AlFeSi (5)
image of an intermetallic compound particle extracted

from the fast solidified 0.5%Fe ingot homogenized at L + a-AlFeSi— Al + B-AlFeSi (6)
858K for 2400ks. This faceted polygonal Al-Fe-Si ) .

compound particle of about om in length is identi- L= Al+ p-AlFeSi ()
fied as thex’ phase. L — Al 4 B-AlFeSi+ Si (8)
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2100 ———— T T T 71— ingots. However, the predominant phase in the present
% (a) Oaq °a ©« ©u ingots solidified at the cooling rate of 50K/s is the
g | - . . phase, as shown in Fig. 8. Also, a large amount of the
g 101 NN a-AlFeSi 1 B phase is observed in the 0.1%Fe ingot solidified at
S , 9 198 %4 ° the cooling rate of 0.06 K/s. Therefore, it is difficult
as a+ aj/ﬁ B @ to explain the present results by applying the previous
g 1r - - 7 interpretation.
_g' B -AlFeSi Thel formatipn of thex and ﬁ phases in 'th(.e present
&) study is explained well by using the equilibrium phase
0.1 o8 LB o - diagram of the solid phases, not of the liquid phases,
0 0.1 02 03 0 4 0 5 0.6 Which has been often used. The equilibrium phase dia-
Fe Content, C(mass%) gram is used a vertical sectional view of the Al-Fe—Si
2100—— ; . ternary alloy phase diagram [19]. For the alloy com-
g (b) ©O ¢y ¢« o a ° 4 position of Al-0.4%Si-0.1%Fe without magnesium,
& only the solid phases are present in equilibrium at
g 10r . and below 900 K. When the liquid phase of this com-
é o o o o position is cooled, the solid phases appear in the or-
50 Bta’ata’ ata’ ata’ der of Al+ «-AlFeSi phase, Ak g-AlFeSi phase, and
g 1r . Al + B-AlFeSi phaset Si. Therefore, the formation of
—g' thea phase in the fast solidified ingots can be explained
&) by considering that no further reaction of Alx phase
0.1 8+a’ B+a’ ata’ ata’ - formed from liquid phase occurs during casting. Simi-
0 0.1 0 2 0 3 0. 4 0 5 06 larly, the formation of theg phase in the slowly solidi-
Fe Content, C(mass%) fied ingots can be explained by the solid state reaction of
2100 — . . Al + « phase to Ak 8 phase. It can also be explained
% (C) a2’ a’ o o a’ by the facts that a large amount of thghase with a
& o’ AlFeSi Chinese script morphology is formed at the fast cast-
g 10r - = ing cooling rate of 50 K/s, and that tisephase with the
é Ox° Pa’ P’ Ox’ same morphology and size as thphase is also formed
a0 ) - inthe 0.2%Fe ingot solidified at the casting cooling rate
’E 1 o a 'AlFeSI ~ Of 5 K/S
—8' Because the ingots used in the present study con-
(&) tain 0.5% magnesium, silicon in the Al phaset Si
0.1 'y @, a  a phases formed at and below about 673 K is expected to

0 0.1 02 03 04 05 06 reactwih magnesium, forming a M8i intermetallic
Fe Content, C(mass%) compound. In fact, in this study Mg-Si binary inter-
metallic compounds are observed in all of the slowly
Figure 10 Schematic view of the change in the relative amounts of the SOlidified as-cast ingots.
Al-Fe-Si intermetallic compounds in the ingots (a) as-cast, (b) homog- The decrease in the iron content from 0.5 to 0.1%
enized at 858K for 54 ks, and (c) for 2400ks as a function of castingjn the slowly solidified as-cast ingots results in the in-
cooling rate and Fe content. crease in the relative amount of tAghase. Similar re-
sults were reported previously [20]. This suggests that
From these equations, theandp phases were formed the temperature range forming tighase is extended
from the liquid phase. However, in the case of the in-with a decrease in the iron content at and below 773 K.
dustrial fast cooling rate (10 20 K/s), thes phasewas These results cannot be explained by the previous in-
predominantly formed in the billets solidified at the fastterpretation mentioned above [1@8]. However, the
cooling rate [16, 18]. This was explained as follows: results can be explained by considering that the Al-Fe—
the formation of eutectic with high concentrations of Siintermetallic compound phases formed in the as-cast
alloying elements and impurities decreased the liquidngots are determined by the competition of the cooling
temperature owing to supercooling phenomenon; andate and the rate of solid sate reaction. When the cast-
aluminium, silicon, and thes-AlFeSi phase precipi- ing cooling rate is fast, the phase remains the same
tated in the finally solidified regions (Equation 8) at due to fast cooling before the solid state transformation
the eutectic temperature of 858 or 851 K. In particular,of the « phase into thes phase occurs. At the slow
Mulazimogluet al. [16] suggested that almost all of casting cooling rate, such transformation occurs during
the Al-Fe-Si intermetallic compounds were nucleatectasting, and hence, the relative amount of ghghase
as thes phase directly in the liquid phase because thenecomes high.
extremely thine phase particles were easily decom- In accord with the equilibrium phase diagram, the
posed to theg phase. In accord with this explanation, homogenizing treatment at 858 K should lead to the
the g phase should be more easily formed, andd¢he formation of Al+« phase. However, the Al-Fe-Si
phase should not be formed at the faster cooling ratphase observed after homogenizing for 2400ks is the
of 50 K/s. Additionally, thew phase is expected to be «’ phase. Hoieet al also reported the formation of
present without decomposition in the more slowly casthea’ phase in the Al-0.5 mass% Mg-0.6 mass% Si-0.2
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mass% Fe alloy homogenized at 853 K for 86.4 ks [21]decreases and the relative frequency ofdtmhase in-
They suggested the transformation of thephase creases from 10% to 40% in homogenizing at 858 K
formed in the as-cast ingot into thé phase during ho- for 54 ks, in good agreement with the previous report.
mogenizing. They did not observe the formation of theHowever, the relative frequency of théphase also in-

a phase, and explained this fact by the high purity of thecreases to 50% in the homogenized ingot. Furthermore,
iron-containing alloy, which was almost free from im- almost all of the Al-Fe—Si intermetallic compounds are

purities such as manganese. In the present study, highansformed into the’ phase in the ingot homogenized
purity alloys were used. However, about 40% of theat 858 K for 2400 ks.

Al-Fe-Si intermetallic compounds in the 0.2%Fe in-
got solidified at the intermediate cooling rate and ho-
mogenized at 858 K for 54 ks is thephase (Fig. 9),

slightly different.

If the «’ phase is a stable one at the homogenizing 431:
temperature, the’ phase present in the as-cast ingots s.
should be formed by the transformation of a part of 6.
thea phase into the’ phase during solidification. The /-

absence of the’ phase in the ingots solidified at the

transform thex phase into the’ phase. Thus, all of the

a phase formed in the ingots remains without further10.
11. P. LIU,T. THORVALDSSONandG. L. DUNLOP, Mat. Sci.

transformation.

12
13
5. Conclusions

ditions on the formation of Al-Fe—Si intermetallic com-

pounds in 6063 Al-Mg-Si alloys have been examined ™

using TEM observation. The following conclusions are
drawn.

1. The main phase in the 0.1 mass% Fe as-cast i

got at the casting cooling rate of 0.06 K/s is the

phase, while the main phase in this ingot homogenizedg.

at 858 K for 2400 ks changes into théphase.

2. The main phase in the 0.5 mass% Fe as-cast ingot
atthe casting cooling rate of 50 K/s is thi@hase, while
the main phase in this ingot homogenized at 858 K for,,
2400 ks changes into the phase similar to the slowly
solidified ingot.

3. The main phase in the 0.2 mass% Fe as-cast ingot

17.
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