The Effect of Iron Content on the Iron-Containing Intermetallic
Phases in a Cast 6060 Aluminum Alloy
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The effect of iron content, ranging from 0.1 to 0.5 wt pct, on the formation of Fe-containing
intermetallic phases in a cast 6060 aluminum alloy was investigated. Various characterization
techniques, including optical microscopy, scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD), and transmission electron microscopy (TEM) were used to
examine the identity, morphology, and prevalence of the Fe-Al and Fe-Al-Si intermetallic
phases. The predominant phase is found to be f-AlsFeSi at lower Fe levels, but this is replaced
by a-AlFeSi (bcc structure) with increasing Fe content. The Fe containing intermetallic phases
observed are compared to those predicted using the Scheil module of THERMO-CALC soft-
ware, and the similarities and discrepancies are discussed.
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I. INTRODUCTION

ONE of the challenges for the sustainability of the
aluminum industry is the increased use of recycled
material for the production of wrought Al-based alloys.
While Al-based alloys are often regarded as being
100 pct recyclable, there are some important factors
that need to be taken into consideration when recychn?
One of these is the impact of increasing Fe level.
Increased Fe levels can be tolerated, and even appreci-
ated in high pressure die casting alloys, as they can
reduce die sticking, although the resultant phases can
contrlbute to porosity formation in some foundry
alloys.”* In wrought alloys, some Fe can also be
beneficial in restricting grain growth during homogeni-
zation,” but these alloys are much less tolerant to
increasing Fe content as the brittle intermetallic particles
formed with increased Fe contents can reduce the
ductility and formability of these alloys.>®! Increased
Fe levels may also affect the hot tearing susceptlblhty of
Al-based alloys.[”! Hence, there is a need to understand
how changing Fe content affects the formation of
Fe-containing intermetallic phases in Al alloys.

The metallurgy of the Fe-containing intermetallics in
Al alloys is complicated, because there are so many
different phases that can form. There have been several
critical reviews on these topics since the 1980s,F!%
mainly focused on Al-Si casting alloys.

In the simple Al-Fe binary system, the most common
Al-rich intermetallic phase has been given two different
stoichiometries,'"! Al;Fel'? and Al ;Fe,'? with a
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monoclinic crystal structure (¢ = 1.549 nm, b=
0.808 nm, ¢ = 1.248 nm, f = 107.72 deg). The binary
system exhibits a eutectic composition of approximately
1.8 wt pct Fe and a eutectic temperature of 928 K
(655 °C).["

When Si is present, as in the case of 1xxx, 3xxx, or
6xxx series alloys, a number of other phases may form,
dependmg upon the relative contents of ecach ele-
ment. The two most common phases found in
Al-Fe-Si ternary alloys are usually denoted as ff-AlsFeSi
(monoclinic: a = b = 0.612 nm, ¢ =4.15nm, f =091
deg“z] or a=b=0.618 nm, ¢=2.08nm, =9I
deg"®) and o- AISFCZSI (hexagonal a = 1.23 nm,
¢ = 2.63 nm"?),[""! though other stoichiometries have
been used by other authors, e.g., Rivlin er al.l'”)

p-AlsFeSi tends to form at lower Fe contents than
does a-AlgFe,Si. At even higher Fe contents, Al;Fe can
form. However, while the level of Fe indicates which
phase will precipitate directly from the melt upon
solidification, there are a series of complicating peritectic
reactions that may also occur as the temperature
decreases; i.e.,

L+ A]3FC — o — AlgFCzSi [la]

L+ o — AlgFe;Si — f — AlsFeSi [1b]

There are reports in the literature of the simultaneous
occurrence of both of these reactions!'''®! and of the
former reaction occurrlng preferentlall}/ followed by the
latter reaction in 6xxx series alloys.'"'”) Manganese-
containing alloys follow a similar path where the
Mn-containing form of o-AlFeMnSi is involved.”
While this would suggest that f-AlsFeSi should be the
equilibrium Fe-containing phase present at lower tem-
peratures, it is known that peritectic reactions rarely go
to completion."""'* In fact, it has been considered that
there is a peritectic reaction, which initiates on the
surface of the previous substrate, followed by a peritec-
tic transformation, which is limited by solid-state
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diffusion. Hence, it is likely that this kinetic process
controls the final phase formation rather than the
thermodynamics of the system.

AlsFe, a-AlgFe,Si, and f-AlsFeSi phases have differ-
ent characteristic morphologies. It has been reported
that both Al;Fe and f-AlsFeSi are faceted phases,!'*!
while the a-AlgFe,Si exhibits a Chinese-script morphol-
ogy. Hence, simple optical metallography can give an
indication of which phases are probably present, espe-
cially if etchants are used to distinguish the intermetallic
phases by color. However, since the volume fraction of
intermetallics tends to be quite small in lean 6xxx series
alloys, it can be difficult to conclusively identify the
intermetallics in this way; e.g., Chinese-script such as
a-AlgFe,Si lying along a grain boundary may appear to
be a faceted phase. This can present even more of a
problem in heat-treated samples, where phase transfor-
mations may occur while the morphology of the parent
phase is retained.

In addition to the aforementioned three phases (i.e.,
AlsFe, a-AlgFe,Si, and f-AlsFeSi) commonly observed
in the Al-Fe-Si system, there are some other ternary
phases that have also been reported, e.g., Al4FeSi,
(tetragonal: a = 0.612 nm, ¢ = 0.948 nm)®" and
AlsFeSi (C-centered monoclinic: a = 1.78 nm, b =
1.025 nm, ¢ = 0.890 nm, « = 132 deg).!"”

It is generally accepted, as noted previously, that in
the ternary Al-Fe-Si system, a hexagonal ternary phase
a-AlgFe,Si can form. However, with the presence of
small amounts of transition metals, e.g., V, Cr, Mo, W,
Mn, and Cu,”? an alternative body-centered-cubic
phase forms. In the presence of Mn, this phase has
been designated as Al yFe,MnSi,”** but is more
often designated as Al;s(Fe,Mn);Si, or Alj»>(Fe,Mn);Si.
While these are also designated o phase and also
generally have a Chinese-script morphology,!'”'¥! they
are found to have a different crystal structure (bcc:
a = 1.256 nm)!">'7?* and stoichiometry to the hexago-
nal a-AlgFe,Si phase.

The Mn is commonly added to 6xxx series alloys to
restrict the formation of f-AlsFeSi platelets (needles in
two-dimensional (2-D) cross section) and instead pro-
mote the less faceted and more refined o.-Al(Fe,Mn)Si
phase, because this is believed to improve the formabil-
ity and surface finish of extrusions.*® It has been
claimed that the cubic o phase cannot be present in the
ternary Al-Fe-Si system;”! however, there are examples
where the cubic form has been found in the as-cast
microstructure in an essentially Mn-free alloy.!'®** In
this article, the two o phases (cubic and hexagonal) will
be denoted from now on according to their crystallog-
raphy, o. and «y, respectively. However, the subscript is
sometimes dropped when the crystal structure is not
being specified, e.g., for a phase with a Chinese-script
morphology observed optically.

The addition of Mg in 6xxx series alloy has a
relatively minor effect on the Fe-containing phases in
the microstructure; e.g., it does not affect the type of
a-AlFeSi.?”! However, two new phases can form:
n-AlgFeMg;Sig (hexagonal: @ = 0.663 nm, ¢ = 0.794
nm) and Mg,Si (cubic: a = 0.635 nm).l'**3% Both
phases form at lower temperatures than -AlsFeSi and
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are typically present in minor amounts after solidifica-
tion. These phases can display a Chinese-script mor-
phology,B” although after etching, they may exhibit
different colors than the o-AlFeSi phases.

This article investigates the effect of Fe content on the
formation of Fe-containing intermetallic phases in a cast
6060 Al alloy. A variety of microstructural character-
ization techniques including optical microscopy, scan-
ning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), electron backscatter diffrac-
tion (EBSD), and transmission electron microscopy
(TEM) were used to determine the identity and distri-
bution of the dominant intermetallic phases.

II. EXPERIMENTAL METHODS

A series of alloys were cast with Si and Mg contents
within the AA6060 alloy specification (0.52 to 54 wt pct
Si and 0.35 to 0.40 wt pct Mg), but varying in Fe
content (0.1 to 0.5 wt pct). The alloys were grain refined
using AISTilB grain refiner additions at 0.05 pct Ti to
produce samples with as-cast grain size similar to that
found in direct chill (DC) cast alloys.*!! The detailed
compositions of these alloys are shown in Table I.
Unless otherwise specified, all compositions are
expressed in weight percentage (wt pct). The alloys were
cast into bars (180-mm long, 24-mm deep, and 20-mm
wide) in a preheated steel mold. The mold was designed
to simulate cooling rates common to DC casting, i.e.,
approximately 2 K/s.*?! Samples for metallography
were taken from the central region of the alloy bars.
Specimens were prepared for optical microscopy, SEM,
and TEM to observe the structure at three different
scales, and to obtain information on both phase
morphology and phase constitution.

Samples for optical microscopy were polished accord-
ing to normal metallographic techniques, etched with
0.5 pct HF and then viewed using standard optical
microscopy techniques. Differentiation and identifica-
tion of phases is typically based on their distribution,
morphology, and color (etched and unetched). How-
ever, there are limitations to this as different phases may
have similar morphologies and spatial growth restric-
tions can have as much influence on the morphology as
can phase identity and preferred growth mode.

To further reveal the morphology and interconnec-
tedness in three dimensions of intermetallic phases, some
samples were deeply etched to preferentially remove the
matrix phase. Deep etching was carried out on alloy

Table I. Compositions of the 6060 Alloy Samples
as Determined by Optical Emission Spectroscopy; the Alloys
are Designated by the Nominal Fe Content

Elemental Composition (Weight Percent)

Alloy Si Mg Fe Mn Ti Al

0.1 Fe 0.52 0.35 0.09
0.2 Fe 0.56 0.40 0.20
0.3 Fe 0.53 0.39 0.28
0.5 Fe 0.52 0.35 0.50

<0.001 0.05 bal
<0.001 0.05 bal
<0.001 0.05 bal
<0.001 0.05 bal
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samples that were ground to a 1200 grit SiC finish and
then were held face down in a gently stirred solution of
iodine in methanol (10 g in 100 mL) at room temper-
ature for approximately 4 hours (variable time depend-
ing on particular alloy sample). The samples were then
rinsed gently in methanol and air dried prior to
examination by SEM. The technique is described™! as
being suitable for identifying Al(Fe,Si) and Al(Mn,Si)
phase types.

Scanning electron microscopes equipped with EDX
and EBSD can provide both chemical and crystallo-
graphic information about phases as well as detailed
structure, at a scale where phases are more readily
recognized. For this work, samples with dimensions
10 mm x 8 mm x 1 mm were cut from the alloy bars.
After mechanical polishing, the samples were prepared
with 0.05-um colloidal silica suspension for 10 minutes
and 0.05-um alumina suspension for 2 minutes. The
samples were examined using a JEOL* JSM 7001F

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

field emission scanning electron microscope, equipped
with an HKL Channel 5 (Oxford Instruments plc.,
Oxfordshire, United Kingdom) EBSD system and a
Bruker Quantax (Bruker AXS Inc., Madison, WI) EDX
system. EDX is used to identify different phases by
comparing the ratio of iron to silicon or manganese to

“known” ratios within the intermetallic phases.**3!

However, since there is some disagreement with regard to
the exact ratios, critical analysis of results is required.

TEM is useful to identify the crystal structure of
various phases with a high degree of precision using
diffraction patterns coupled with EDX. However, it can
be difficult to ensure each phase is represented in a thin
foil specimen, and it is also difficult to correlate phases
found in TEM with those observed at the coarser
microstructure scale. Samples for TEM observation
were sliced into sheets 0.6-mm thick. Discs 3 mm in
diameter were punched from the alloy sheets, ground to
a thickness of 0.15 mm, and then twin-jet electrochem-
ically polished in an electrolyte of 33 pct nitric acid in
methanol at 248 K (25 °C) and 0.1 A.

Some foils were further ion milled at low angles using
a Gatan Precision Ion Polishing System. Characteriza-
tion of microstructures was performed in a PHILIPS**

**PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

CM20 TEM instrument, equipped with an Oxford
Instruments (Oxfordshire, United Kingdom) standard-
less EDX, operating at 200 kV. Microdiffraction was
performed in conventional TEM mode using a 30-mm
condenser aperture and an electron probe nominally
15 nm in diameter.

Fig. 1—Optical micrographs showing the typical morphology of intermetallic particles in the 6060 alloys containing (a) 0.1, (b) 0.2, (¢) 0.3, and
(d) 0.5 wt pct Fe. Note the morphological evolution of the particles from the predominantly faceted feature to the Chinese-script appearance

with increasing Fe content. All micrographs are shown at the same scale.
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THERMO-CALC' (TCW4) software with database

"THERMO-CALC is a trademark of Thermo-Calc Software,
Stockholm, Sweden.

TTAL4 was used to predict phases present in the 6060
alloys with differing Fe contents, using the Scheil
module. The Scheil (or Gulliver—Scheil*®) equation is
typically used to predict solidification paths in alloys
using the assumptions that there is no diffusion in the
solid and instantaneous diffusion in the liquid. The great
advantage of this equation is that good estimations of
solidification paths can be obtained without the use of
diffusion data and complex solidification models. While
some backdiffusion occurs, including in Al-Si-Mg
alloys,? such deviations are not great. A recent
comparison between a computational solidification
model and the Gulliver—Scheil equation for an Al-Si
alloy showed that slower solidification rates, in their
case 0.1 K/s, gave excellent correlation.”” The solidifi-
cation rates here are approximately 2 K/s, so it appears
that it is a reasonable assumption to use the Gulliver—
Scheil equation. A comparison was then made between
the experimentally observed phases and those predicted
by THERMO-CALC.

III. OBSERVATIONS AND RESULTS

A. Observations by Optical Microscopy

Figure 1 shows typical microstructures of 6060 alloys
with Fe content varying from 0.1 to 0.5 wt pct. The
amount of intermetallic particles appears to increase
with increasing Fe content. The intermetallics are
located predominantly at the grain boundaries, both
along and across them. At the low Fe contents (0.1 to
0.2 wt pct), the intermetallic particles appear to be quite
faceted with a needlelike morphology seen in cross-
sectional view (Figures 1(a) and (b)). At medium Fe
content (0.3 wt pct), some particles with Chinese-script
morphology are observed, although most of the inter-
metallic particles still seem to be needlelike (Figure 1(c)).
At the highest Fe content (0.5 wt pct), a large portion of
the intermetallic particles display the Chinese-script
morphology (Figure 1(d)). As will be shown later in
this article, the faceted and Chinese-script particles were
indentified to be f-AlsFeSi phase and «.-AlFeSi phase,
respectively.

B. Observations by SEM

While optical microscopy allowed observation of the
different morphologies of the p-AlsFeSi and o.-AlFeSi

Fig. 2—SEM SEIs of the faceted intermetallic phase in the 6060 alloys containing (a) and (b) 0.1 wt pct Fe and (¢) and (d) 0.3 wt pct Fe. At
high magnification, a lacy feature (arrowed) is revealed. White spots are a polishing artifact.
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phases, SEM microscopy was able to reveal different
features on the polished cross sections of these phases.
Figures 2 and 3 show the SEM images of the -AlsFeSi
and o.AlFeSi phases in these alloys, respectively. In
Figure 2, the faceted morphology of the f-AlsFeSi
phase can be clearly seen at low magnification (Fig-
ures 2(a) and (c)). At high magnification, the -AlsFeSi
phase appears to display a lacy feature on the surface
(Figures 2(b) and (d)). For the Chinese-script o.-AlFeSi
phase, the surface is always less ornate or fairly
featureless, even at high magnification (Figures 3(b)
and (d)). Noting that the lacy feature on the surface of
the f[-AlsFeSi phase was usually observed when the
sample was polished with colloidal silica for a slightly
longer time, we ascribe the features observed on the
surface of these phases to the etching effect of colloidal
silica, though the effect is very weak. The reason why
p-AlsFeSi and o.-AlFeSi phases exhibited different
etching responses is not clear at this moment. Never-
theless, the observed different features on these
phases can be used as a rough indication of the phase
identity.

It is also noted from the SEM images that
shrinkage voids tend to form around intermetallic
phases, and some intermetallic particles show crack-
ing. However, there appears to be no obvious differ-
ence between the f(-AlsFeSi and «.-AlFeSi phases in
these aspects.

C. Observations of Deep Etched Samples

Figure 4 shows SEM observations of the deep etched
samples with different Fe levels. It can be seen that there
is a strong interconnectedness between intermetallic
particles. Even at 0.1 wt pct Fe, the intermetallic par-
ticles have already developed a three-dimensional (3-D)
network along the grain boundaries. However, at this Fe
level, it was not fully connected and therefore some
intermetallic particles tended to dislodge and fall into
the etchant during deep etching. With increasing Fe
content, the intermetallic network became denser and
more continuous and therefore less prone to this effect.

Figure 5 shows higher magnification images of the deep
etched 0.1 wt pct Fe and 0.5 wt pct Fe samples, where the
dominant intermetallic phase is f-AlsFeSi and «.-AlFeSi,
respectively. The 3-D morphology of the intermetallic
phases is more obvious. The more faceted angular
shape of the f-AlsFeSi particles in the 0.1 wt pct Fe alloy
is in contrast to the o.~-AlFeSi phase in the 0.5 wt pct Fe
alloy, which after deep etching shows a morphology
resembling seaweed, rather than Chinese-script, as it is
traditionally described in cross-sectional views.

D. EBSD and EDX Analysis

In the 0.1 wt pct Fe alloy, p-AlsFeSi was identified
to be the major intermetallic phase. Typical SEM
secondary electron image (SEI), EBSD pattern, and

Fig. 3—SEM SEIs of the Chinese-script intermetallic phase in the 6060 alloys containing () and (b) 0.3 wt pct Fe and (¢) and (d) 0.5 wt pct Fe.
At high magnification, the particles are quite featureless. White spots are a polishing artifact.
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Fig. 4—SEM secondary electron micrographs showing the interconnectedness of the intermetallic particle networks in deep etched 6060 alloy
samples containing (a) 0.1, (b) 0.2, (¢) 0.3, and (d) 0.5 wt pct Fe. All images are shown at the same scale.
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Fig. 5—Deep etched structures at high magnification showing the morphology of (a) f-AlsFeSi intermetallic phase in the alloy containing
0.1 wt pct Fe and (b) the Chinese script «.-AlFeSi intermetallic in the alloy containing 0.5 wt pct Fe.

EDX analyses of the intermetallic phase are shown in
Figure 6. The EDX analyses of several particles give a
near 1:1 Fe to Si ratio (at. pct) in composition. The
EBSD pattern can be well indexed according to a
monoclinic crystal structure with « =2.081, b=
0.618 nm, ¢ = 0.616 nm, and f = 90.42 deg.l**

Two types of major intermetallic phase were identified
in the 0.2 wt pct Fe alloy using EDX and EBSD:
p-AlsFeSi and «o.-AlFeSi, with the -AlsFeSi present in
greater amounts. Typical SEM-SEI, EBSD pattern,
and EDX analysis of the o.-AlFeSi particles are
shown in Figure 7. The indexing of the EBSD pattern
suggests that the o.-AlFeSi phase has a bee structure (a =
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1.256 nm) matching that of the phase(s) variously des-
ignated as A112Fe3Si, A115(Fe,Mn)3Si2, or A119F64MnSi2.
The ratio between Fe and Si in composition (at. pct)
obtained from EDX analysis is close to 2, typically 2.1 to
2.2. On this basis, it is closest to the reported
AlgFe4sMnSi, phase; however, this comparison ignores
the Fe substitution that is likely to occur in the absence
of Mn in these experimental alloys.** In contrast to -
AlsFeSi, the o.-AlFeSi particles appear less faceted in
appearance and tend to show early script-like character-
istics. In addition, a very small amount of the Al;Fe
phase was observed. In the 0.3 wt pct Fe alloy, a higher
percentage of o«.-AlFeSi was observed with less f-

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—(a) SEM SEI, (b) EBSD pattern, and (¢) EDX analyses of the faceted intermetallic phase observed in the 6060 alloy containing

0.1 wt pct Fe. The EBSD pattern is indexed according to -AlsFeSi.

AlsFeSi present compared with lower Fe contents. In
addition, Al;Fe was occasionally detected. No images
are shown for this alloy as they were similar to those of
the 0.2 wt pct Fe alloy shown in Figure 7.

In the 0.5 wt pct Fe alloy, the intermetallic phases
were identified from the EBSD patterns as being either
a.~AlFeSi as the dominant phase or Al;Fe as the minor
phase. Figure 8 shows an SEM micrograph of a region
where both o.-AlFeSi and Al;Fe phases are present and
the corresponding indexed EBSD patterns. The EBSD
pattern for AlsFe phase can be well indexed according
to a monoclinic crystal structure with lattice parameters
a=1549nm, b=0808nm, c¢=1248nm, and
p = 107.72 deg. The Al;Fe particles are observed as
long platelets extending through the grains.

A summary of the Fe-containing phases indentified by
EBSD in each of the alloys is given as follows:

0.1 wt pct Fe: p-AlsFeSi

0.2 wt pct Fe: f-AlsFeSi (major) + «.~AlFeSi (minor)
0.3 wt pct Fe: f-AlsFeSi + o,.-AlFeSi + Al;Fe (little)
0.5 wt pct Fe: o.-AlFeSi (major) + Al;Fe (minor)

E. TEM Analysis

TEM analysis was conducted to confirm the phase
identifications by EBSD. For alloys containing 0.1 to

METALLURGICAL AND MATERIALS TRANSACTIONS A

0.3 wt pct Fe, most of the Fe-containing particles were
indentified to be p-AlsFeSi by electron diffraction.
Although EBSD suggested the presence of o.-AlFeSi
in the 0.2 wt pct Fe alloy and Al;Fe in the 0.3 wt pct Fe
alloys, these phases were only occasionally observed by
TEM due to their occurrence in small amounts. As an
example, a TEM image of intermetallic particles and
their corresponding diffraction patterns for the
0.3 wt pct Fe alloy are shown in Figure 9. In this case,
a f-AlsFeSi particle appears to be sandwiched, with
n-AlgFeMgsSig phase on cither side. This is indicative of
a known peritectic reaction.'? The f-AlsFeSi particle
exhibits a (001) faceted morphology and the presence of
planar faults on the (001) planes.

For the 0.5 wt pct Fe alloy, most particles observed
by TEM are o.-AlFeSi, while Als;Fe particles were rarely
spotted. Figure 10 shows an AlsFe particle within an
o.~AlFeSi phase. This is indicative of the peritectic
reaction described in Eq. [1a], although it may be that
o.~AlFeSi merely nucleates on the surface of the AlsFe.
EDX analyses of three o.-AlFeSi particles (Table II)
indicate that the ratio between Fe and Si in composition
(at. pct) is in the range of 2.1 to 2.2, suggesting that the
stoichiometry is neither Al;>Fe;Si nor Al;s(Fe,Mn);Si,.
Electron diffraction patterns recorded from the
o.~AlFeSi particles can be indexed consistently as a

VOLUME 42A, JULY 2011—1743
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Fig. 7—(a) SEM SEI, (b) EBSD pattern, and (¢) EDX analyses of Chinese-script intermetallic phase observed in the 6060 alloy containing
0.2 wt pct Fe. The EBSD pattern is indexed according to bec o .-AlFeSi.

bce structure with a lattice parameter of 1.256 nm,
indicating that the particles are not o;,-AlgFe,Si, despite
the ratios between Fe and Si (and Al) being close for this
phase. Again, the intermetallic appears to be closest to
the reported o.-Al;oFesMnSi,. The fact that it is closer
to AljgFe44Si, seems to suggest that Mn has been
substituted partially by Fe atoms and the remainder by
vacancies. Diffraction patterns from the AlsFe are
indexable according to a monoclinic crystal structure
with @ = 1.549 nm, b = 0.808 nm, ¢ = 1.248 nm, and
p = 107.72 deg.

F. Phase Prediction Using THERMO-CALC

The Scheil module of THERMO-CALC (version
TCW4) coupled with TTAL4 aluminum alloy database
was used to predict the phases formed during solidifi-
cation of 6060 alloys with increasing Fe content.
Temperature vs fraction solid curves are shown in
Figures 11(a) and (b) for 0.1 and 0.5 wt pct Fe, respec-
tively. These show that the identity of the Fe containing
phases changes and the temperature at which they
precipitate increases as the Fe content increases.

A graph of the predicted proportions of the various
intermetallic phases as a function of Fe content is shown

1744—VOLUME 42A, JULY 2011

in Figure 11(c). THERMO-CALC predicts that as the
Fe content increases, the amount of the initially-pre-
ferred Fe-containing phase increases, until another
richer Fe-containing phase forms. At very low Fe
contents (<0.1 wt pct), THERMO-CALC predicts that
mainly 7n-AlFeSi (i.e., AlgFeMgsSig) and f-AlsFeSi
form. As the Fe content increases between 0.1 and
0.2 wt pct, there is a large increase in the predicted
amount of a-AlFeSi (i.e., o;-AlgFe,Si), while the amount
of n-AlFeSi and f-AlFeSi remains constant. As the Fe
content is increased above 0.2 wt pct, THERMO-
CALC predicts that increasing amounts of AlsFe form,
while the amounts of the other phases remain constant.
Above 0.4 wt pct Fe, it is predicted that Al;Fe is the
dominant phase. In addition, as the Fe content
increases, so does the temperature at which the first
Fe-intermetallic is predicted to precipitate from the melt
(Table III). At 0.1 to 0.2 wt pct Fe, oy-AlgFe,Si is
predicted to be the first phase to precipitate, while at
higher Fe contents, Al;Fe forms before o,-AlgFe,Si
(consistent with the phase observations seen in
Figure 10(a)).

The Scheil module in THERMO-CALC does not take
into account peritectic reactions/transformations that
may occur during the solidification process. However,

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 8—(a) SEM SEI showing the presence of both o.AlFeSi (indicated “b”’) and Al;Fe (indicated “c”) in the 6060 alloy containing 0.5 wt pct
Fe, (b) EBSD pattern of o.-AlFeSi phase, and (¢) EBSD pattern of Al;Fe phase.

given phase equilibrium considerations, it could be
expected that some of the AlsFe could transform to
o,-AlFeSi, which in turn could transform to f-AlsFeSi.
As stated earlier, this will be dependent upon nucleation
and kinetic characteristics of these transformations.

IV. DISCUSSION

This study has shown how powerful it is to use a
number of complementary microscopy and analytical
techniques for phase characterization and identification.
Optical microscopy is the simplest technique and pro-
vides an overview of the particle morphology and
distribution but does not provide any chemical or
crystallographic information. TEM is able to be used
to determine the crystallography of the phases present,
but provides very limited information on the distribu-
tion of the phases and might not be able to provide a
representative sample of the alloy for solidified micro-
structures, which are inhomogeneous at the length scale
at which TEM operates. The SEM with EDX is able to
provide information of the fine-scale particle morphol-
ogy and distribution of the phases as well as chemical
information. However, in systems where there are
phases with similar chemistries, such as the Al-Fe-Si
phases here, crystallographic information is required to
be confident that particles have been identified correctly.
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Moreover, although the method described by Qian
et al®¥ is useful for distinguishing between o and f
phases, the method is less practical for small particles,
particularly when there is no Mn in the « phase to aid
identification. Hence, the additional use of an EBSD
detector provides a powerful phase identification tech-
nique. The use of TEM may still be required to
characterize phase crystallography, but once this is
known, phases can be identified rapidly and with great
accuracy. In addition to these techniques, deep etching
provides an insight into the 3-D intermetallic network
structures.

A summary of the intermetallic observations made is
given in Table IV. Two SEM microscopy techniques
were found useful to distinguish between f and o phases.
The first was the visual observation at high magnifica-
tion in which the f phase was sometimes seen to have a
lacy feature while the o phase was relatively featureless.
This can be used as an indicator to distinguish f and «
phases. Second, the use of EDX to give an indication of
the Fe:Si ratio enables discrimination between f and o
phases, with atomic ratios of approximately 1 and 2 to
2.5, respectively.**! This method was found by Kuijpers
et al®¥ to give a high accuracy estimate of the relative
transformation of f§ to o during homogenization, with
the absolute Mn concentration of individual interme-
tallic particles added to achieve a further slight error
reduction. Nevertheless, since the Fe(+ Mn):Si ratios
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Fig. 9—(a) TEM image showing f-AlsFeSi and n-AlgFeMg;Sis pha-
ses in the 6060 alloy with 0.3 wt pct Fe, (b) selected area electron
diffraction pattern of -AlsFeSi, and (¢) microbeam electron diffrac-
tion pattern of n-AlgFeMgs;Sis.

Fig. 10—(e) TEM image showing an Al;Fe particle incorporated
within «.~AlFeSi phase in the 6060 alloy with 0.5 wt pct Fe, and cor-
responding selected area electron diffraction patterns of (b) the
AlsFe phase and (¢) the o.-AlFeSi phase.

Table II. Comparison of Atomic Ratio of Al:Fe:Si in the a.~AlFeSi Phase (as Measured Using EDX in the TEM)
with the Reported Stoichiometries of Other Known a-AlFeSi Phases; the Three Particles Were All from the 0.5 Wt pct Fe Alloy

7 Ol

Measured AlgFEZSi Al 1 2Fe3Si Al 1 5(FC,MH)3Si2 Al 1 9Fe4MnSi2
Particle Al:Fe:Si @8:2:1) (12:3:1) (15:3:2) (19:4:2)
1 69.9:20.8:9.3 7.5:2.2:1 10.1:3:1.3 15.0:4.5:2 13.4:4:1.8
73.8:17.8:8.3 8.9:2.1:1 12.4:3:1.4 17.8:4.3:2 16.6:4:1.9
3 73.2:18.3:8.5 8.6:2.2:1 12.0:3:1.4 17.2:4.3:2 16.0:4:1.9

between the two a-AlFeSi phases (o and o) are similar
and the morphologies are the same, it is still difficult to
distinguish between the two o forms using EDX.
Conversely, it was seen that the crystallographic infor-
mation collected using SEM with EBSD is able to
clearly distinguish between the two o forms.

It is generally assumed that the hexagonal form of the
phase, o;-AlgFe,Si, is found in alloys with Mn <
0.01 wt pct®>3 4% and that, once a small amount of
Mn is added to the alloy, then the cubic form,
o.~Alys(Fe,Mn)3Si,, is present instead."?! It has also
been observed that o.-Al(Fe,Mn)Si can transform to
a,-Al(Fe,Mn)Si after homogenization.?****!1 Despite
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there being no Mn in the 6060 alloy (<0.001 wt pct) used
in this work, and for that matter no Mn being found in
the intermetallic phase by EDX, it was evident using
EBSD and TEM analyses that all of the a-AlFeSi phase
present was cubic rather than hexagonal. In fact, no o-
AlgFe,Si was found in any of the alloys studied.
Although the EDX results indicated that the Al:Fe:Si
ratio was close to that of «, (i.e., 8:2:1, Table II), the
best fit with the reported cubic o phases is with
a,-AljoFesMnSi>*? rather than «.-Als(Fe,Mn);Si, or
oc(,—Allee3Si.

The predominant phase in the microstructure up to
0.2 wt pct Fe was found to be the faceted p-AlsFeSi

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 11—Temperature vs fraction solid curves as predicted by THERMO-CALC assuming Scheil solidification and no peritectic reactions with
(a) 0.1 pct Fe and (b) 0.5 wt pct Fe. (¢) The amount of the Fe-containing intermetallic phases at the end of solidification, as predicted by
THERMO-CALC. Note that a-AlFeSi in THERMO-CALC is equivalent to o;,-AlFeSi, f-AlFeSi to -AlsFeSi, and n-AlFeSi to n-AlgFeMg;Si.

Table III.

Temperatures at Which the First Fe-Containing

Phase Precipitates from the Melt According to THERMO-
CALC for Alloy 6060

Fe (Wt pct) Temperature [K (°C)] Phase
0.1 881 (608) o;-AlFeSi
0.15 887 (614) o-AlFeSi
0.2 896 (623) o,-AlFeSi
0.3 909 (636) Al;Fe

0.5 913 (640) Al;Fe

phase. At 0.2 wt pct Fe content, some Chinese-script
morphology «.-AlFeSi phase was observed and identi-
fied using EBSD in the SEM. Above 0.3 wt pct Fe,
o.~AlFeSi was the predominant phase, and at 0.5 wt pct
Fe, no f-AlsFeSi was observed. At 0.3 wt pct Fe, some
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AlsFe was also found, and the amount of this phase
increased with an increase in the Fe content up to
0.5 wt pct. The predominance of fi-AlsFeSi at 0.2 wt pct
Fe was observed by others,™ and the identity of the
phases at the higher Fe contents seems to agree
reasonably well with previous work in a 6063 alloy.*®
In that work, however, Tanihata et al.?®>*!! noted the
presence of o,-AlFeSi as well as f# and o.-AlFeSi in the
as-cast condition, but no Al;Fe was observed.

Apart from predicting the presence of o,-AlFeSi
rather than the o.-AlFeSi form, the prediction of phase
types from THERMO-CALC broadly agrees with the
microstructural observations in this study. In terms of
phase amounts, several discrepancies are evident.
THERMO-CALC predicts that oy,-AlFeSi should be
present at 0.1 wt pct Fe content, whereas neither form
of o was verified microstructurally at this composition.
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Table IV. Summary and Comparison of the Phases Identified in 6060 Alloy with Varying Nominal Fe Contents
Using the Different Observation and Analytical Techniques

Fe (Wt pct) Optical Observations SEM (EBSD) SEM (EDX) TEM THERMO-CALC
0.1 faceted phase p-AlsFeSi p Fe:Si~ 1 p-AlsFeSi p-AlsFeSi
(i.e., elongated n-AlgFeMg;Sig oy,-AlFeSi
particles on grain n-AlgFeMg3Sig
boundaries)
0.2 faceted phase (as above), f-AlsFeSi (major) p Fe:Si~ 1 f-AlsFeSi f-AlsFeSi
plus some particles o.~AlFeSi (minor) o Fe:Si ~ 2 a,-AlFeSi (major)
tending toward scriptlike n-AlgFeMg3Sig n-AlgFeMg3Sig
AlsFe (very
small amount)
0.3 faceted phase; p-AlsFeSi p Fe:Si~ 1 p-AlsFeSi p-AlsFeSi
some Chinese-script phase o.~AlFeSi o Fe:Si ~ 2 n-AlgFeMg;Sig o,-AlFeSi
AlzFe (minor) n-AlgFeMg;Sig
Al}Fe
0.5 Chinese-script phase o.~AlFeSi (major) o Fe:Si ~ 2 o.~AlFeSi Al;Fe p-AlsFeSi
predominantly Al;Fe (minor) (minor) o,-AlFeSi
n-AlgFeMg3Si6
A13Fe

It also predicts that o is the dominant phase at
0.2 wt pct Fe rather than fS-AlsFeSi, as was actually
observed. On the other hand, «.-AlFeSi is the dominant
phase observed at 0.5 wt pct Fe, while THERMO-
CALC predicts it should be AlzFe. It is possible that a
peritectic reaction has occurred where some of the AlsFe
has been transformed to o.-AlFeSi. As noted previously,
peritectic reactions are not incorporated into the Scheil
model of THERMO-CALC, and this may explain the
discrepancy. Interestingly, a very small amount of Al;Fe
was found in the 0.2 wt pct Fe alloy, and THERMO-
CALC also predicts that this is the composition at which
it begins to form.

While the intermetallic  and f phases were the
primary focus of the analyses of this study, it is worth
noting that n-AlFeMgSi (i.e., m-AlgFeMg;Sig) was
also observed in some alloys and only using TEM
(Table IV), whereas THERMO-CALC suggested it
should to be present in the microstructure of all the
alloys. The reason for n-AlFeMgSi not being observed
via SEM may be that it is less easily distinguished from
the matrix in backscatter electron imaging due to the
smaller atomic contrast, as it contains less Fe than the
other Fe containing phases. Alternatively, it may form
as a difficult-to-distinguish peritectic reaction product
on the surface of the more dominant -AlsFeSi platelets
(as observed in Figure 9(a)).

Deep etching revealed that what appeared optically to
be discrete intermetallic phases, particularly at the lower
Fe contents, are interconnected 3-D intermetallic struc-
tures. This shows, as indicated by Kuijpers,*’! that 2-D
analyses can be misleading as they often give the
impression of discrete particles when there is a highly
connected 3-D structure. In the lower Fe content alloys,
where f-AlsFeSi was found to be the dominant phase
present, an interconnected network of plates and needles
was observed. While at 0.1 wt pct Fe, the network was
not fully connected, at 0.2 wt pct Fe, it was. Increasing
the Fe content further led to the formation of connected
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particles with a seaweed-like morphology consisting of
petals and “dendrite” arms. It should be noted that this
strongly networked 3-D intermetallic structure is in
stark contrast to the discrete o.-AlFeSi phase particles,
which form during homogenization and exist as a string
of small particles (=1 um) located along the positions of
the original § particles.**

V. CONCLUSIONS

The effects of Fe content on the formation of
Fe-containing intermetallic phases in an as-cast
AA6060 alloy have been examined using a range of
microstructural characterization techniques — optical
microscopy, SEM and TEM. It was found that this
combination, when combined with EBSD and EDX in
the SEM, was particularly powerful in the identification
of phases with similar chemistry and composition, such
as the Al-Fe-Si phases in 6xxx series alloys.

At Fe contents less than 0.2 wt pct, -AlsFeSi is the
dominant Fe-containing phase with an Fe:Si ratio of
approximately 1. At Fe contents around 0.2 wt pct, a
3-D connected network of intermetallic particles
had developed. The o.AlFeSi phase was found to the
exclusion of o,-AlgFe,Si and was predominant in the
microstructure in alloys with 0.3 to 0.5 wt pct Fe.
The Fe:Si ratio is close to 2 and fits more closely
to the stoichiometry of o.-AljgFesMnSi, than of
o.-~Al;s(Fe,Mn);Si,. A small amount of Al;Fe was
found in the microstructure at 0.3 wt pct Fe and this
increased as the Fe content increased to 0.5 wt pct. The
Al;Fe phase was sometimes found to be rimmed by
o.~AlFeSi, indicating a peritectic reaction/transformation.

As Fe content in aluminum alloys increases, especially
through increased recycling, understanding how these
solidified microstructures transform at different Fe
contents under subsequent processing operations will
be key to optimizing the properties of these alloys.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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