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Abstract

An understanding of the nature and the
formation of the intermetallic compounds in
alloys of the Al-Si-Cu system is of importance,
especially when its ongin is of secondiry
sources, as recycled aluminum. The main
objective of this study wus lo analyze the
morphology and composition  of complex
microstructures of the intermetallic phases in
the Al-§i-Cu alloys. The as-cast microstruclures
consisted of several phases; a-Al, Si, Al.Cu, A-
AlsMgySi Cua, B-AlsFeSi n-AlSicMgsFe, e o-
Aljs(Mn.Fe);Si, and of other phases in
formation. The most common morphology was
the Chinese-script, however, in  high iron
concentrations the dominant morphology was of
the platelets of B-AlsFeSi phase. Also, it was
abscrved that those phases are highly bnttle.

Keywords: Al-Si-Cu System, latermeiallic
Compouads, Aluminum Alloys. lron.O

Introduction

Aluminom and  alJuminum alloys  represent  an
important  category of materials dve 1o their hgh
technological value and wide range of applications,
especrally in aerospace. automotive and houschold
indostries.  The allovs of the Al-Si-Cu system have
become increasingly imiportant in recent years, mainly in
the automotive industry that vses secondary aluminum
{recycled) in the form of varions motor mounts, pistons,
cylinder  heads,  heat  exchangers. air  conditioners.
transpussion housings, wheels. fenders. loads floors and
suspension components due to their high strength at room
and high temperature {1]. However, these aluminum-base
systems usually contain a certain amount of Fe. Mn and
Mg that are present either undeliberately, or they are
added deliberately to provide special material properties.
The presence of some magnesivm  improves the
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hardenability of the material and some mangancse is
usually added 1o reduce the detrimemal effects  of
impurities like iron and silicon. Depending on the purily
of the base material. the impursiies and alloying elemenis
pariially go into o-Al ~olid solution and parlly form
intermetallic particles. During the solidificaton process
enornmous variety of intermetaliic compounds are formed,
at the grum boundaries and between the dendritic arms,
Among all the clements. iron s probably the most
importint  one.  because it forms  britlle  and  hard
intermetallic compounds like c-Al«(Mn.Fe);Siy and f3-
Al:FeSi. They are hard 10 dissolve during homogenization
and are detrimental to the mechanical properties of the
alloys [2]. Alco. they may act as siress rauser. since they
present low ductility and fracture toughness af ambient
temperature. In comrast, they presem inadequate strength
and creep resistance at elevated temperatnres. The
objective  of the present study is to analyze  the
morphology and composition of complex microsuruciures
containing intermetallic phases formed in the Al-Si-Cu
alloys.

Materials and Methods

In the present work, preliminary were analyzed three
alloys, with nominal compositions given in the table 1.
The alloys were prepared using metallic elements of
commercial purity. First. the elements of the atloys | and
2 were melted i an elecirical resistance fumace and afier,
the melting 'wus performed in an arc furnace with waler-
cooled cooper hearth under inerl atmosphere, in order (o
ensure the homogeneity and increase the cooling rate.
Deliberately were added Fe parlicles in the Al-5.5Si-
3.5Cu-0.3Mg alloy with the purpose to promote the
formation of intermetallic compounds. The alloy 3 was
melted at 750°C in graphae crucible in an electrical
resislance furpace and cooled in an iron mold previously
heated without control of temperature. The samples were
prepared by standard  metallographic  procedures
{mechanically polished in slurry of diamond and alumjna
and etched with solution of § grams of NaOH in H,;0).
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The microstructure  was  analyzed  using  oplical
microscopy.  To determine the characteristics  and
composition of the solidified phases, scamming elecironic
microscopy (SEM) equipped with cnergy  dispersive
spectroscopy (EDS) was employed.

Table I* Nominal composition of the studied alloys

) wt% j

Alloy Si Cu Fe Mg Mn |

1 55 35 0.3 -
2 8.5 25 04 | 03 0.1

3 10.1 45 12 0.1 0.15 |

* Added particles

Results and Discussion

Firstly the alloy | was analyzed. May be observed in
the figure L, that the Fe did not dissolve 1n the A)-5.5Si-
3.5Cu-03Mg alloy, and it originated an Fe/Al-5.5Si-
3.5Cu-0.3Mg interface. The formation of that tntertace ix
due to the low xolubility ol Fe in the o-Al mainx.
According 1o Mondolfo [3). the maximum xolubtlity in
equilibriom is 0.05wt% Fe. In this interface, vanous
nitermetallic  compounds  cononling  of  ~Fe AlCu.
~AlFe(Mg) ~Fe;AlM2,81-Cu and FeaAl were found. as
observed in the figure |. The cormesponding EDS spectra
are shown in the figures 2a~c. These phases possibly are in
the nonequilibrium  state  or melastable  conditton.
indicating  that diffusion between the particles and
elements is not fully completed.

b i

€

Figure 1. Fe/Al-5.55i-3.5Cu-0.3Mg interface, showing
intermetallic phases at no equilibrium state.

Figure 3 shows the typical microstructure of the
alloys 2 and 3. I consisted of o-Al dendrites and
interdendritic region conwaining St particles and various
msermetalhic phases. The difterence in the size of the
dendrites 15 due to the differences in composition and o
the solidification conditions. Backerud et al. [4] suggesied
that six reactions may occur doring solidification of an
alloy n the composition interval Al-(8.5-10.5)81-(2.0-
4.0)Cu-0.9Cu-0.5Mn-1.0Mg alloy, as shown in the table
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2. According to this, one could expect varous binary and
tertiary eutectics 1o form in the interdendrific regions
(figures 3-5).

- — _:—Fe7Al4Mg>S|7Cu = “-FeAlCu
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Figure 2. EDS spectra showing (a) ~FesAl:Mg,SizCu
phase, (b} ~Fes;AlCu phase, {c) ~AlsFe(Mg) phase.

Table 2. Reactiong that can occurs in the Al-Si-Cu system.

N° |  Reactions during the soildification [4] | Temp.’C|
t | Liquid = w-Al dendrite and Al 5(Mnfe)sSi; ~598
2 | Liguid > «-Al + St + Al FeSi -575
3 | Lig. = u-At+ S + Mg.Si + AlsMg:FeSis ~554
4 | Liq +Mg:SI + S 3 w-Al + AlsMaeSisCus ~575
5 | Lig. = «-Al + Al:Cu + Al:FeSi+ Si -529
6 | Lig. - a-Al + Si + Al:MgxSi:Cu. ~504

Observing the figures Au-b, it is supgested that
yuaternary (o-Al + Si + Al.Cu + AlgMy;FeSi). ternary
(Al £ Si + AlCu) and binary (Al + Si. Al + ALCw)
eutectic structures are presents in the interdendritic region.
Occasionally. there were observed areas with Chinese-
seripl iorphologies of A-AlsMe.SizCus(Fe) (figure Sa), n-
AlSicMg Fe(Cu)  (figure  3bY and  a-Aljs(MnFe)St,
(figure  5¢) phases that usuvally formy fine eutectic
structures  together  with  o-Al. However, the n-
AlSigM g Fe(Cu) pentectic phase with hexagonal crystal
structure. also was observed in the form of platelets or an
indefinite-shaped. According (o Taylor e1 al. | 5], at lower
iran concenttations (< 0.19% Fe¢) there are more Chinese-
seript o phase than B-AlFeSy. which sometimes grows
from and/or surrounding the 3 platelers. However, this
was nol observed in the present work. Also. the Mg.Si
phase was not abserved and possibly the entire Mg was
dissolved in the A& and m phases. In according to Samuel
[6] the presence of Mg segregates both Fe and Cu.
forming intermetallic compounds in arcas away from the
silicon eutectic. On the other hand. the Al,Cu phase with
tetragonal crystal structure precipitales in two dishnet
morphologies: Al-A),Cu eutectic and in the form of
blocky phase with high copper concentratjion (~38-40
wi%). It is observed that a dramatic increase in the
porosity occurs when the Cu level increases beyond 0.2%
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11]. During planar or dendritic solidification. the AlLCu
phase grows cooperatively with the o-Al with the same
morphology as in binary alloys independently of the
presence of siticon |7].

‘.-.. - -
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Figure 3. Optical micrograph of as-cast typrcal
microstruclure of the alloy: (a) 2 and (b) 3. (1) f-AlsFeSi,
(2) AlCu and (3) Alis(MnFe);Si;.

The B-AlFeSi with monoclinie  crystal  structure
precipitates in the interdendritic and intergranular regiony
as platelets (appeanng as needles in metallographic
sections). This phase was scarcely observed n the aljoy 2
{((izure da), due to the Tow iron conwents. While in the alloy
3 (figures 4b and 6) it was observed a significant increase
in its content. Tavlor el al |3] suggesis that the length and
the average number of these iron-conlaining intermetallic
parhcles. increase himearly with the jron content. Samuel [7]
observed in its experiments, that al the lower cooling rates
and large secondary dendritic spacings. the length of (he -
AlFeSs platelets is larger. At lower cooling rate, time for
diffusion 0 front ol the solid/liquid interface is larger
mplying in a more intensive fJux of atoms and 1hus, larger
quantity of atoms of iron may be rejected, contributing to
the formation of lurge f3 platelets. Other works indicate,
also, that 1ron exhibits o strong chreefold influence on
porosity and shrinkage-defect formmation [5, 8). The same
authors suggest that the B-AlsFeSi platelets restrict feeding.
Since the platelets form in  the channels  during
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solidificaton, they cause physical restrictions to  the
movement of compensatory feed liquid. This phase is
considered as aclive pore nucleation site and also physically
constrainer the pores growth |8].
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Figure 4 Optical micrographs showng microstructures of
the interdendritic region of the alloy: (8) 2 and (b) 3.

In the alloy 3 ({igures 4 and 6). the platelets appeared
1o be the main nucleafion sites for the eutectic silicon,
cutectic AlCu and Cu-rich phase. Nucleation of silicon
(both acicular and polygonal) and Al.-Cu may vccur on
large B-AlFeSi platelets. between Al-(B-AlsFeSi) binary
cutectic complex and on the smaller B-AlsFeSi plateiets
(formed us a component of Al-Si-AlJ?eSi complex ternary
eutectic). The silicon was frequently observed to grow
tfrom multiple locations along single f-platelet and even.
on occasion, 1o engulf completely sialler B-platelets.

Another common intermetallic in the Al-Si-Cu
system 15 the o-Al s(Mn.Fe):Si: phase. also known as o-
AlFe,Si phase with cubic crystal structure. This phase has
a compact morphology. which does not mitiate cracks 1n
the cast material o the same extent as the P-AlsFeSi,
despite its elevated hardness {4). The o-Al«(Mn.Fe):Si-
phase shows, in contrast 10 the -AlgFeSi, some varations
in  composition  and  quite  different  morphologies
depending on the cooling conditions. A1 low cooling rates
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the c-Ahs(Mn.Fe)<Si: phase is formed a8 primary crystals.
However. when the cooling rate increases, those crystals
suffer a morphology transiton. 1o a typical “Chmese
script’ form or to a fine eutectic structure. as observed in
the figure 5c. This phase appears in the wterdendrilic and
intergramilar regions (figurex 3b, 4b and 35). Close to the
dendrilic region (figure 3b) the a-Al(MnFe):Si; phase is

partly supresed in its growth. However, in areas away of

the interdendritic region, inside o-Al dendrites, the o-
Al((Mnle):Si> and a-Al phases solidify simultancously,
as shown in (he table 2.

u-Al

/-AIQCU

Figure 5. Chinese script morphologies, in the alioy 2 (a) -
AlsMgeSigCus(Fe), (b) n-AlgSi;Mg;Fe(Cu), and in the alloy
3 (c) a-Al15(MnFe),Si;.
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Due 10 the detrimental elfect ol the B-AlsFeSi phase,
their formation is avoided through additions of alloying
elements, mainly of Mn [4, 3] and Be [9]. They alter the
composition and morphology of B-plates into Chinesse
script and polygons. found mostly inside a-Al dendrites.
Analysis of EDS indicates that the chemical composition
of intermetatlic phases varies in i cerlain interval. as
shown in the able 3.

Figure 6. Microstructure: showing euteclic silicon and
AlLCu nucleating on f3-AlsFeSi platelets, (alloy 3).

Table 3. Compasitions of expenmentally observed
intermetallic phases (at. %).

Fe | Cul Mn| Refor.

Phase Al Mg Si

B- 64.0 19.416.6 (10]

AlsFeSi 67.7 16.5|15.8 [11)
73.8 1114148 This work

P 514(15.2|283 (5.1 [10}

AlSicMg;Fel 51.7(15.0 | 27.4 | 5.9 [11]
473118828554 This work

u- 68.7 1.8122] 08 6.1 (4]

Alis(MnFe)sSiz| 64,0 10.1]19.8] 3.7 20 (4]
63.9 $.3[19.6] 2.5 5.7| This work

The figure 5b shows an example of fragmentation of
the 1-AlLSi.MgFe(Cu) phase in small particles, possibly,
because it was trapped and pressed by the dendntic arms.
Also, it is observed in the figure 6 that the B-AlsFeSi
phase is completely bnttle, since its particles break duning
polishing in slurry of aluminy. It suggests that the
intermetallic phases may act as stress raisers and crack
initistion sites that reduce the strength and ductility of the
AL-Si-Cu alloys, duc 1o the lack of acrive slip systems in
the intermelallic compounds.

Conclusions

The alloys studied in the current work possess
complex morphologies and as-cast  microstructures.
Depending on the composition of the alloys, complex
binary. ternary and quaternary culeclic structures are
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formed. High iron coocentrations form intermetallic
phases that are undesirable in the commercial aluminum
alloys. The B-AlsFeSi phase is the most harmful among
the intermelallic phases in the Al-Si-Cu svxtem. Besides
being highly britle, 1t acts as nucleation sute for silicon
and Al-Cu.
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