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Present work is focused to determine the cause of higher wear of castings made of secondary (recycled) AlSi12Cul
cast alloy after switching supplier and the morphological evolution of Fe-rich phases has been documented. As
recycling of Al-alloys becomes more common, sludge will be a problem of increasing importance due to the con-
centration of Fe, Mn and Cr in the scrap cycle. The tendency of Al-Si-Cu alloys to form sludge Fe-rich particles
can be predicted by the sludge factor (SF) equation, which represents an attempt to gather the combined effects
of Fe, Mn and Cr. Sludge phases are hard and brittle phases which can compromise the machining operations,
with a considerable effect on the cutting tool life, and even more degrade the mechanical and physical properties
of the component. For study and identification of intermetallic phases’ was utilized standard etching (Dix-Keller,
H>S04) and for element composition was used X-ray analysis. The results show that coarse sludge Fe-rich phases
appear in the alloy with 0.945 wt. % Fe combined with higher content of Cr, while the Chinese script or needle-
like Fe-rich phases appear combined with Mn. At the same time, a higher sludge factor was calculated and the
ratio between the amount of Fe and Mn was not respected.
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1 Introduction At present the European Standard specifies the chem-
ical composition of 43 aluminium alloys, without any dis-
tinction between alloys produced from ore (primary al-
loys) and recycled aluminium, produced by remelting
scrap (secondary alloys). The difficulty in recycling cast
alloys is one of tolerance, which is the ability of an alloy
to absorb different grades of scrap during its manufacture,
rather than requiring the use of primary metal. The toler-
ance limit of most foundry aluminium alloys is low, es-
pecially for the alloys commonly used in sand and gravity
casting [4].

Depending on the purity of the base material, the Al-
Si foundry alloys contain varying amounts of impurity el-
ements. Iron, manganese, copper and chromium corre-
spond to typical impurities elements in secondary Al-Si-
Cu alloys. Copper substantially improves strength and
hardness in the as-cast and heat treated conditions. It also
improves the machinability of alloys by increasing matrix
hardness, making it easier to generate small cutting chips
and fine machined finishes. Moreover, this element gen-
erally reduces the corrosion resistance of aluminium al-
loys and in specific compositions and material conditions
increases stress-corrosion susceptibility [6].

Recycling play a key role on saving of natural re-
sources and on reducing pollution. The recycling of alu-
minium alloys is cost-effective, since it reduces the mate-
rial cost and creates a considerable energy-saving. The
use of recycled Al-alloys (usually called secondary) has
improved in recent years and a further increase is ex-
pected, also because of their comparable mechanical
properties with primary aluminium alloys (Fig. 1) [1-2].
During the production of secondary aluminium alloys, the
scrap are mixed regardless of their specific chemical
composition, and then master alloys or pure elements are
added to the molten metal. Furthermore, certain impurity
elements are either difficult or expensive to remove, and
their role in mechanical properties can be important. Due
to the presence of these additional trace elements, a num-
ber of complex intermetallic phases can therefore form in
multicomponent Al-Si alloys. Mechanical and physical
properties of alloys and castings are strongly related to
sizes, morphologies and distribution of these intermetal-
lic phases, which are in turn a function of alloy composi-
tion and cooling rate [3-4].
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scrap aluminium with ferrous metal. Since Fe has a very
low solubility in aluminium, it forms a variety of interme-
tallic compounds with Al, Si and other elements, which
have a detrimental effect on the mechanical properties [7-
9]. Fe cannot readily be removed from molten aluminium
by conventional foundry treatment, thus dilution seems to
be the only practical, although uneconomic, method to re-
duce its content in the alloy. In Al-Si cast alloys the Fe
10 compounds crystallize as monoclinic B-AlsFeSi phase
0 during the solidification, even at low Fe content in the
melt. These plate-like phases, which appear as needles in
the microstructure, act as stress raisers with a general re-
duction of the plastic properties of the cast alloy [7-12].
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Fig. 1 Total aluminium production [1, 5]
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Furthermore, the AlsFeSi phases block feeding channels
earlier due their needle-like morphology, and cause feed-
ing problems and casting porosity [13]. The Fe-platelets
are usually potential sites for crack initiation, where even-
tual breakup failure occurs too [7].

Although efforts are made to keep Fe content as low
as economically possible in sand and gravity casting al-
loys, specifications normally permit considerably more
iron. The Al-Fe-Si eutectic composition occurs at about
0.8 wt. % Fe. A highest Fe content reduces the solution
potential of the molten Al-alloy for the steel components
of the casting machine and die, and consequently helps to
prevent or alleviate the die-soldering [1, 2, 13].

Manganese and Chromium are present in secondary
aluminium alloys as impurity elements, due to the scrap
recycling process. However, they also have a beneficial
effect in Al-Si cast alloy. Single or in combination, they
can neutralize the detrimental effect of the B-AlsFeSi
phase by modifying the plate-like morphology and type
of phase to a less harmful body centred cubic crystal a-
Al(Fe,Mn,Cr)Si, which may appear as Chinese script,
star-like or polyhedral morphology. It is reported that if
the Fe content exceeds 0.45 wt. %, it is desirable to have
Mn present in an amount equal to one half of the Fe [6,
13, 14, 15].

Modification of Fe-rich phases with Mn and Cr addi-
tion has also some disadvantages [16], since they increase
the total volume of Fe-rich particles. The complex of in-
termetallic phases, like a-phases, can form as primary
phases, which may appear as Chinese script, star-like or

polyhedral morphology. They have a high specific grav-
ity and tend to segregate to the bottom of molten alloy and
holding furnaces; such primary particles are generally
called “sludge”. When sludge phases are entrained into
castings, they decrease the alloy’s fluidity and appear as
hard inclusions, which can compromise the machining
operations and even more degrade the mechanical and
physical properties of the component. The problem of
sludge formation is often experienced in Al-foundries; es-
pecially in the die-casting sector where, in order to pre-
serve the die and the tools, the holding and casting tem-
peratures are typical lower than in the other foundry pro-
cesses [4]. The formation of sludge particles may also en-
courage the die-soldering, even if the Al-Si alloys com-
monly used in HPDC allowed a high Fe content in order
to prevent or alleviate this problem. Since sludge particles
are composed mainly of Fe- and Mn-rich compounds,
their formation as primary phases causes a depletion of
Fe and Mn in the melt [4, 6, 13].

Several empirical formulas have been developed in
order to predict whether a given alloy composition is
likely to cause Fe-rich intermetallic compounds to be
formed and to segregate. Based on the Fe, Mn and Cr con-
tent in the alloy, a “sludge factor (SF)” is calculated (also
referred as "iron equivalent value (IEV)", or "sludging
factor", or "segregation factor", or "sedimentation fac-
tor"). This factor is matched to a suggested minimum
holding temperature above which sludge formation
would be minimized. The first sludge equation might be
developed by Glaisher (1951) using the following for-
mula [4, 13]:

SF =(xwt.%Fe)+ (1.5xwt.%Mn) (1)
In order to calculate the sludge factor when the Cr content was considered, the SF was implemented as follows:
SF=(0xwt.%Fe)+ (1.5xwt.%oMn)+ (2xwt.%Cr) 2)
Parallel to this, another sludge factor formula was developed and first published by Dunn (1965) [13, 17]:
SF=(xwt.%Fe)+ (2xwt.%Mn)+ (3xwt.%Cr) 3

Sludge factor (3) is currently the most widespread and
accepted, since Gobrecht (1975) [4, 18] and Jorstad
(1986) [4, 19] demonstrated that it well describes the
sludge particles segregation in the holding furnace. A
common foundry rule is to keep the SF under 1.7 - 1.8.

The sludge factor may thus vary strongly depending
on the chemical composition of the alloy; the higher the
SF, the higher the amount of sludge present in the micro-
structure [14, 20].

Presented paper is focused on concrete application of
secondary aluminium alloys. It describes negative occur-
rence of sludge phases in castings with higher iron con-
tent. At the same time, it is an example of cooperation
between the university and practice.

2 Experimental

The secondary (recycled) cast alloy AlSi12Cul (EN
AC 47 000) [21] is used to produce castings for washing
machines (Fig. 2). Castings are machined to final shape
by customer. Standard casts were labelled as CPA. After
the change of supplier (casts marked as CPB), the cus-
tomer noticed a problem in machining these castings,

namely excessive wear of the cutting tools. The customer
requested metallographic analysis of the castings in order
to determine the possible cause of higher tool wear.
Metallographic comparison of original castings (CPA)
and castings from new supplier (CPB) was compared.
AlSil2Cul is a eutectic alloy with excellent foundry
properties and high resistance to thermal cracks, which is
designed for thin-walled castings.

e l
Fig. 2 Al-casting delivered for analysis
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The presence of eutectics gives these alloys a high
self-absorbency, decreasing their linear shrinkage and the
tendency to heat cracking. The chemical composition of
experimental castings CPA and CPB (determined by

spectrometry SPECTROMAX) and the chemical compo-
sition tolerance limits of the AlSil2Cul cast alloy (the
base EN AC-47000 alloy - Standard EN 1706:2010) [20,
21] are listed in Table 1.

Tab. 1 Chemical composition of the experimental castings (wt. %) and the composition limits of the EN AC-AlSi12Cul

alloy (EN AC-47000) reported according to the EN standard 1706:2010

Si Mn Fe Cu Mg Cr Ni Zn Pb Sn Ti Al
Casting CPA 12.5 0.245 | 0.622 | 0.85 | 0.347 | 0.023 | 0.04 | 042 | 0.055 | 0.01 | 0.026 | ball
Casting CPB 12.3 0.320 | 0945 | 0.80 | 0.355 | 0.095 | 0.03 | 043 | 0.045 | 0.01 | 0.030 | ball
EN AC47000 | 10.5 - | 0.05 - | max. | max. | max. | max. | max. | max. | max. | max. | max. | ball

13.5 0.55 0.7 0.9 0.35

0.10 1030 ]0.55 020 |0.10 |0.15

The microstructure of experimental castings was stud-
ied using an optical microscope Neophot 32 and scanning
electron microscope (SEM) VEGA LMU II linked to the
energy dispersive X-ray spectroscopy (EDX analyser
Brucker Quantax). Experimental specimens were taken
by cutting with a Micron 3000 automatic saw with cool-
ing to avoid deformation of the microstructure or heat
generated. After cutting, the specimens for microscopic
analysis by optical and electron microscopy were pre-
pared by standard metallographic procedures (hot prepa-
ration in bakelite, wet ground on SiC papers, DP polished
with 3 um diamond pastes, finally polished with commer-
cial fine silica slurry STRUERS OP-U and etched by Dix-
Keller and H>SO4 (H2SOy is etching to highlight the Fe-
phases present). Metallographic evaluation was per-
formed first on non-etched samples and then in etched
state. The quantitative analysis of sludge Fe-rich interme-
tallic phases was carried out using a NEOPHOT 32 light
microscope equipped with a computer running NIS Ele-
ment 4.0 image analyser software [22-24]. In order to
minimize statistical errors in the determinations, 10 mi-
crographs were assessed; a relative error of less than 0.05
was sought.

Hardness measurement was performed by a Brinell
hardness tester with the load of 62.5 kp, 2.5 mm diameter
ball and the dwell time of 15 s according to standard STN
EN ISO 6506-1. The Brinell hardness (HBW) value at
each state was obtained by the average of at least five
measurements.

3 Results

Typical microstructures of both evaluated castings
(CPA and CPB) are documented in Fig. 3 and Fig. 4. The
microstructure consists of a-phase (a-matrix), eutectic
(Si-crystals in a-phase) and various types of Fe- and Cu-
rich intermetallic phases.

The most important elements affecting the machina-
bility of aluminum casting alloys are Si, Fe, Cu, and Mg.
All these elements increase the alloy strength and hard-
ness and therefore generally improve machinability [25].
However, Si, which mostly exists as primary or eutectic
particles in hypereutectic alloys, is abrasive, conse-
quently tends to reduce tool life and as a hard phase in-
creases the wear resistance of experimental AlSi12Cul
alloys. Silicon in both castings has the shape of small im-
perfectly rounded grains, respectively, shorter plates
(needles) (Fig. 3 and Fig. 4). Due to the shape of the eu-
tectic Si, it can be concluded that the castings were not

heat treated.

A fine, wellmodified eutectic Si is far less detrimental
to tool life than the other hard intermetallic phases. Tool
wear increases as Si-particle size increases and as the eu-
tectic Si becomes coarse tool life begins to suffer. Si-par-
ticles, even well refined and well distributed ones, are
even more detrimental to tool life, and large, unrefined
silicon can be devastating for tool life. Detail of silicon
particles was observed by SEM, and is documented in the
Figs. 5a and 6a. As seen, the silicon in casting CPB is
larger and thicker.

Iron combines with aluminium, silicon, and other ele-
ments to form a variety of hard, complex insoluble
phases. In the CPA casting, large amounts of small Fe-
rich phases were observed (Fig. 3 and Fig. 5). a-Fe-rich
phases (Al;sFeMnsSi,) with fine skeleton-like or Chinese
script morphology predominate. Polyhedral and star-like
phases were observed only sporadically.

T —
Fig. 3 Microstructure of CPA casting, etch. H>SOy

[—TT—
Fig. 4 Microstructure of CPB casting, etch. H>SO4
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The amount of star-like particles increases with the
level of Fe, Mn, and Cr in the casting CPB (Fig. 4 and
Fig. 6), according to the SF value (Table 2). Moreover, a
large number of plate/needle-like AlsFeSi phases were
recognizable in casting CPB, as a consequence of the
higher Fe/Mn ratio (3.265). The AlsFeSi phase forms in
the interdendritic and intergranular regions as very thin
platelets, which appear acicular or needle-like in a pol-
ished cross section. Here, the content of Mn and Cr was
not sufficient to promote the formation of a-Fe phases;
therefore, a large number of plate-like (needles) Fe-phase
coexisted with the star-like Fe-phases. It has been ob-
served that low Fe/Mn ratio (2.824) leads Fe-rich phases
to skeleton-like/Chinese script morphology, while higher
Fe/Mn ratio (3.265) in combination with higher Cr (just
below the maximum allowable value 0.1 wt. % Cr) pro-
motes the formation of polyhedral, star-like particles.

Copper is present primarily as very fine multi-phase
eutectic-like deposits Al-Al,Cu-Si (blocky phase), which
are difficult to see on an optical microscope.

The microstructure has been studied in detail at SEM.
Morphology of silicon particles and Fe-phases are docu-
mented in Fig. 5a and Fig. 6a. Observation with the BSE
(Back Scattered Electron) makes possible to highlight the
Fe-phase (bright phases) and compare its amount in the
individual castings. Comparison of distributions of the
star-like Fe-phases in the microstructures of casting CPA
and CPB can be seen in Figs. 5b, 6b. It is obvious that
casting CPB with the higher content of iron contains more
star-like Fe-phases.

VEGAW TESCAN g/

WD: 314480 mm |

SEM HV: 30.00 kV
View field: 57.45 ym  Det: SE Detector 20 pm

Fig. 5 Microstructure of CPA casting, SEM: a) detail of
Fe-phases, etch. Dix-Keller; b) distribution of Fe-
phases, BSE

The polyhedral and star-like Fe-phases may be sludge
particles (Fig. 7) [4, 13, 14]. Sludge particles are
Fe/Mn/Cr- containing phases. Shabestari [9] reported that
the stoichiometry of sludge particles are a-
Alj2(Fe,Mn,Cr)sSi,; while Mondolfo [26] described these

compounds as a solid solution of Fe and Cr in the
AlisMns3Si; phase with a cubic lattice, where 90 % of Mn
atoms can be substituted by Fe and Cr atoms, with a final
a-Al;s(Fe,Mn,Cr)3Si, stoichiometry.

The chemical composition of the star-like and skele-
ton-like phases was supported by EDX point analysis, the
results of which are documented in the Fig. 7 and Fig. 8.

Tab. 2 Content of Fe, Mn and Cr in the castings (wt. %)
and their resulting sludge factor (SF) according to
equation SF (3)

Fe Mn Cr SF Fe/Mn
Alloy CPA | 0.692 | 0.245 | 0.023 | 1.25 | 2.824

Alloy CPB | 1.045 | 0.320 | 0.095 | 1.97 | 3.265

Fig. 6 Microstructure of CPB casting, SEM: a) detail of
Fe-phases, EDX-mapping, etch. Dix-Keller; b) distri-
bution of Fe-phases, BSE

The results of the EDX analysis confirmed the as-
sumption that the star-like phases are Fe/Mn/Cr based
(Fig. 7), while the skeleton-like phases are Mn and Fe
based (Fig. 8).

The higher amount of star-like particles in casting
CPB is in accordance with the results of the sludge factor
calculation (Table 2). Increasing the SF leads to an over-
all increase in the area fraction of sludge particles, as rep-
resented in Fig. 6. In the base casting CPA, corresponding
to the lowest SF (1.25), sludge particles cover only 3 %
of the total area, while in casting CPB, characterized by
the maximum SF (1.97), sludge area (the maximum frac-
tion) is 40.4 %. It is also interesting to note that the sludge
area is related to the Fe/Mn ratio: the higher Fe/Mn ratio,
the higher is the sludge area.

Brinell hardness results showed that a CPB casting
containing a higher percentage of sludge phases had a
higher hardness (83 HBW). A hardness of approx. 74
HBW was measured in the CPA casting.

Porosity also affects the wear of the cutting tool. Al-
loys with tendency to form more porosity have poorer
machinability because porosity interrupts cutting and can
decrease tool life and/or make it difficult to drill straight
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holes. The evaluation of the microstructure shows, that
casting CPB, which has a higher proportion of sludge
phases, also has a significantly higher porosity; probably
due to the higher iron content in this alloy.

.;ql

Fig. 7 SEM image and EDX result (spectrum) of star-
like sludge phase

Fig. 8 SEM image and EDX result (spectrum) of skele-
ton/Chinese script-like phase

4 Summary

Analyzed was the microstructure of castings CPA and
CPB made from secondary recycled AlSi12Cul alloy. On
the basis of the experimental results the following conclu-
sions can be stated:

e The results of the chemical composition of

casting CPB (Table 1 and Table 2) indicate that
AlSi12Cul(Fe) alloy, which has a higher amount
of iron (max. 0.95), was probably used for the
production of this casting. However, the amount
of manganese was lower than required by the

standard for the alloy AlSi12Cul(Fe) - (0.3 - 0.5
wt. %) and the amount of chromium was just
below the maximum allowable value.

e Increase of the Fe, Mn and Cr level in casting
CPB promotes the formation of larger sludge par-
ticles with a polyhedral and star-like morphology.
A large number of plate/needle-like Fe-phases
(AlsFeSi) was observed too.

e CPB casting containing larger and thicker Si-par-
ticles, more Fe-sludge phases and needle-like
AlsFeSi phases has a higher hardness and higher
porosity was observed too.

e The calculated SF factor (1.97) was higher than
the recommended value (1.7 - 1.8) in the CPB
casting. A higher sludge factor promotes a higher
sludge formation.

The results of the metallographic evaluation of both
castings show that the new supplier used a similar alloy,
but with a higher iron content. Probably non-compliance
with the chemical composition EN Standard (higher wt.
% of Fe, higher wt. % of Cr and lower wt. % of Mn)
caused the occurrence of hard sludge phases. All these
factors such as thicker silicon, hard sludge phases, hard
and brittle AlsFeSi phases, higher porosity can all contri-
bute considerably to faster wear of cutting tools in the ma-
chining process.
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