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STUDY OF THE PROPERTIES OF THE AlSi9Cu3 ALLOY DEPENDING ON THE RATIO
OF RETURNABLE MATERIAL IN THE BATCH

Recycling of aluminium returnable material through its reuse is now an essential component of the production of aluminium
alloy castings. The main goal is to find a suitable ratio of the primary alloy and the returnable material in the batch, thus determining
the right compromise between the price and the quality of the casting. Experimental alloys were evaluated by thermal analysis, com-
bination of structural analytical techniques and selected mechanical properties. The alloys were also subjected to tearing susceptibility
testing. The increase in the returnable material amount resulted in changes in the alloy properties at the first increase in volume to
20%. After exceeding the balanced ratio (50:50), there was considerable degradation of the microstructure, failure to achieve the
minimum values of some mechanical properties required by the standard, and the alloy showed increased susceptibility to tearing.
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1. Introduction

Nowadays, almost 100% of the waste from the production
of aluminum products is recycled. A major part of the use (ap-
proximately 70%) of recycled aluminum is in the production
of aluminum alloys cast mainly for the automotive industry
components [1]. Secondary aluminum metallurgy, as well as
many other recycling processes, is an important issue from an
economic and environmental perspective. For this reason the
foundries today use in batches an increasing amount of returnable
material, which may account for several tens of percent of the
total batch. However, the recycling process through remelting
may cause some change in the melt quality. In particular, there
can be changes in the chemical composition [2].

In the case of secondary alloys, the intermetallic phases
can be analyzed on the cooling curve that are rich in another
element, which made its way to the alloy in the form of impuri-
ties, for example. The most common impurity element occur-
ring in aluminum alloys is iron [3]. The negative effect of iron
begins to manifest at its low amount levels and is accompanied
by a decrease in tensile strength and ductility. When the critical
iron content is exceeded, these characteristics deteriorate signifi-
cantly. Increasing the silicon content in the alloy increases the
permissible amount of iron before the beginning of the -phase

formation, when the Al-Si eutectic begins to form [4]. According
to Taylor, the negative effect of iron on ductility is caused by
an increase in the number and size of iron-based intermetallic
phases that are directly involved in the fracture mechanism. An
increase in the iron content results in an increase in porosity with
a consequent decrease in ductility. Critical Fe content in wt. %
can also be calculated from the equation [5]:

Fey,it = 0.075 x (% Si) — 0.05 (1)

The presence of copper as an additive element allows the
application of heat treatment by precipitation hardening. The
process of natural aging is slow and spontaneous. The final
properties are achieved after 100 to 150 hours, therefore me-
chanical tests and machining are prescribed only after this time
due to the longer hardening time [6]. The precipitation process
begins with the diffusion of the additive element into the mi-
croscopic regions richer in the given element and that is where
nucleation of a new phase occurs. The growth of these nuclei
results in coherent precipitates known as the Guinier-Preston
zones (GPZ). Coherence indicates that these regions are part
of the solid solution crystalline lattice, thereby causing lattice
deformation and induction of internal stresses in it. The induced
stresses are the cause of increasing strength and hardness of the
alloy [7].
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It is known from the literature specializing in aluminum
alloys that several factors influence tearing formation. The main
factors probably include the effect of chemical composition,
casting temperature, mold temperature and, last but not least, the
design of the mold. The chemical composition has a profound
effect on the resulting alloy susceptibility to tearing formation,
whether it be individual elements or the solidification interval
length, which is directly related to the chemical composition.
In general, the longer the solidification interval, the higher the
susceptibility of the alloy to tearing formation [8].

2. Experimental materials and methods

Hypoeutectic AISi9Cu3 alloy (EN AC — 46 000) was cho-
sen to evaluate the effect of the increasing ratio of returnable
material in the batch. The alloy is characterized by medium
mechanical properties, good strength at elevated temperatures,
and good workability. A dominant part of its usage are castings
for the automotive industry that are cast mainly by pressure
casting: cylinder heads and engine blocks, crankshaft cabinets,
and other components [9]. Two types of AISi9Cu3 alloys were
used for the experiments. The primary AlSi9Cu3 alloy from the
manufacturer and the AISi9Cu3 alloy prepared by remelting
the foundry returnable material (gating and riser systems) into
ingots. The chemical composition of the primary alloy according
to the standard (EN 1706), that of the primary alloy (from the
manufacturer) and that of the alloy prepared by remelting the
foundry returnable material is given in Table 1.

Five alloys were sequentially cast in the next part of the
experiment. These alloys were designated 20 — 80; 50 — 50;
70 — 30; 80 — 20; and 90 — 10, wherein the first figure denotes
the percentage of returnable material and the second figure de-
notes the primary alloy percentage in the batch. Melting of each
alloy was carried out in an electric resistance furnace with a T15
type regulator in a graphite crucible that had been treated with a
protective coating. Casting was carried out at a temperature of
750 + 5°C. Samples were cast from each melt to test mechanical

properties (10 samples) and structure analysis under the same
conditions. Samples were cast into a metal mold at a temperature
of 150+ 5°C. The alloys were not refined, inoculated or modified
in any way in the process, and only the oxide membranes were
mechanically removed before casting. Chemical deposition of
newly formed alloys is given in Table 2.

The samples for metallographic observations were prepared
by standard metallographic procedures (wet ground, polished
with diamond pastes, finally polished with commercial fine
silica slurry) from selected tensile specimens (after testing).
The microstructure of experimental material was studied using
optical microscope Neophot 32 and SEM observation with EDX
analysis using scanning electron microscope VEGA LMU II
linked to the energy dispersive X-ray spectroscopy. Samples were
etched by standard reagent (0.5 % HF). Some samples were also
deep-etched for 30 s in HCl solution in order to reveal the three-
dimensional morphology of the eutectic silicon and intermetal-
lic phases. Each sample was subjected to measuring the length
of the AlsFeSi iron phase at 500x magnification. The process
of crystallization of alloys with different ratio of returnable ma-
terial in the batch was evaluated by thermal analysis. A K-type
thermocouple (NiCr-Ni) placed in the middle of a cylindrical
metal mold was used during the measurement. The values were
recorded in LabView 2 Hz software. From the measured values,
cooling curves were generated and their first derivatives and
temperatures for the crystallization of the individual structural
components of the alloy were determined.

The tensile test was performed in accordance with the STN
EN ISO 6892-1 standard on testing machine WDW 20 with
amaximum load of 20 kN and a constant cross-head feed rate of
2 mm/min. The Brinell hardness test was performed according to
STN EN ISO 6506-1 on testing machine INNOVATEST NEXUS
3002XLM-INV1 with a load of 125kp (1226 N), 5 mm diameter
ball and a dwell time of 15 s. The Brinell hardness value at each
state was obtained as the average of at least six measurements.
The microhardness of the structural components was evaluated
using a Hanemann Mod 32 device at a load of 10p. The result-
ing value represents the average value of 20 measurements.

TABLE 1

Chemical composition of AISi9Cu3 by standard, primary AlSi9Cu3 (from the manufacturer) and returnable material of AISi9Cu3 (wt. %)

Elements Si Fe Cu Mn Mg Ni Zn Ti Cr

AlSi9Cu3 (EN 1706) | 8.0—-11.0 | 0.6—1.1 | 2.0-4.0 0.55 0.15-0.55 0.55 1.20 0.20 0.15
Primary AISi9Cu3 9.563 1.081 2.206 0.184 0.426 0.092 1.160 0.038 0.027

Returnable AlSi9Cu3 9.294 1.674 2.074 0.184 0.348 0.129 1.016 0.034 0.113

TABLE 2
Chemical composition of experimental alloys A1Si9Cu3 alloy (wt. %)

Elements Si Fe Cu Mn Mg Ni Zn Ti Cr
20-80 9.507 1.294 2.197 0.231 0.391 0.122 1.044 0.035 0.049
50— 50 9.418 1.419 2.173 0.223 0.361 0.134 1.041 0.033 0.072
70 —30 9.245 1.569 2.02 0.209 0.344 0.108 0.961 0.031 0.112
80-20 9.415 1.617 2.08 0.206 0.358 0.156 1.07 0.032 0.101
90-10 9.291 1.643 2.143 0.199 0.357 0.127 1.046 0.032 0.106




Structural analysis of alloys and mechanical characteristics
were performed on samples after natural aging (160 hours at
23°C) and on samples after heat treatment (TS — artificial aging
at 200 £ 5°C for 4 hours and cooling in water).

3. Results of experimental work

Evaluation of microstructure and thermal analysis
after natural ageing

Microstructure of an alloy with 80% ration of the primary
alloy (20 — 80) consists of an a-phase matrix, eutectic silicon,
and iron-based intermetallic phases evenly distributed in the alu-
minum matrix (Fig. 1a). Grains of eutectic silicon are excluded in
the so-called. unmodified shape as hexagonal plate-like crystals
with non-oriented distribution (also known as unmodified eu-
tectic in literature) with the TPRE (twin plane re-entrant edge)
growth mechanism [10]. Iron-based intermetallic phase precipi-
tates in the interdendritic and intergranular regions as platelets
(appearing as needles / acicular formations in the metallographic
microscope). With a balanced ratio of primary alloy and return-
able material in the batch (50 — 50), the microstructure did not
change significantly, only a slight increase in the lengths of the
iron phase acicular formations can be observed (Fig. 1b). For
alloys consisting of a larger ratio of returnable material (alloys
70 — 30, 80 — 20 and 90 — 10), the microstructure is character-
ized by a large number of long and thin acicular formations of
iron-rich phases (Fig. 1c). An increase in the ratio of returnable
material resulted in local coarsening of the eutectic silicon grains,
which is noticeable at the ground plane.

Increasing the ratio of returnable material did not manifest
any significant effect on the individual crystallization tempera-
tures of the structural components. An exception is iron-based
intermetallic phases. The gradual increase in the ratio of return-
able material in the batch caused a linear increase in wt. % Fe in
the alloys and thus a gradual increase in nucleation temperatures
of these phases. The nucleation temperatures of the iron phases
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were at the level of Tpg;re = 574°C for the alloy with the low-
est (20 — 80) ratio of returnable materials. For the alloy with
a 50— 50 balanced ratio, the temperature Tjyg;re = 577°C, and for
the alloy with the highest (90 — 10) ratio of returnable material
the temperature Tpigipe = 584°C. Table 3 shows characteristic
phase conversion temperatures for all structural components.

TABLE 3
Temperature of characteristic reaction of experimentally
alloys A1Si9Cu3
Alloy | Tyiq [°C] | Tarresi [°Cl | Tassi [°C] | Tassicu [°C] | Tsa [°C]
20-80 | 630 574 571 542 474
50-50 | 631 577 569 541 477
70-30 | 633 579 572 542 476
80-20| 628 581 569 545 473
90-10| 632 584 570 543 476

Gradually increasing wt. % of Fe resulted in exceeding
thr F;; value in all alloys. The F,; (1) value indicates that the
iron-rich phases will be excluded before the eutectic silicon
phases [6]. The iron intermetallic phases that are formed prior
to the crystallization of the AlSi eutectic tend to form phases
of much larger dimensions than those formed after the eutectic
solidifies. A detailed thermal analysis of the iron phase nuclea-
tion region (Fig. 2b) confirms that the iron-rich phases were
preferably excluded before the AlSi eutectic. It can also be seen
from the detail that with a gradual increase in wt. % Fe the latent
heat released by the crystalline conversion of these phases also
increases, which may be directly related to the increase in the
average lengths of the iron phases. The expected growth with
a gradual increase in the ratio of returnable material was con-
firmed by measuring the average acicular lengths of B — AlsFeSi
phases whose presence was confirmed by line analysis (Fig. 2a).
The average acicular length for the 20 — 80 alloy was 33.4 um,
and 38.6 um for the alloy with the balanced ratio (50 — 50).
The highest value of 50.9 pym was measured for the alloy with
90% ratio of returnable material (90 — 10), which represents an
increase by approximately 35% (Fig. 2c¢).

Fig. 1. Microstructure of AISi9Cu3 alloy with different ratio of returnable material, optical microscopy, deep etch., SEM: (a) 20 — 80 alloy; (b)

50 — 50 alloy; (c) 90 — 10 alloy
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Fig. 2. (a) Line EDX analysis of 50 — 50 alloy, SEM; (b) Iron reach phases detected using first derivative curves of A1Si9Cu3 alloys in various
ratio of returnable material; (c) Results of measurements of length of iron-based particles

Application of Artificially aged (T5)

There was no significant change in eutectic silicon morphol-
ogy by the application of artificial aging. In the case of the 20— 80
alloy, a hexagonal plate-like formation with a well recognizable
twinning can be observed (Fig. 3a). Artificial aging caused only
a local growth of the edges with arching without subsequent
thinning and fragmentation. Eutectic silicon in 50 — 50, 70 — 30
and 90 — 10 alloys is, like without heat treatment, present in
the non-oriented distribution of the plates, or as an unmodified
eutectic, where the growth mechanism is independent of the
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crystallization of the o phase dendrites and thus is favorable for
the formation of unbranched platelet-like formations or grains
(Fig. 3b,c,d). [11].

By measuring the average lengths of the iron phase acicular
formations it was found that the application of artificial aging had
a positive effect on their length. The graph in Fig. 4 illustrates
areduction in the average acicular lengths of iron phase acicular
formations for all alloys. It can also be seen from the graph that
the efficiency of the artificial aging grew with the increasing
ratio of returnable material in the batch, or with the increasing
average acicular length of iron-rich phases.
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Fig. 3. Eutectic silicon after deep etching of experimental alloys after artificial ageing, SEM: (a) 20 — 80 alloy; (b) 50 — 50 alloy; (c) 70 — 30

alloy; (d) 90 — 10 alloy
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Fig. 5. Iron phases in microstructure after artificial ageing, SEM: (a) 20 — 80 alloy; (b) 90 — 10 alloy

In the 20 — 80 alloy, artificial aging resulted in a shortening
ofthe acicular length by 1.3 pum on average compared to natural
aging; in the alloy with a 90% ratio of returnable material the
shortening due to artificial aging was 6 um on average. The
microstructure of 20 — 80 and 90 — 10 alloys from a scanning
electron microscope and element mapping are shown in Figure 5.

We also compared the efficiency of natural and artificial
aging, respectively the formation of coherence, at which the
lattice deformation and internal stresses occur, thereby causing
and increase in the hardness of the a-phase of the primary alloy.
Based on the a-phase microhardness graph (Fig. 6) it can be con-
cluded that artificial aging resulted in the formation of a greater
number of coherent or semi-coherent precipitates in the alloy.

The average values of microhardness decreased with increasing
content of returnable material, while a more pronounced decrease
was observed in the case of natural aging.

Mechanical properties

The results of the tensile strength tests and the agreed yield
strength are shown graphically in Fig. 7. The numerical value
represents the average of five measurements for both alloy condi-
tions. As expected, best values were obtained with the alloy con-
taining 80% primary alloy, R, = 174 MPa, and Rp, , = 97 MPa.
The observed values of characteristics gradually decreased by
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increasing the ratio of returnable material up to 70%. There
was certain stabilization starting from the 70 — 30 alloy to the
90 — 10 alloy. The resulting values were about the same in each
case. Degradation of the tensile strength and the agreed yield
strength can be attributed to the increasing presence and increase
in the lengths of iron phases ( — AlsFeSi) in unfavorable acicular
morphology in the structure of alloys with a higher ratio of a re-
turnable material, thereby disrupting the structure. The shape of
the iron intermetallic phase has a greater effect than its amount
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in the alloy. The sharp ends of the acicular phases act as stress
concentrators and regions of micro-tears and tearing formation.
The application of artificial aging (T5) (orange in the graph)
resulted in an increase in the tensile strength and the agreed
yield strength at all ratios. The red line in the graphs indicates
the minimum values required by the standard (EN 17 06) for
a gravity cast A1Si9Cu3 alloy in ingot molds.

A decreasing course was also observed at the evaluated
ductility (Fig. 8a). Due to the increasing ratio of returnable
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Fig. 8. (a) Ductility and (b) Brinell hardness depending on experimental alloy and alloy state



material in the batch, the ductility values dropped significantly.
After artificial aging, the ductility decreased to a minimum in
all cases. Hardness results (Fig. 8b) showed that as the amount
of iron phases in the structure increases, the hardness values
increase as well. As expected, artificial aging increased the
HBW hardness values [12]. The red line in the graphs indicates
the minimum values required by the standard (EN 17 06) for
a gravity cast AISi9Cu3 alloy.

Hot tearing index (HTI)

Four anchored arms of different lengths were determined for
this type of quantitative tearing formation evaluation (Fig. 9a).
Each one alloy was cast five times, and the cast was removed
from the mold after five minutes for visual evaluation. The
casting melt temperature was 750 + 5°C, and the mold was
preheated to 150 + 10 °C. The HTI equation was used for the
above-mentioned evaluation [8]. The HTI depends on the nature
and size of the tears (weighting factor — WF), the number of tears
(NOT) and the number of arms to be evaluated (NOF):

HTI = (NOT x ¥ WF)/ NOF )

The result of the HT index can be characterized as a measure
of susceptibility to tearing formation — the so-called “Hot Tears
Susceptibility” (HTS) (Table 4). The tears coefficient “WEF”
indicates the degree of tears severity (its characteristics and
size). The WF value is divided into four categories, with each
category being assigned a different numerical value. The sever-
ity of the tear and its corresponding numerical values are shown
in Fig. 9b.

From the results shown in the graph (Fig. 10a) for the HT
index obtained based on the equation (2) we can see that the alloy
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TABLE 4
HTS intervals
HTindex | <0.5 |[0.5-1.25|1.25-2.25(2.25-35| >35
HTS | Minimal | Low Moderate High | Very high

with a 20% ratio of returnable material in the batch reached an
average value of 0.77 HT index, indicating low susceptibility to
tears (HTS). Low susceptibility to tears (HTS) was also achieved
by the balanced ratio (50 — 50) alloy with an average value of
0.99 HT index. For alloys consisting mainly of the returnable
material, the resulting HT index values shifted to a moderate level
of HTS tears susceptibility. The maximum HT index of 2.09 was
measured in the 90 — 10 alloy, which represents an increase by
approximately 3 times that of the 20 — 80 alloy. Fig. 10b clearly
shows that even the 20 — 80 alloy featured sharp ends of the
ferrous-phase acicular formations that acted as a critical point
in the formation of micro-tears. Due to the fragility of the phase,
conditions were created for further propagation of the tearing
with transcrystalline characteristics. Transcrystallic tearing
propagation in fragile acicular formations of ferrous phases was
characteristic especially for alloys with a high ratio of returnable
material, where a high occurrence of closed micro-tears in the
area of fracture profile was visible (Fig. 10c).

4. Discussion

The increasing ratio of the returnable material in the
AlSi9Cu3 alloy in the batch led to an increase in the Fe con-
tent and thus to the formation of harmful iron phases in all
experimental alloys. The formation of a large number of iron
phases in acicular morphology has already been negatively
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reflected in the crystallization evaluation by increasing the
nucleation temperature and releasing more latent heat, which
led to a gradual extension of the lengths of iron-rich phase
acicular formations. Increased average lengths and increased
total number of iron phases had a major effect on the degrada-
tion of the investigated mechanical characteristics except for
hardness. Compared to the EN 17 06 standard, only the alloys
with a high ratio of the returnable material (70 — 30, 80 — 20,
90 — 10) did not achieve the minimum required tensile strength,
and none of the investigated alloys after natural aging reached
the minimum agreed yield strength. Increased occurrence of
iron phases was also reflected in the evaluation of the suscep-
tibility of the alloy to tears formation. We can say that the alloy
with a balanced ratio of primary alloy and returnable material
(50 — 50) was just above the limit of admissibility (HTS index
— slight susceptibility to tears). Newly created AlsFeSi phase
platelets were primarily formed prior to solidification of Al-Si
eutectic (see Fig. 2b), which results in reducing the melt feed
to critical regions in order to compensate for tears that form in
the alloy and their further propagation [13]. Based on indirect
methods such as density index we measured a slight increase
in the amount of gas for alloys with a higher ratio of returnable
material and fixation of oxide films on formed bubbles can
be assumed, which may also negatively affect the mechanical
properties [14].

The application of artificial aging had a positive effect
on the length of the iron phase acicular formations and the lo-
cal refinement of eutectic silicon, and hence on the resulting

mechanical properties of the investigated alloys, which in all
cases exceeded the minimum value required by the standard
when assessing tensile strength and agreed yield strength. On
the contrary, a negative effect of artificial aging manifested
only when evaluating the ductility of alloys with different ratio
of primary alloy and returnable material in the batch. Improve-
ments in mechanical properties can also be attributed in part
to the formation of coherent and semi-coherent phases formed
as a result of artificial aging, the occurrence of which has been
partially confirmed by measuring the microhardness of the
primary a-phase. Using TEM is required to fully confirm these
phases [15].

5. Conclusion

The evaluation of the obtained results confirmed the ex-
pected decrease in the overall quality of the alloy due to the
increasing ratio of returnable material in the batch. It can also
be concluded from the results that the gradual increase in the
ratio of returnable n material has led to a visible negative effect
even at balanced alloy ratios. The iron-rich phases of the alloys
with a higher ratio of returnable material crystallize in the form
of thicker acicular formations of considerably greater average
length. The non-increasing amount of returnable material re-
sulted in partial degradation of eutectic silicon. An important
observation occurred in the case of artificial aging, which directly
increased its efficiency proportionally with increasing ratio of



returnable material in the batch compared to natural aging. Al-
loys with a returnable material content of about 20% in the batch
can also be used to produce shape-demanding castings. On the
contrary, the use of alloys with a returnable material content of
50% or more for the production of shape-demanding castings
in terms of tears formation can be problematic and it is rather
recommended for the production of shape less-demanding and
less loaded castings.
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