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ABSTRACT

It has been reported that the detrimental effect of Fe on the mechanical properties of Al alloys can
be eliminated through the addition of Mn. In this study, we examine the effects of the addition
of different Mn contents (0.1, 0.2, 0.4 and 0.7 wt-% of Mn) on the microstructure and mechanical
behaviour of Al9Si0.8Fe alloy. It is shown that the presence of up to 0.4 wt-% of Mn changed the
platelike morphology of B-AlsFeSiinto «-Ali5(Fe,Mn)3Si, with a Chinese script-like morphology.
Mn contents higher than 0.4 wt-% promoted the formation of «-Al;5(Fe,Mn)3Si; phase with a
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polygonal morphology. The effect of the addition of up to 0.7 wt-% of Mn on the mechanical

properties of Al9Si0.8Fe alloys is in fact quite negligible.

Introduction

Aluminium castings have played an integral role in the
growth of the aluminium industry since its inception
in the late nineteenth century [1]. Nowadays, Al-Si
alloys are among the most popular casting alloys and
have a wide range of applications in the automotive and
aerospace industries because of their excellent abra-
sion resistance, low cost, low densities and acceptable
mechanical properties [2-4]. In the continuing require-
ment for automobile weight reduction, the Al-Si alloys
have been considered as the promising candidates for
bodysheet materials [5].

The microstructure and mechanical properties of
Al-Si alloys generally depend on the casting process,
composition, solidification rate and heat-treatment.
Iron is the most common impurity in aluminium and its
alloys. It is not easily removed and it can cause adverse
effects on ductility and castability, particularly in the
popular Al-Si-based casting alloy [6]. Although iron
is highly soluble in liquid aluminium and its alloys,
its solubility in the solid state (max. 0.05 wt-%) is very
low, so it tends to combine with other elements to
form intermetallic phase particles of various types [7,8].
The most common intermetallic phase is B-AlsFeSi,
which forms during solidification and is detrimental to
mechanical properties (particularly ductility) because
of its brittleness. This deleterious phase also exists in
the form of thin plates with edges that act as stress
concentration sites, facilitating crack initiation in the
matrix [9,10]. Moreover, during the solidification pro-
cess, these intermetallic particles restrict the flux of

interdendritic liquid, leading to the formation of exces-
sive shrinkage defects [3,11].

To counteract the presence of undesirable 8-phases,
a common practice is to modify the initial chemical
composition of the alloy in order to form intermetal-
lic compounds with a more compact morphology [9].
Properly selected chemical elements and compounds,
added to alloy in the amounts not changing its chemical
composition at a macroscopic scale, can considerably
affect its structure (the so-called alloy morphology) and
mechanical properties [12].

Some elements (e.g. Cr, Co, Be, Mo and Mn)
that cause grain refinement or modify the eutec-
tic silicon phase are added in order to improve the
strength/ductility of these alloys and reduce the harm-
ful effect of iron phases [3,13-16]. Additionally, beryl-
lium changes the morphology of Fe-rich intermetallic
compounds from needle or platelike to Chinese script
or polygons, which is beneficial to the microstructure of
the material because fracture initiating sites are mostly
located on the coarse S-phase platelets [17,18].

However, one of the most popular modification
methods involves the use of chemical elements and
compounds, such as Manganese. The purpose of adding
Mn is to reduce the detrimental effects of the B-
phase by replacing it with the compact and less-
detrimental «-Al;5(Fe,Mn)3Si, phase with polyhedral,
star-like and Chinese script morphologies [3,14,15,19].
Microstructural changes other than those produced
by the addition of Mn can also be cited: the addi-
tion of strontium + manganese in an Al-Si alloy can
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reduce the length of B-Fe thin platelets by 34% [20];
Al-Si-Fe-Cu alloys with manganese contents of up
to 0.65wt-% have shown improved the tensile prop-
erties [9]; manganese is also added to increase high-
temperature strength and creep resistance through the
formation of high-melting compounds [21].

The amount of Mn required to induce the phase
transition from S- to «-Fe depends on the cooling rate
applied during the solidification of alloy [9,22]. More-
over, the addition of Mn also results in an increase in
the total amount of (Fe + Mn)-containing intermetallic
compounds in aluminium-silicon alloys [3,19]. There-
fore, the addition of Mn is typically restricted to the
amount necessary to convert the phase [3]. A common
rule to encourage a-Fe phase precipitation is to keep the
Mn/Fe ratio at > 0.5 [9,23]. However, the conditions of
solidification and/or the presence of other elements in
the chemical composition of aluminium-silicon alloys
which reduce the effectiveness of Mn (e.g. Cu and Mg)
do not completely inhibit the transformation of S-Fe
needles into «-Fe Chinese scripts, even at Mn/Fe ratios
of up to 2 [24,25].

However, Mn is not always the best solution because
it reacts with other elements existing in the melt and
forms complex compounds [26]. For instance, Chinese
script phase was observed in Mn added Al-9wt-% Si
alloy. However, the author remains doubtful on the full
transformation of Fe-bearing phases attributed to the
Mn addition level at a ratio Mn:Fe = 2:1. Concerning
on the effect of Mn on mechanical properties of Al-Si
alloys, there is still no a rule of thumb describing the
consequence of Mn addition on all Al-Si alloys [27].

Since many commercial aluminium alloys contain
manganese and based on the comments above, the
aim of this work is to study the effects of the addi-
tion of 0.1-0.7 wt-% of Mn on the microstructure and
mechanical properties of Al9Si0.8Fe alloy.

Experimental procedure

The chill casting technique was chosen because the
cooling rate of the material during solidification is
higher than in sand casting. This process promotes a
fine-grained microstructure and, consequently, better
mechanical properties. The mould was made of H13
steel, as specified by ASTM B108, preheated at 300°C
and coated to ensure it would be fully filled and to facil-
itate the removal of the component. The alloys were
produced with pure Al (99.94%), pure Si (98%), Al1.8Fe
and All1.6Mn alloys. Specimens of Al9Si alloy were pro-
duced and All.8Fe alloy was added to produce the
Al9Si0.8Fe alloy, which was used as a reference mate-
rial for the mechanical tests. Finally, Mn was added to
the Al19Si0.8Fe alloy to obtain alloys containing 0.1, 0.2,
0.4 and 0.7 wt-% of Mn.

The material was melted in an induction furnace in
a 30kg crucible and was poured at a temperature of

760°C. The melted alloys were degassed for 5 min in the
furnace, using a rotor (300 rev min~! and 15 L min ™! of
nitrogen) to minimise the formation of oxide particles
and hydrogen.

The melted alloys were subjected to a chemical anal-
ysis using a GNR Metal Lab 75/80] spectrometer. The
as-cast microstructures of each alloy were taken from
the cross-section of specimens, prepared using stan-
dard metallographic techniques (mounting, grinding,
and polishing) and etched with a solution of 0.5% HFE.
Tensile tests of the as-cast alloys were performed at
room temperature (five tests for each alloy) in an EMIC
DL 60000 Universal testing machine. The microstruc-
ture and fracture surfaces of tensile test specimens were
analysed in a scanning electron microscope coupled
with an energy dispersive X-ray spectrometer (EDS).
The average compositions of the phases were measured
using EDS and the results reported here represent an
average of approximately five spot analyses.

Results and discussion

Chemical analysis and microstructural
characterisation

Table 1 describes the composition of the melted
Al9Si0.8Fe alloys with different Mn contents. Note that
the Mn content in the alloy is close to the target amount
of added Mn.

Figure 1 depicts the microstructure of the Al9Si0.8
Fe alloy, showing B-AlsFeSi and Si particles. Other
results regarding the microstructural characterisation
of the Al-Si-Fe alloys are reported elsewhere [28].

Figure 2 shows the liquidus projection ternary phase
diagram of Al-Si-Fe without Mn (Figure 2(a) and with
0.1 wt-% of Mn (Figure 2(b), adapted from Backerud
et al. [29] The addition of Mn changes the fields of
the diagram due to the formation of «-Al;5(Fe,Mn)3Si,
phase. Figure 2(b) also shows the solidification path
for Al9Si0.8Fe alloy with 0.1wt-% of Mn. As can
be seen, after the formation of o-dendrites from the
liquid (A-B field), the following eutectic reactions
occur: L — a+ B-AlsFeSi (B-D narrow field), fol-
lowed by L — « + a-Al;5(Fe,Mn)3Si, (D-C field) and
finally, the secondary eutectic reaction L — o + Si+
B-AlsFeSi (C field). Figure 3 shows the microstructure
of the Al9Si0.8Fe alloy with 0.1 wt-% of Mn. Note the
negligible number of small «-Al;5(Fe,Mn)3Si, parti-
cles with Chinese script-like morphology and another
platelike intermetallic phase.

Figure 4 shows the liquidus projection ternary phase
diagram of Al-Si-Fe with solidification path for the
Al9Si0.8Fe alloy containing 0.2 wt-% of Mn, adapted
from Backerud et al. [29] A comparison of Figure 2 and
4 indicates that the «-Aly5(Fe,Mn)3Si, field increases in
response to increasing Mn content. The solidification
path shows that the formation of the «-dendrites
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Table 1. Chemical composition of the melted Al9Si0.8Fe alloys with different Mn contents.

Al9Si0.8Fe alloy

Element Without Mn 0.1 wt-% Mn 0.2 wt-% Mn 0.4 wt-% Mn 0.7 wt-% Mn
Al 89.95 +0.08 89.69 +0.15 89.504+0.13 89.64 +0.09 89.35+0.06
Si 8.99 +0.07 8.99+0.10 9.154+0.10 8.7510.08 8.79 +0.06
Fe 0.81+0.01 0.86 +0.01 0.87 +0.01 0.8540.01 0.80+0.01

Mn 0 0.1240.01 0.23+0.01 0.48 +0.01 0.734+0.01

Other 0.25 0.34 0.25 0.28 0.33
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Figure 1. Microstructure of the AI9Si0.8Fe alloy showing
B-AlsFeSi and Si particles.
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from the liquid (A-B field) is followed by the eutec-
tic reactions L — o + a-Alj5(Fe,Mn)3Si, (B-D field),
and L — o+ AlsFeSi (D-C field) and, finally, by
the secondary eutectic reaction L — o + Si+ AlsFeSi
(C field). Figure 5(a) shows the «-Al;5(Fe,Mn)s3Si,
phase with Chinese script-like morphology inside «-
Al dendrites of the Al9Si0.8Fe alloy containing 0.2 wt-
% of Mn, which were formed by the secondary
eutectic reaction, known as coupled eutectic growth.
Figure 5(b) depicts B-AlsFeSi particles with a platelike
morphology, a-Al;5(Fe,Mn)3Si, and Si particles in the
microstructure of the alloy.

Figure 6 shows the liquidus projection ternary
phase diagram of Al-Si-Fe with the solidification

2,0

d-AIsFGzSi
B-AlsFeSi

1,0

wt % Fe

0,0

|
¥ @ 9 M 1 P
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Figure 3. Microstructure of the Al9Si0.8Fe alloy with 0.1 wt-%
of Mn.

path for Al9Si0.8Fe alloy containing 0.4 wt-% of Mn,
adapted from Backerud et al. [29] The solidifica-
tion path is as follows: eutectic reaction L — o + (a-
Aljs(Fe,Mn)3Siz) (A-B field); L — o + B-AlsFeSi (B-
C field); secondary eutectic reaction L — o+ Si+
AlsFeSi (C field). Additionally, the alloy with 0.4 wt-%
of Mn reaches the recommended proportion of 2Fe:
1Mn, which tends to intensify the formation of «-
Aly5(Fe,Mn)3Sip. Figure 7 depicts the microstruc-
ture of Al9Si0.8Fe alloy containing 0.4 wt-% of Mn.
Note the large number of o-Aljs(Fe,Mn);Si, parti-
cles with Chinese script-like morphology inside the Al
dendrites.

2.0
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Figure 2. Liquidus projection ternary phase diagram of Al-Si-Fe without Mn (a) and with 0.1 wt-% of Mn (b) showing the
solidification path for Al9Si0.8Fe alloy with 0.1 wt-% of Mn. Adapted from Backerud et al. [29].
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20

B-AlsFeSi

0.0 L I I | 1
7 8 9 10 11 12

wt. % Si

Figure 4. Liquidus projection ternary phase diagram of
Al-Si-Fe with solidification path for the AI9Si0.8Fe alloy
containing 0.2 wt-% of Mn. Adapted from Backerud et al. [29].

Figure 8(a) shows a-Alj5(Fe,Mn)3Si, particles with
polygonal and Chinese script-like morphologies and Si
particles with fibrous morphology in the microstruc-
ture of Al9Si0.8Fe alloy containing 0.4 wt-% of Mn.
Polygonal particles are formed when the alloy is
cooled at high supercooling rates and the Mn content
exceeds 0.4 wt-%. Figure 8(b) shows a cross-section of
polygonal particles with a polyhedral structure with
faceted growing [30,31]. This primary phase emerges
before the Al dendrites, which explains its exagger-
ated growth when compared with Chinese script-like
particles formed by coupled eutectic growth [32].

The solidification path of Al9Si0.8Fe alloy contain-
ing 0.7 wt-% of Mn was assumed to be the same as that
of the alloy with 0.4 wt-% of Mn because it remains
within the «-Al;5(Fe,Mn);3Si, field.

Figure 9(a) shows the formation of a thick poly-
hedral «-Al;5(Fe,Mn)3Si, phase in the microstructure
of the Al9Si0.8Fe alloy with 0.7 wt-% of Mn, which is
attributed to the fact that the Mn content is close to that

20

" o-Al 1(Fe,Mn)3Si;

[B-AlsFeSi

7 8 9 10 11 12
wt. % Si

Figure 6. Liquidus projection ternary phase diagram of
Al-Si-Fe with the solidification path for Al9Si0.8Fe alloy
containing 0.4 wt-% of Mn. Adapted from Backerud et al. [29].

Figure 7. Microstructure of Al9Si0.8Fe alloy containing 0.4
wt-% of Mn.

of Fe in the alloy. In this figure, also note the nucleation
and growth of Si particles formed by the secondary
eutectic reaction alongside the Mn particles. Finally,
according to Figure 9(b), it is important to note that

20 Um:

Figure 5. Microstructure of the Al9Si0.8Fe alloy containing 0.2 wt-% of Mn: (a) The intermetallic «-Aly5(Fe,Mn)3Si; phase with

Chinese script-like morphology inside «-Al dendrites; (b
Si particles.

) B-AlsFeSi particles with a platelike morphology, «-Al;5(Fe,Mn)3Si, and
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Figure 8. (a) a-Aly5(Fe,Mn);Si; particles with polygonal and Chinese script-like morphologies and Si particles with fibrous morphol-
ogy in the microstructure of Al9Si0.8Fe alloy containing 0.4 wt-% of Mn; (b) cross-section of polygonal «-Aly5(Fe,Mn);Si, particles

with a polyhedral structure with faceted growing.

Mag | Sig i

"HV | WD ‘
15 kv|12 mm|3000 x|BSE

Figure 9. (a) Formation of a thick polyhedral «-Aly5(Fe,Mn)3Si; phase in the microstructure of the Al9Si0.8Fe alloy containing 0.7
wt-% of Mn; (b) micrograph of the Al9Si0.8Fe alloy containing 0.7 wt-% of Mn showing the presence of the 8-AlsFeSi particles.

higher Mn contents did not prevent the formation of
B-AlsFeSi particles in the alloy’s microstructure.

Table 2 shows the EDS analysis of the phases present
in the Al9Si0.8 Fe alloy without and with different Mn
contents. It is possible to note the presence of copper
in the composition of the platelike intermetallic phase
of Al9Si0.8 Fe alloy with 0.1 wt-% of Mn. The EDS

results of «-Al;5(Fe,Mn)3Si, phase with polygonal and
Chinese script morphologies were also presented.

Mechanical behaviour

Figure 10 shows the tensile test results of the Al19Si0.8Fe
alloys. As can be seen, the variations are within the error

Table 2. EDS analysis of the phases present in the AI9Si0.8Fe alloy without and with different Mn contents (@ = «-Aly5(Fe,Mn)3Siy;

B = B-AlsFeSi).

Al9Si0.8 without Mn Al9Si0.8 Fe0.1Mn Al9Si0.8 Fe0.2Mn Al9Si0.8 Fe0.4Mn Al9Si0.8 Fe0.7Mn

Si B o Cu phase Si a B Si a-Polygonal a-Chinese a-Polygonal a-Chinese
Oxygen 0.8 11.6 5.0 53 1.6 3.0 31 2.0 2.2 2.2 43 ..
Al 10.5 46.9 73.0 70.5 73.9 60.3 55.7 67.9 415 434 60.5 53.2
Si 88.7 15.0 11.6 10.2 24.5 217 248  30.1 32.1 30.8 1.7 284
Fe 26.5 83 11.9 11.8 13.1 17.3 15.2 11.2 10.7
Mn 2.1 0.7 3.2 33 6.9 8.4 12.3 77
Cu 14
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Figure 10. Results of the tensile tests of the Al9Si0.8Fe alloys.

bars, allowing us to conclude that the addition of up to
0.7 wt-% of Mn actually has a negligible effect on the
mechanical properties of Al9Si0.8Fe alloys.

The literature reports that while yield strength is
not a strong function of Mn content, ultimate ten-
sile strength and elongation increase in response to
increased Mn content up to an amount corresponding
to a Mn/Fe ratio of ~ 1.2 [3]. At this Mn/Fe ratio, the
platelike B-AlsFeSi intermetallic phase is completely
converted into the Chinese script «-Al;3(Fe,Mn)4Si,
phase. Above this concentration of Mn, the mechan-
ical properties decrease due to the excess amounts of
a-phase [3].

Figure 11(a) illustrates the fracture surface of
Al9Si0.8Fe alloy containing 0.4wt-% of Mn. The
addition of Mn causes the formation of thick
a-Al;5(Fe,Mn);Si; particles aligned in the direction of
heat-flux extraction. Figure 11(b) shows, in detail, the
polyhedral morphology of these precipitates.

Figure 12 depicts the fracture surface of Al9Si0.8Fe
alloy with 0.7wt-% of Mn, showing brittle
a-Al;5(Fe,Mn);Si, particles with complex morphology
surrounded by the ductile «-Al matrix. This combina-
tion can improve the mechanical properties of the alloy.
The literature reports that fractures initiate and prop-
agate through the interdendritic phases and porosity,

Figure 11. (a) Fracture surface of Al9Si0.8Fe alloy containing 0.4 wt-% of Mn; (b) polyhedral morphology of «-Al;5(Fe,Mn)3Si;

precipitates.



Figure 12. Fracture surface of Al9Si0.8Fe alloy with 0.7 wt-% of
Mn.

and that the latter is worse in the alloy with low Mn
content due to the inability of the liquid to feed the
solidification shrinkage owing to the 8-phase platelike
morphology [3]. The modification resulting from the
addition of Mn to obtain fine well distributed inter-
metallics may alter the failure mechanism [33]. Accord-
ing to Liu et al. [34], the «-Al;5(Fe,Mn)3Si, phase can
develop to two kinds of morphologies: rhombic dodec-
ahedron and dendrite, in quaternary Al-6Si-4Fe-2Mn
alloy under a cooling rate of about 80 K's™!. The differ-
ent morphologies can be ascribed to the constitutional
supercooling effect and cooling rate [34].

Conclusions

The microstructural characterisation and the analysis
of the mechanical behaviour of Al9Si0.8Fe alloys with
different Mn contents lead to the following conclusions:

e The microstructure of the Al9Si0.8 Fe alloy without
Mn showed Si and S-AlsFeSi particles.

e It was possible to note the negligible number of small
a-Alj5(Fe,Mn)3Si, particles with Chinese script-
like morphology and another platelike intermetallic
phase in the microstructure of the Al9Si0.8Fe alloy
with 0.1 wt-% of Mn.

e The microstructure of Al9Si0.8 Fe alloy contain-
ing 0.2 wt-% of Mn showed the «-Al;5(Fe,Mn)3Si,
phase with Chinese script-like morphology inside o -
Al dendrites, which were formed by the secondary
eutectic reaction, known as coupled eutectic growth,
besides B-AlsFeSi particles with a platelike morphol-
ogy and Si particles.

e It was possible to note the large number of a-
Alj5(Fe,Mn);Si, particles with Chinese script-like
morphology inside the Al dendrites of Al9Si0.8Fe
alloy containing 0.4 wt-% of Mn.

e The microstructure of the Al9Si0.8Fe alloy with
0.7 wt-% of Mn showed the formation of a thick
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polyhedral «-Al;5(Fe,Mn)3Si, phase, which is
attributed to the fact that the Mn content is close to
that of Fe in the alloy.

e Higher Mn contents did not prevent the formation
of B-AlsFeSi particles in the alloy’s microstructure.

e The variations in the mechanical properties are
within the error bars, leading to the conclusion that
the addition of up to 0.7 wt-% of Mn actually exerts
only a negligible effect on the mechanical properties
of Al19Si0.8Fe alloys.

e The analysis of the fracture surface of the speci-
mens containing 0.4 and 0.7 wt-% of Mn showed
a-Al;5(Fe,Mn)3Si, with polyhedral morphology.

e For future directions, beryllium addition on Al-Si
alloys changes the morphology of Fe-rich inter-
metallic compounds from needle or platelike to
Chinese-script or polygons, which is beneficial to
the microstructure and mechanical properties of the
material.
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