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Abstract Phase formation was investigated via thermo-
dynamic calculations of the Al-Si-Fe system within the
range of commercial compositions with additions of Mn as
a quaternary element. The calculations were performed
using a commercial aluminum thermodynamic database
and were compared with experimental data on sand casting
from the literature. Both equilibrium and Scheil-Gulliver
models were analyzed. The results showed that by adding
Mn to the alloy it was possible to favor the formation of the
Chinese script a-Al;s(Fe,Mn);Si, intermetallic instead of
the harmful platelet-shaped B-AlsSiFe. Furthermore, the
calculations indicated that with higher amounts of Mn, the
B-AlsSiFe intermetallic can be formed via a solid-state
reaction, while o-Al;s(Fe,Mn);Si, becomes the primary
phase to form from the melt (also known as “sludge” in the
aluminum foundry industry). A relationship between Fe
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and Mn contents was identified that can prevent the for-
mation of the B-AlsSiFe intermetallic.

Keywords Al-Si-Fe - equilibrium thermodynamic
calculations - intermetallics - Mn additions

1 Introduction

Recycling of aluminum alloys is an effective method to
decrease the production cost considering that it requires
much less energy than the direct reduction from bauxite.!"
As several recycling cycles are applied, however, Fe is
inevitably incorporated into the composition. Moreover, in
high pressure die casting it is common to add Fe as alloying
element to avoid sticking or soldering of the part to the
mold wall.”! Consequently, the presence of Fe in recycled
Al alloys is practically unavoidable. Also, in the case of
cast Al alloys, Si is typically added as an alloying element
because it increases the fluidity of the liquid phase,”! thus
facilitating filling of the mold cavity. Nevertheless, since
Fe and Si have a low solid solubility in Al, various brittle
intermetallic phases containing Al, Si and Fe may form.!*-*’
The high content of intermetallic phases can directly
influence mechanical properties and corrosion resistance of
the component. In fact, the Al-Si-Fe systems contain a
large number of stable intermetallic phases (11 ternary
compounds).'”! However, the most important intermetallics
present in the microstructure of recycled commercial Al
alloys solidified under moderate to slow cooling rates are
a-AlgSiFe, (body-centered cubic) and [B-AlsSiFe
(orthorhombic).”) The former appears in the microstruc-
ture as a Chinese script morphology and the latter as large
platelets. The presence of B-AlsSiFe is usually associated
with a strong degradation of the mechanical properties'®!
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due to its morphology, which acts as stress concentration
sites that reduce ductility.

There are two ways to decrease the amount of B-AlsSiFe
intermetallic in the microstructure: first, rapidly solidify the
liquid metal to promote the formation of o-AlgSiFe,
instead of B-AISSiFe;“O] second, add Mn as a quaternary
element to form o-Al;5(Fe,Mn);Si, in a Chinese script or
polyhedral crystal morphology.[”"z] The a-Al;5(Fe,Mn);_
Si, (and also a-AlgSiFe,) intermetallic has a less deleteri-
ous morphology than B-AlsSiFe and consequently less
impact on the mechanical properties. Thus, by adjusting the
balance of B-AlsSiFe and a-Al,s(Fe,Mn);Si, it is possible
to tolerate larger amounts of Fe as impurity.

Previous research was focused on the effect of a-
Al;5(Fe,Mn);Si, and [-AlsSiFe intermetallics on the
microstructure and mechanical properties.'™*'*! However,
up to now, no information regarding how to favor the
formation of o-Al,5(Fe,Mn)3Si, by controlling the contents
of Fe and Mn using thermodynamic calculations was
available. Herein information is given based on equilibrium
thermodynamic calculations (just referred to as “equilib-
rium calculations” in the following). Such calculations
provide predictions of phase fractions of these inter-
metallics as a function of temperature and composition.
They can be a helpful guide, for example, when designing
the composition of recycled Al alloys. Since Fe is inevi-
tably present in recycled Al alloys and since its removal
increases production costs considerably, a viable alterna-
tive is to control the microstructural constituents through
Mn additions. However, increasing Mn contents will lead
to the growth of brittle phases in the microstructure, par-
ticularly, o-Al;s5(Fe,Mn);Si. Therefore, Mn additions
should be limited to the minimum amount required to
suppress B-AlsSiFe formation, since higher Mn content
will increase the amount of brittle phase in the
microstructure, and may be related to the presence of
porosity in the microstructure, as well.'™

The objective of this research work was twofold: firstly,
to evaluate the feasibility of using equilibrium model cal-
culations to predict intermetallic phases found in sand
castings.”®! Secondly, to assess the influence of Mn addi-
tions on the balance of a-Al;5(Fe,Mn);Si, and B-AlsSiFe
intermetallic phases. Sand casting was selected as a refer-
ence process because its solidification is relatively slow
when compared to die casting and consequently takes place
closer to equilibrium.

2 Procedure
Calculations were performed on phases present as a func-

tion of temperature and composition using the software
Thermo-Calc®"*! with the commercial database TCAL3,

Stockholm, 2014. The calculations were made using both
the equilibrium model that assumes equilibrium every-
where in the alloy and the Scheil-Gulliver solidification
model (referred to in the future as just the “Scheil-Gulliver
model”) that assumes equilibrium only in the liquid and at
the solid-liquid interface, but no solid-state diffusion. The
volume fraction of phases predicted was compared to
experimental data reported in the literature. These data
were obtained from sand cast molds with an iron chill at the
end and image analysis was used to measure the volume
fraction of the phases.'®! The main purpose of this com-
parison was to find the conditions under which the equi-
librium calculations best predict the volume fractions of
phases formed in the experiments.

After obtaining these conditions, the relationship
between Fe and Mn was investigated within the Al-Fe-Si
system. The amount of Mn was varied as a quaternary
element in alloys containing Al plus 5.0-13.0 wt.%Si, 0.5-
1.5 wt.%Fe, and 0.0-2.0 wt.%Mn. The relationship
between Mn and Fe that would suppress B-AlsSiFe for-
mation was determined by calculating the amount of
stable phases as a function of temperatures and
composition.

3 Results and Discussion

3.1 Equilibrium Intermetallic Phase Formation
in the Quaternary Al-Si-Fe-Mn System

The equilibrium phases of interest in the Al-Si-Fe-Mn
system are shown in Fig. 1 on an isopleth diagram with
varying Fe content. For convenience, the stoichiometry of
the intermetallics will be omitted hereinafter: thus, o-
Al;s5(Fe,Mn);Si, will be referred to as o-Al(Fe,Mn)Si and
B-AlsSiFe, as B-AlSiFe. A cross point can be seen in Fig. 1
at around 1.25 wt.% of Fe and thus different primary
phases are possible on cooling. They are either (Al) for
hypo concentrations of Fe relative to this point or o-
Al(Fe,Mn)Si for hyper concentrations. In addition, pB-
AlFeSi forms either in a eutectic if Fe > 0.47 wt.% or in
the solid state if Fe < 0.47 wt.%. These results agree also
with the thermodynamic assessment of the quaternary
system conducted by Raghavan.!'®!”!

Figure 2 shows the stability of phases as a function of
temperature for three different Mn and Si contents. In all
alloys, the Fe concentration was 1.0 wt.%. In Fig. 2(a) there
was 0.5 wt.%Mn + 5.0 wt.%Si, in (b) 1.0 wt.%Mn +
5.0 wt.%Si and in (c) 1.0 wt.%Mn + 8.0 wt.%Si. There-
fore, from Fig. 2(a) and (b) the Mn content increased from
0.50 to 1.00 wt.%, whereas from Fig. 2(b) and (c) the Si
content increased from 5.0 to 8.0 wt.%. Clearly, with higher
Mn contents, o-Al(Fe,Mn)Si forms as a primary phase
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Fig. 1 Calculated Isopleth diagram with the composition Al-6.5 wt.%Si-0.3 wt.%Mn

instead of (Al) leading to a polyhedral morphology, also
referred to as “sludge” in the aluminum foundry indus-
try." The volume phase fraction of o-Al(Fe,Mn)Si
increases with increasing Mn, as well, and the B-AlFeSi
morphology changes from the eutectic that formed from the
liquid to a solid-state precipitate that forms after complete
solidification. The only effect of Si variations was a change
in the volume phase fraction of the Si phase, (Si), as seen in
Fig. 2(c). That occurs because Si has limited solubility in Al
and is typically formed at the end of solidification via an
invariant reaction.'” Even though both intermetallics contain
Si, no influence on their phase formation or fraction could be
observed within the Si range investigated.

3.2 Comparison of Equilibrium Thermodynamic
Predictions with Actual Phase Formation
in Sand Casting

The equilibrium calculations indicated that for a given
combination of Fe and Mn contents, it is possible to favor
the formation of o-Al(Fe,Mn)Si and even obtain it as a
primary phase. Furthermore, the initial formation tempera-
ture of B-AlFeSi can be shifted to lower values where it is
formed in the solid-state. Since these calculations were
conducted assuming equilibrium conditions, a comparison
was made with literature data on sand casting (because of its
slow cooling rate). A preliminary evaluation indicated that
the results at 550 °C were closest to the actual casting
results. That is reasonable since no phase transformation was
observed below this temperature and diffusion is probably
not significant. Table 1, 2 and 3 show the volume fraction of

@ Springer

each phase calculated by the equilibrium model at 550 °C
and calculated by the Scheil-Gulliver model. Also in the
table are experimental values published by Hwang et al.'™
for three different Mn contents: low Mn content, Al-
6.7 wt.%Si-3.75 wt.%Cu-0.5 wt.%Fe-0.02 wt.%Mn, med-
ium Mn content Al-6.5 wt.%Si-3.5 wt.%Cu-0.5 wt.%Fe-
0.65 wt.%Mn and high Mn content Al-6.7 wt.%Si-
3.75 wt.%Cu-0.5 wt.%Fe-0.85 wt.%Mn (note: Al-Cu inter-
metallic were considered in the equilibrium calculations, but
were not reported). Although statistics were used to calcu-
late the average experimental volume fractions, standard
deviations were not reported by Hwang et al./*!

Table 1 gives information for alloys with a low Mn
content of 0.02 wt.% (note that neither the equilibrium
model at 550 °C nor the Scheil-Gulliver model predicted
the formation of the o-Al(Fe,Mn)Si). Experimentally the
fraction of B-AlFeSi was larger than that of a-Al(Fe,Mn)Si.

The model calculations were quite consistent in pre-
dicting the same volume fraction of phases but they dif-
fered from the experimental data. The worst result was for
the (Si) amount, the least accurate value being obtained by
the Scheil-Gulliver model (5.2% calculated in comparison
with 7.1% experimental) the value for the equilibrium
condition was slightly higher: 5.7%. A possible explanation
might be that the Scheil-Gulliver model stops the calcu-
lation when the liquid is completely consumed, and, for
both models, the amount of Si that precipitates in the solid
state is not being considered in the calculations. The ten-
dency to obtain lower volume fractions of (Si) will occur in
processes where higher cooling rates are prevailing, for
example, in die casting. On the other hand, the equilibrium
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Table 1 Calculated and experimental volume fractions of the phases for Al-6.7 wt.%Si-3.75 wt.%Cu-0.5 wt.%Fe-0.02 wt.%Mn system

Phase Experimental (sand casting), vol.% Equilibrium at 550 °C, vol.% Scheil-Gulliver, vol.%
(Si) 7.1 5.7 52
oi-Al(Fe,Mn)Si 0.1 e -

B-AlFeSi 1.7 1.4 1.1

Experimental values from Hwang et al.”®!

Table 2 Calculated and experimental volume fractions of the phases for Al-6.5 wt.%Si-3.5 wt.%Cu-0.5 wt.%Fe-0.65 wt.%Mn system

Phase Experimental (sand casting), vol.% Equilibrium at 550 °C, vol.% Scheil-Gulliver, vol.%
(Si) 7.2 5.6 5.6
a-Al(Fe,Mn)Si 2.9 2.9 4.4
B-AlFeSi

Experimental values from Hwang et al.™®!

Table 3 Calculated and experimental volume fractions of the phases for Al-6.7 wt.%Si-3.75 wt.%Cu-0.5 wt.%Fe-0.85 wt.%Mn system

Phase Experimental (sand casting), vol.% Equilibrium at 550 °C, vol.% Scheil-Gulliver, vol.%
(Si) 7.5 5.5 5.5
a-Al(Fe,Mn)Si 34 34 5.3
B-AlFeSi

Experimental values from Hwang et al.”®!

calculation at 550 °C considers the relatively lower solu-
bility of Si in the Al matrix and its predicted value for (Si)
is closer to the observed values for sand mold casting."”’

Table 2 gives information for alloys with a medium Mn
content of 0.65 wt.%. The Scheil-Gulliver model predicts
a higher volume fraction of a-Al(Fe,Mn)Si than either the
equilibrium model at 550 °C or the experimental data. On
the other hand, the equilibrium model prediction for the
volume fraction of a-Al(Fe,Mn)Si at 550 °C was closest to
the sand casting results. This result suggests that the
Scheil-Gulliver model cannot be trusted to predict the
phase content in sand castings of the aluminum alloy
studied in this investigation. In addition, it can be seen that
for this Mn content the B-AlFeSi formation was completely
suppressed.

Finally, Table 3 gives information for the case of alloys
with a high Mn content of 0.85 wt.%. Like the alloy with
medium Mn content, the formation of B-AlFeSi was
completely suppressed, which is in agreement with the
experimental data. Both Scheil-Gulliver and equilibrium
models predicted that $-AlFeSi would not form because of
the high Mn content. Moreover, the equilibrium model
prediction of the a-Al(Fe,Mn)Si phase fraction was quite
precise. As with the other Mn concentrations, the (Si)

@ Springer

content predicted by both models were close to each other,
but not close to the experimental results.

Therefore, in the case of slow cooling processes such as
sand casting, the equilibrium model calculations for the
quaternary Al-Si-Fe-Mn system are suitable for predicting
intermetallic phase formation when modeling at 550 °C.
However, it appears that the Scheil-Gulliver model, which
is appropriate to describe segregation in Al alloys,***"
does not work well in the case of sand casting. Agreement
in the tables between the equilibrium model and experi-
ments at high temperature (near the solidus temperature)
indicates that a certain level of diffusion occurs during sand
casting at these high temperatures, thereby violating one of
the Scheil-Gulliver assumptions.

3.3 The Effect of Fe and Mn Concentrations
on Fractions of the Intermetallic Phases

Figure 3 shows the variation in phase fractions of o-
AlFeMnSi and B-AlFeSi as a function of Mn and Fe con-
tents at 550 °C (below the solidus temperature) as calcu-
lated by the equilibrium model. Figure 3(a), (b), and
(c) have a crossing point where the amount of a-AlFeMnSi
is greater than B-AlFeSi for higher Fe concentrations. The
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Fig. 3 Influence of Fe and Mn on the calculated intermetallic phase
fraction considering a fixed amount of Si (8 wt.%). (a) 0.5 wt.% of
Fe. (b) 1.0 wt.% of Fe. (c) 1.5 wt.% of Fe

figures indicate, as well, that the formation of B-AlFeSi can
be eliminated with Mn additions. For example
Fig. 3(a) shows that B-AlFeSi in an alloy containing
0.5 wt.%Fe is eliminated when the Mn is higher than
0.6 wt.%. Solely by analyzing Fig. 3(c), it seems that for
high Fe contents, B-AlFeSi will always be present regard-
less of the Mn additions. However, as shown in Fig. 4,

(wt.% Fe) = 0,976 x (wt.% Mn) - 0,035

14 B-AlFeSi + a-Al(Fe,Mn)Si + (Si) + (Al)

Fe (wt.%)

. a-Al(Fe,Mn)Si + (Si) + (Al)

0,4

0,2

010 T T T T T T T T T 1
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1.4 1,6 1,8 2,0

Mn (wt.%)

Fig. 4 Relationship between Fe and Mn determining the limiting
values in order to suppress [-AlFeSi formation in equilibrium at
550 °C

there is a limiting value for the combination of Fe and Mn
in which the formation of B-AlFeS is
suppressed.

The line in Fig. 4 is a phase boundary in a two-dimen-
sional section of the Al-Si-Fe-Mn phase diagram at 550 °C.
Such line varies with temperature and the amount 3-AlFeSi
varies with composition above the line. Therefore, by
measuring the amount of Fe in a practical situation, the
diagram can suggest how to adjust the Mn content in order
to avoid the formation of the harmful platelet-like B-AlFeSi
intermetallic in a slow cooling process such as sand
casting.

Figure 4 shows that it might be possible to add enough
Mn to compensate for high amounts of Fe greater than
1.0 wt.%; however, with an increase in Fe and Mn, the
volume fraction of intermetallics also increases. This, in
turn, could adversely affect the mechanical properties due
to the presence of higher volume fractions of brittle phase
in the microstructure. As described in Fig. 3, the sum of
intermetallic volume fraction might be as high as 7.0-8.0
vol.% for 1.5 wt.% of Fe and 1.0 wt.% of Mn. As a con-
sequence, even if there is less of the harmful a-AlFeMnSi,
the large fraction of other intermetallics would have an
embrittlement effect. For this reason, it is advisable to add
the minimum Mn required to fully suppress B-AlFeSi
formation. Another reason for limiting Mn is the possibility
that increasing the intermetallic content will lead to an
increase in porosity for this alloys."!

The best combination of Fe and Mn to avoid degradation
of mechanical properties of sand cast aluminum alloys is
known to depend on the degree of contamination. This
work demonstrates using an equilibrium model that,
regardless of the Fe content in the alloy, there will be a Mn
content that will suppress the formation of the deleterious
B-AlFeSi. The calculated results are in good agreement

completely
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with the experimental analyses carried out by Hwang
et al.,'®! who reported that it was possible to completely
suppress the formation of B-AlFeSi by adding enough Mn
in a sand casting containing 0.5 wt.%Fe.

4 Conclusions

Intermetallic phase formation in a quaternary Al-Si-Fe-Mn
system was investigated by thermodynamic calculations
with an equilibrium model. The results indicate that it is
possible to decrease the phase fraction or completely sup-
press the formation of B-AlsFeSi by Mn additions to a
recycled Al alloy containing less than 1.0 wt.%Fe. How-
ever, higher Fe concentrations would require larger addi-
tions of Mn that would lead to an undesirable volume
fraction of intermetallics. A quantitative relationship was
established that gives the limiting Mn addition that will
eliminate the formation of B-AlsFeSi in a recycled Al alloy
having a given Fe concentration. The relationship was
validated by comparing predicted phase fractions of inter-
metallics with measured amounts in sand castings.
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