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ABSTRACT

Effect of Mn and Si on the formation of iron-containing intermetall ic phases has been investigated

in Al-4.5oÂCu (206) alloy with 0.3oÂFe. The iron-containing intermetall ics are identified and characterized

by using thermal analysis (TA), differential scanning calorimetry (DSC), optical microscope, scanning

electron microscope (SEM) and image analysis techniques. It is found that two types of iron-containing

intermetall ic phases exist in the final solidified structlrres: platelet p-Fe (AlrCu2Fe/Al7Cu2(FeMn)) and

Chinese script c-Fe (Alrr(FeMn)3(SiCu)2). Addition of either Mn or Si favors the transformation of B-Fe
phase into a-Fe phase but Mn is more effective than Si. At a combined addition of both Mn and Si to a

certain amount, almost all platelet B-Fe can be converted into Chinese script a-Fe. For a cast of

Al-4.5Cu-0.3Fe alloy, 0.3% Mn and0.3Yo Si are required to completely suppress the p-Fe phase.
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INTRODUCTION

Iron is one of the most important impurity elements in aluminum alloys. Because of the low
solubility of iron in solid aluminum (0.005% at 450oC [], all alloy compositions in this paper are in wt.Zo),
almost all the iron will precipitate from liquidAl alloys in the form of iron-containing intermetallics which
can appear in interdendrites and/or intradendrites in aluminum alloys. To date, several reporters [2-8] have
completed abundant work on iron-containing intermetallics in Al-Si cast alloys. Basically, iron-rich phases
can be grouped into three kinds of morphologies: polyhedral or star-like, Chinese script and platelet.
Hwang et al. 16l reported that the polyhedral phase can usually form at a high Mn content as primary
iron-containing intermetallics. For the Chinese script phase, generally termed o,-Fe, Cameron et at. l7)
reported that it is either Al3Fe2Si for low Mn alloys or Al15(FeMn)3Si2 for high Mn alloys. The platelet
phase is usually thought to be p-Fe (Al5FeSi) [8] and to be detrimental to mechanical properties. In order to
decrease the negative effect of B-Fe, one of the most popular ways is to transform the deleterious platelet
B-Fe to the less detrimental Chinese script c-Fe. For this application, neutralization elements are often
added to the alloy. Mn is one of the most popularly used neutralization elements. The addition of Mn
promotes the formation of the o-Fe phase and refines the B-Fe phase if it still exists [9]. fn Al-l2Si-0.4Mg
alloy, Cao and Campbell [0] reported a lowest MnÆe ratio, approximately 0.17, to start the
transformation of the B-Fe phase into the o-Fe phase. To effectively suppress the formation of the p-Fe
phase, Lu et al. l2l andHwang et al.16) suggested an optimal Mn/Fe ratio of around 0.8 in Al-7Si-O.4Mg
and | .2 in Al-7Si-3.8Cu alloys, respectively.

Cast 206 aluminum alloys are widely used in the automotive and aerospace industries because of
their high strength and good elevated temperature properties. However, these alloys suffer a great loss of
mechanical properties from the presence of small amounts of Fe. In this alloy family, the maximum iron
content is usually limited to 0. I 5% or below (206.0 and 206.2) ! I l. In the aerospace applications, the iron
content is even restricted below 0.07% (A206.2) [l]. However, with the increasing demand to recycle
aluminum alloys, the requirement for low iron contents becomes a big concern from both technique and
cost aspects. Therefore, manufacturing premium castings with higher iron contents has become a great
challenge. Up to date, however, little work concerning the iron-containing intermetallics and the factors
affecting their formation in cast 206 aluminum alloys has been reported. The present study is aimed at
investigating the iron-containing intermetallic compounds formed in cast Al-4.5YoCu-0.3%Fe alloys
through either individual or combined addition of Mn and Si.

EXPERIMENTAL

Table l shows the chemical compositions of the experimental alloys. Alloy I is the base alloy with
0.lMn and 0.1Si. Alloys 2 and 3, with various Mn contents are designed to investigate the effect of the
individual addition of Mn, while Alloys 4 and 5 are used to study the influence of the individual addition of
Si. Alloys 6 andT are used for the combined effect of both Mn and Si.

The alloys were melted in a resistance furnace at -730"C.In each test, approximately 150 g of
liquid metal was poured into a preheated, thin-shelled steel crucible. The cooling rate of the thermal
analysis samples is about 0.2 K/s. After the full solidification (about 450'C), the sample was quenched in
the water. The samples were then sectioned, mounted and polished for the metallographic observation. To
reveal the three-dimensional morphology of intermetallic phases, some metallographic specimens were
deeply etched in a 10% NaOH solution at 60-65"C for I to 1.5 minutes. The solidified thermal analysis
samples were complementarily tested with a Differential Scanning Calorimeter (DSC) using a Perkin
Elmer DSC 7 unit. A JEOL JSM-6480 LV Scanning Electron microscope (SEM) and a Clemex JS-2000
Optical Image Analyzer were used to identify the iron-containing intermetallics and quantify their volume
fractions.
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Table I -  Chemical composit ions of the al loys used in the experiments

Element (wt. %)
Alloy #

Cu Mg Fe AITiZnMnSi

I

2

J

4

5

6

7

4.46 0.27

4.45 0.29

4.52 0.28

4 .5 t  0 .29

4 .59  0 .31

4.48 0.31

4 .5 t  0 .32

0.33

0.3 r

0.29

0.29

0.31

0.31

0.32

0.08

0 .1 I

0 .11

0.19

0.31

0.21

0.31

0.1r
0. r9
0.41

0.09

0 .11

0.19

0.31

0.0s
0.0s
0.05
0.05
0.05

0.05

0.05

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02
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RESULTS AND DISCUSSION

Solidification Reactions And Paths

Fig.1 shows the typical TA and DSC curves in an example of Alloy 6. It can be found that there
are five peaks in the TA curve which can also be detected in the DSC heating curve. However, not all the
peaks are present in each experimental alloy.

Combing the information obtained from TA, DSC and the observed microstructure, all possible
solidification reactions and paths in Alloys I to 7 are listed in Table 2. The results agree well in principle to
the works of Backerud et al.l12l and,Lu et al. [2] For a given alloy, the reactions to appear will depend on
the alloy compositions. For example, reaction 3 for AlTCu2feMn) is present in Alloy I but absent in Alloy
7 while reaction 2 for Alr5(FeMn)3(SiCu)2 is present in Alloy 7 but disappears in Alloy l. In other words,
the formation of iron-containing intermetall ics is clearly related to alloy compositions. After the
iron-containing intermetall ics formed in these alloys have been identified, the effect of Mn and Si on these
iron-containing intermetall ics is discussed later.
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Figure 1 - TA and DSC curves ofAlloys 6
(a) TA cooling curve and its first derivative, (b) DSC heating curve and its first derivative
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Table 2 - Solidification reactions in Alloys I to 7

Peak Reactions Temp.("C)* Alloy

A: Aluminum dendrite network forms
I

B: Liq.*dl+Al6(MnFeCu)

2 Liq.+Al6(MnFeCu)'Al+Alrs@eMn)3(SiCu)2.

3 Liq.+A16(MnFeCu)-Al+AlzCu2(FeMn)

4 Liq.-+d1a4l2Cu+Al20Mn3Cu2*Al7ÇurFe

5 Liq.-Al+Al2Cu+Al2CuMg+M92Si
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* Temperature is measured using the DSC heating curve

Identilication of Iron-containing Intermetallic Phases

According to the reactions shown in Table 2, there are several iron-containing intermetallic phases
formed in 206 alloys, i.e. Al6(MnFeCu), Al;5(FeMn)3(SiCu)2, Al7Cu2(FeMn) and Al7Cu2Fe. Fig.2 shows
the typical opticalmicrostructures of the various iron-containing intermetallics in the Alloy 3 example. The
SEM-EDS (Energy Dispersive X-ray Spectroscopy) results indicate that these iron-containing
intermetallics are Al7Cu2Fe, Al7Cu2(FeMn) and Alr.(FeMn)3(SiCu)2, respectively. The AlTCu2feMn) phase
contains some Mn which replaces some Fe atoms in Al7Cu2Fe. Therefore, both AlTCu2Fe and AlTCu2feMn)
have a platelet morphology and are generally named as being B-Fe phases. In contrast, Al15(FeMn)3(SiCu)2
has a Chinese script morphology and is termed as being a a-Fe phase. it should be noticed that another
iron-rich phase appearing in reaction l, Al6(MnFeCu), was not observed in the final microstructure, as it
was probably completely consumed by reactions 2 and 3. Therefore, the p-Fe phases (Al7Cu2Fe and
Al7Cu2(FeMn)) and the a-Fe phase (Alr5(FeMn)3(SiCu)2) are the main iron-rich phases as generally
observed in the finalmicrostructure ofAl-4.5Cu alloys.

As shown in Fig. 2a and 2b, the B-Fe phases have a similar platelet shape but different aspect
ratios, due to their different formation temperatures" The B-Fe platelet in Fig. 2a is thinner and has higher
aspect rat ios (15-40) while the p-Fe phase in Fig.2b is thicker and has smaller aspect rat ios (2-l l ) .  This
indicates that the B-Fe phase in Fig. 2b precipitates at higher temperatures due to the quicker diffusion rate
than the B-Fe platelet in Fig. 2a. Their formation corresponds well to reactions 4 and 3 respectively given
in Table 2, at 530-540oC for thin AlTCu2Fe and 585-595"C for thick AluCuz(FeMn). The thin B-Fe platelet
(Al7Cu2Fe) in Fig. 2a is the product of a eutectic reaction and is thus defined as eutectic B-Fe. However, the
thick B-Fe phase (A17Cu2(FeMn)) in Fig. 2b precipitates at a higher temperature, prior to the main eutectic
reaction (reaction 4), and hence is termed as pre-eutectic p-Fe. The a-Fe phase (A115(FeMn)3(SiCu)2), has a
Chinese script morphology and can only form in alloys with relatively high contents of Mn and/or Si and,
as shown in Table 2, its formation temperature is about 610'C.
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l ' t  S  sH

Figure 2 - Microstructures of various iron-containing intermetallics in Alloy 3
(a) Eutectic B-Fe (Al7Cu2Fe), (b) Pre-eutectic B-Fe (Al7Cu2@eMn)), (c) c-Fe (A115(FeMn)3(SiCu)2)
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To further disclose the morphologies of the iron-containing intermetall ics, some selected
specimens were deeply etched. Fig. 3 shows the typical three-dimensional morphologies of the
iron-containing intermetall ic phases. It can be seen that the eutectic B-Fe has a plate shape interwoven with

the Al2Cu phase in the Al matrix. In contrast, the pre-eutectic B-Fe in Fig. 3b is l ike a rod embedded in the
Al matrix. As shown in Fig. 3c, the a-Fe has a typical dendrite form. Many primary branches with different
sizes grow from the center and some secondary branches can directly grow from the sides of the large
primary branches.

Figure 3 - Three-dimensional morphologies of iron-containing intermetall ics:
(a) Eutectic p-Fe, (b) Pre-eutectic B-Fe, (C) a-Fe

Effect of Mn and Si on Iron-containing Intermetall ics

The microstructures of Alloys l-3 at 0.1 Si and various Mn contents are shown in Fig.4. It can be
seen that almost all the iron-containing intermetall ics in Alloy I with a Mn/Fe ratio of 0.3 are B-Fe (Fig.

4a). Even though many B-Fe particles are sti l l present, the o-Fe phase is observed in Alloy 2 with a Mn/Fe

ratio of 0.67 (Fig. 4b). In Alloy 3 with a MnÆe ratio of 1.33, the amount of B-Fe is much less than that in
Alloy 2 and o-Fe has become the dominant Fe-rich phase. Hence, it can be concluded that the addition of
Mn will be useful for the formation of a-Fe. However, the presence of B-Fe phase at a high MnÆe ratio of
1.33 indicates that not all the B-Fe can transform to a-Fe. Compared with Alloy 2, tt can also be found that
Alloy 6 (Fig. 6) has much less p-Fe and more û-Fe, indicating that Si also has influence on the formation of
iron-containing intermetall ics in Al-Cu alloys. Further evidences of the effect of Si on the iron-containing

intermetall ics are shown in Fis. 5.
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Figure 4 - Microstructures of iron-containing intermetallics in Alloys I - 3
(a) Al loy I (0.1 Si+0.1Mn), (b) Al loy 2 (0.1 Si+O.2Mn), and (c) Al loy 3 (0.1 Si+0.+Vn)
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Figure 5 - Microstructures of iron-containing intermetallics in Alloys 4,5 and j

(a) Al loy 4 (0.2Si+0.1Mn) , (b) Al loy 5 (0.3Si+0.1Mn) , and (c) Al loy 7 (0.3Si+0.3Mn)
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Compared with the microstructures shown in Fig.5, it can be found that Si has a similar effect
with Mn on the transformation tendency of Fe-rich phases. The a-Fe phase precipitates in Alloys 4 and 5
but there are still some p-Fe particles. In Alloy 7 with 0.3Si + 0.3Mn, however, almost all the Fe-rich
particles are c,-Fe phase indicating the effective transformation of B-Fe into the o-Fe phase. Additionally,
compared with the results in Fig. 5b and Fig. 5c, it can be concluded that more addition of Mn with the
same level of Si (0.3 wt.%) also favors the formation of the c-Fe phase, which further confirms the role of
Mn as an effective neutralization agent in Al-Cu alloys .

To quantify the iron-containing intermetallics, the relative volume fraction of the two
iron-containing intermetallic phases has been measured using image analysis, as shown in Fig. 6. These
quantified results are consistent with the general metallographic observations as discussed above. In
general, the relative volume fraction of the cr-Fe phase increases when increasing the contents of Mn and/or
Si. However, the individual addition of either Mn or Si cannot completely transform a p-Fe into a o,-Fe
phase even at a high MnÆe level of 1.33 or a Si/Fe level of 1.0. At the 0.3 Si and 0.3 Mn levels in Alloy 7,
the B-Fe has been effectively suppressed and hence almost all iron-containing intermetallics precipitate in
the a-Fe phase. This indicates that a combination of both high Si and Mn levels can completely transform

B-Fe into a o-Fe phase. Comparing Alloy 5 (0.3Si+0.lMn) with Alloy 6 (0.2Si+0.2Mn), there is more a-Fe
precipitate in Alloy 6 indicating that Mn is a more effective element than Si to transform B-Fe into the a-Fe
phase. The results can also be further confirmed by the comparison of Alloy 2 (0.lSi+O.2Mn) and Alloy
4 (0 .2Si+0. lMn) .

Fig. 7 shows the TA and DSC curves of Alloy l. Compared with the curves in Fig. l, it can be
seen that there are only three peaks visible in Alloy I and these peaks correspond to the reactions shown in
Table 2. It can clearly be seen that only B-Fe phase reactions (reactions 3 and 4) are present in Alloy I
(0.lMn+0.lSi). In contrast, the a-Fe phase formed in Alloy 6 (0.2Si+0.2Mn), indicates that more addition
of Mn and/or Si favors the formation of the cr-Fe phase. Furthermore, the peak intensity of pre-eutectic
p-Fe (peak 3) is much weaker in Alloy 6 than in Alloy l. Additionally, the formation temperature of the
pre-eutectic p-Fe phase in Alloy 6 is also lower, about 580'C in Alloy 6 and 590oC in Alloy l, indicating
that the formation of the B-Fe phase has been effectively suppressed in Alloy 6. In summary, addition of
Mn and/or Si favors the formation of the a-Fe phase but suppresses the B-Fe phase and that Mn is a more
effective neutralization agent than Si. The combined addition of both Mn and Si is even more effective than
the individual addition of either Mn or Si.
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Figure 7 - TA and DSC curves ofAlloys I
(a) TA cooling curve and its first derivative, (b) DSC heating curve and its first derivative

CONCLUSIONS

(l) There are mainly two types of iron-containing intermetall ic phases in the final solidified
structure of cast 206 aluminum alloy family: Chinese script a-Fe (A115(FeMn)3(SiCu)2), and platelet B-Fe
(Al7Cu2Fe and AlTCu2feMn)). The platelet p-Fe can precipitate in eutectic and/or pre-eutectic reactions.
Due to a higher diffusion rate at a higher temperature, the pre-eutectic B-Fe platelets are longer and much
thicker and hence have lower aspect ratios than the eutectic B-Fe phase.

(2) Either Si or Mn favors the transformation of B-Fe into the a-Fe phase. Moreover, Mn is a more
effective neutralization agent than Si. The individual addition of either Si or Mn cannot completely
transform B-Fe into the o-Fe phase even at a high Mn/Fe level of 1.33 or a Si/Fe level of 1.0.

(3) At a combination of both high Mn and high Si, almost all B-Fe platelets can be converted into
Chinese script c-Fe. For a cast Al-4.5Cu-0.3Fe alloy, 0.3% Mn and 0.3Yo Si are required to completely
suppress the B-Fe phase.
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