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Chapter 1

General introduction

Iron is the most common and detrimental impurity in cast Al-Si alloys. Due to its small
solid solubility in Al matrix, it will form Fe intermetallic compounds with Al and Si during
solidification. There are three main kinds of Fe compounds in cast Al-Si alloys with Fe and
Mn, the platelet g-AlsFeSi type Fe compound, the Chinese script a-Alis(Fe,Mn)sSi, type Fe
compound and the star-like and/or polyhedral shape a-Alis(Fe,Mn)sSi, type Fe compound.
Among them, the platelet g type Fe compound has been accepted as the most harmful
compound to the mechanical properties of cast Al-Si alloys, especially the ductility. When
the Fe is inevitable, to improve the mechanical properties, the platelet g type Fe compound

should be modified to the more desired Chinese script o type Fe compound.

This thesis investigated the influence of three main factors, Fe content, Mn/Fe ratio and
cooling rate on this modification process systematically. The mechanisms behind the
modification by these three factors were discussed as well. The effects of different kinds of

Fe compounds on tensile properties of cast alloys were evaluated finally.

In this chapter, some background will be given about application of Al-Si cast alloys and
detailed information about the Fe intermetallic compounds firstly. Subsequently, the
objective of this thesis is described. Finally the outline of this thesis is presented, explaining

briefly the contents and conclusions of each separate chapter.



1.1 Cast Al-Si alloys and secondary aluminum alloys

Aluminum alloys have been acquiring increasing significance for the past few decades
due to its excellent properties. They are extensively used to manufacture a large number of
components for automotive, construction, aerospace, etc. Among them, aluminum-silicon
(Al-Si) cast alloys are fast becoming the most universal and popular commercial materials.
Comprising 85% to 90% of the aluminum cast parts produced for the automotive industry,
due to their high strength-to-weight ratio, excellent castability, high corrosion resistant and
chemical stability, good mechanical properties and wear resistance. The phase diagram of
Al-Si system is shown in Fig. 1.1[1]. The cast microstructure of the hypoeutectic Al-Si

alloys consists of the primary Al phase and a eutectic phase of Al and Si.

The increasing demand for aluminum-based products and further globalization of the
aluminum industry have contributed significantly to the higher consumption of aluminum
scrap for re-production of aluminum alloys [2]. Hence, recycled aluminum alloys
(secondary aluminum alloys) are made out of aluminum scrap and workable aluminum
garbage by recycling become more and more important nowadays. Care of environment in
industry of aluminum connects with the decreasing consumption resource as energy,
materials, waters and soil with increase recycling [3]. The energy consumption of aluminum

secondary production is only about 5% compared with the primary production [4].

However, in the secondary aluminum alloys, the impurity level especially the iron
content is usually very high. For example in the automotive industries, the aluminum parts
are produced and attached with other materials such as steel and rivet. The mechanical
separation of aluminum part from other materials is insufficient and will lead to the increase
of the impurity level during the subsequent melting. The high level of impurity, especially

the high content of iron impurity will restrict the application of the primary and secondary
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aluminum alloys significantly. Moreover, in the manufacturing process of primary
aluminum, various amounts of impurity elements may be introduced to the final Al-Si alloys.
Iron is the most common impurity in aluminum and its alloys. It is always present in
aluminum as a natural and dominant impurity. It comes into aluminum during the
manufacture of primary aluminum via the Bayer Process that converts bauxite (the ore) into
alumina (the feedstock) and the subsequent Hall-Héroult electrolytic reduction process that
converts alumina into molten aluminum (> 950°C) [5]. Depending on the quality of the
incoming ore and the control of the various processing parameters and other raw materials,
molten primary aluminum metal typically contains between 0.02-0.15wt.% iron, with
~0.07-0.10 wt.% being average [6]. Iron can also enter an aluminum melt via the addition of
low-purity alloying materials, e.g. silicon, as well as from the steel equipment used in
melting and casting. Hence, in the recycled aluminum alloys, the level of impurity is very

high. And the high impurity of Fe is very detrimental to the mechanical properties of alloys.

1.2 Iron intermetallic compounds in cast Al-Si alloys

Iron has been widely accepted as the most common and detrimental impurity in die
casting Al-Si alloys. The liquid solubility limits for Fe in aluminum alloys is 1.87 wt% at
655 °C. However, its solid solubility is less than 0.05 wt% [7,8]. Therefore, during
solidification and cooling, there is a strong driving force for the formation of Fe-rich
intermetallic compounds (hereafter also referred to as Fe compounds) containing Al and Si
in Al-Si cast alloys. Several compounds can form depending on the alloy compositions and
solidification in the Al-Si-Fe system. The phase diagram of this system is shown in Fig. 1.2
[9], where O-AlsFe (or AlisFey), a-AlgFe,Si (z5) and B-AlsFeSi (z5) are the most common Fe
compounds in cast Al-Si commercial alloys. The structures and properties of these Fe

compounds were showed in Table.1.1 [5].



6-AlsFe compound is not stable when the Si concentrate is high in the alloys. In the
most common foundry alloys containing Si, the dominant phases are the hexagonal
a-AlgFe,Si phase and the monoclinic/orthorhombic B-AlsFeSi compound (also reported as
Al sFeSi stoichiometry) [10]. Another phase that forms when Mn is present with Si is the
cubic Alys(Fe,Mn)sSi,, also confusingly called as o type Fe compound. This phase tends to
form in preference to the hexagonal o compound whenever Mn is present. There are also
less common phases which form when other elements are present, e.g. Ni, Co, Cr, but these

are beyond the scope of this thesis.

The iron intermetallic compounds listed above are quite different in their morphologies
within the microstructures of Al-Si alloys. They are usually identified by their dominant
shape under the microscope. B-AlsFeSi type Fe compound, which has been considered as
the most detrimental one in Al-Si alloy castings [11-13], appears as the platelet, as shown in
Fig. 1.3 (a). In the alloys with both Fe and Mn, another compound a-Alis(Fe,Mn)sSi,
usually appears as Chinese script, as shown in Fig. 1.3 (b). When the Fe and Mn contents
are high, the o-Alys(Fe,Mn)sSi, type Fe compound is also found as a more compact

polyhedral shape, as shown in Fig. 1.3 (c).

The effect of iron on the mechanical properties of cast aluminum alloys has been
reviewed extensively by several authors [14-16]. It is consistently reported that as Fe levels
increase, the ductility of Al-Si based alloys decreases since the formation of Fe compounds.
Among the Fe compounds, the platelet 3 type Fe compound has been widely accepted as the
most damage one. Its deleterious effect on the mechanical properties, especially ductility
has generally been attributed to its stress raising potential as a result of its platelet
morphology, and its apparently brittle nature. In addition, the presence of the platelet

compounds considerably increases tendencies and shrinkage cavities during solidification,
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because of the blockage of the channels, thus hindering the flow of liquid metal to feed

solidification shrinkage at a late stage of solidification [6].

Comparing to the platelet p type Fe compound, the metallurgically preferable compound
is Chinese script a type Fe compound. These effects are due to its more compact shape and
its more diffuse interface with the aluminum matrix. Compact forms, such as the Chinese
script, present less of an internal stress concentration than do sharp platelet B type Fe
compound. On the other hand, B type Fe compound is poorly bonded to the matrix, as
indicated by the sharp inter phase boundary. The crack can initiate easily at boundary

between the B type Fe compound and Al matrix.

Hence, in order to improve the mechanical properties of cast Al-Si alloys with impurity
Fe, it is very important and necessary to modify the plate B-AlsFeSi compound to more

compact Chinese script o type Fe compound.

1.3 Modification of iron intermetallic compounds

So far, there is no known way to economically remove iron from aluminum or its alloys.
Therefore, the modification of Fe compounds in cast Al-Si alloys is becoming a very
popular and import research field. And a lot of the beneficial results have been reported,

especially when the Fe concentration was low [10, 13, 14].

There are several methods to modify the harmful morphologies of Fe intermetallic
compounds and get the more desirable o type Fe compounds. Certain alloying elements,
such as Mn, Cr, Na and etc., were added to the alloy to promote the formation of a type Fe
compounds during ingot solidification. Additionally, high cooling rate during solidification
can restrict the nucleation and growth of Fe intermetallic compounds. The refined small size

Fe compounds are beneficial to the mechanical properties. Moreover, Over-heating the



alloys to 800-900°C can melt the nucleation site of B type Fe compound and lead to Fe
compounds solidify as o type. The heat treatment by homogenization are effective to
shorten the majority thin platelet p type Fe compound, which forms on solidification into

the square or spherical shape o type compound [17-19].

In the previous work, Mn addition in cast Al-Si alloys played a very effective role in
modifying platelet B type Fe compound to more compact Chinese script a type Fe
compound, especially when the Fe content was low. Although the addition of Mn to Al-Si
alloys has been widely investigated and documented, the amount of Mn needed to neutralize
Fe has not been well established, especially with the change of the cooling rate [14, 15]. The
previous works mainly revealed the influences of the Mn and Fe content on the type and
size of different Fe compounds [20-22] or the cooling rate on the evolution of different Fe
compounds during the modification process [23, 24] separately. Still very limited work has
reported systematically about the influences of the Fe content, the Fe/Mn ratio and cooling

rate on the modification of Fe compounds.

1.4 Originality and objective of the present thesis

This present thesis mainly investigated the combined influences of the Fe content (high
Fe content, more than 1wt.%), Mn/Fe ratio (0, 0.35, 0.5 and 0.65 at each given Fe content)
and cooling rate (from 0.59-17.3°C/s) on the modification of Fe intermetallic compounds in

cast AA356 (JIS, AC4C) based aluminum alloys.

1. Firstly, the influences of different kinds and size of Fe intermetallic compounds on the
mechanical properties of the alloys were evaluated by changing with chemical compositions

of alloys and solidification situation.

2. Three main factors, Fe content, Mn/Fe ratio and cooling rate were alerted individually



or combined to investigate their influences on the modification of Fe intermetallic
compounds from platelet B type Fe compound to the less harmful Chinese script o type Fe

compound systematically.

3. The evolution of Fe compounds during solidification in this modification process was

investigated under low cooling rate (0.59-0.67°C/s) by comparing quenching experiments.

4. Finally, the mechanisms behind the modification of Fe compounds by these three

factors were discussed as well.

1.5 Outline of the present thesis

The flow chart of the present thesis is shown in Fig.1.4. The outlines of the present

thesis are briefly summarized as follows.

Chapter 1 is “General introduction”. This chapter describes the application of the cast
Al-Si alloys and the restriction of their application by Fe intermetallic compounds. The
characteristics of different Fe compounds and the method of Fe compounds modification are
introduced detailed. Based on the former introduction, the objective of the present work are

summarized.

Chapter 2 describes “Influence of Fe content, Mn/Fe ratio and cooling rate on
mechanical properties of cast AA356 based alloys”. In this chapter, the tensile properties
of alloys with different composition under different cooling situation were evaluated. The
type and size of Fe compounds influenced the tensile properties of alloys significantly. The
small size Chinese script Fe compound is beneficial to the tensile properties of cast Al-Si

alloys.

Chapter 3 describes “Influence of Fe content, Mn/Fe ratio and cooling rate on

morphology of Fe intermetallic compounds in cast AA356 based alloys”. In this chapter,
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the attempt has been proceeded to modify the platelet  type Fe compound to the Chinese
script a type Fe compound by alerting three parameters, Fe content, Mn/Fe ratio and cooling
rate. They performed different influences on this modification process separately and

combined.

Chapter 4 describes “Evolution of Fe intermetallic compounds during solidification in
cast AA356 based alloys with different Fe content and Mn/Fe ratio”. In this chapter, the
evolution of Fe compounds during solidification was discussed. Water-quenched
experiments were used to reveal the solidification sequence of Fe compounds. Fe content

and Mn/Fe ratio effected the evolution of Fe compounds greatly.

Chapter 5 describes “Mechanisms of modification of Fe intermetallic compounds by
different factors: Mn addition, Fe content and cooling rate in cast AA356 based alloys”.
In this chapter, mechanisms of three factors which can influence the modification process of
Fe compounds from platelet B type to Chinese script o type were discussed one by one

mainly based on the data obtained in Chapter 3 and 4.

Chapter 6 is “General conclusions”. This chapter summarizes the conclusions of the

present thesis. Ideas and suggestions are pointed out for the future improvements.
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Table 1.1 Structures and properties of Fe compounds in Al-Fe-Si system [5].

Phase Structure Lattice parameters Density (g.cm®)
Monoclinic with C2/m | a= 1.549 nm 3.896

0-AlsFe
space group, b=0.808 nm

(or Al;Fe,, _

AlysFeq) c=1.248 nm

13t orthorhombic B=107.72°

a-AlgFe,Si hexagonal a=1.23-1.24 nm 3.58

(or AlyoFesSiy) €= 2.62-2.63 nm

B-AlsFeSi monoclinic afb: 0.612 nm 3.3-3.6

. c=4.148-4.150 nm
(or AlgFe;Siy) B=o1°
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Fig. 1.1 Al-Si phase diagram [1].
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Fe, mass%:

Si, masse

Fig. 1.2 Calculated liquidus surface of the Al-Fe-Si ternary phase diagram [9], where t4

represents 6—AlsFeSiy, 15 represents a-AlgFe,Si and t6 represents B—AlsFeSi, respectively.

Fe,Al; also was confusedly named as 6—AlzFe.
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(b)

(©)

Fig. 1.3 Morphology of different Fe compounds after deep etching: (a) platelet B type Fe
compound, (b) Chinese script a type Fe compound, (c) polyhedral shape o type Fe

compound.
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Fig. 1.4 Flow chart showing the outlines of the present thesis.
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Chapter 2

Influence of Fe content, Mn/Fe ratio and cooling rate on

mechanical properties of cast AA356 based alloys

The presence of the Fe impurity in cast Al-Si alloys will damage their mechanical
properties significantly, especially the ductility. In this chapter, three factors, Fe content,
Mn/Fe ratio and cooling rate were altered to investigate their effects on the tensile
properties of cast AA356 based alloys. The results revealed that the Fe content was the main
factor which could determine the final tensile properties of alloys. The high Fe content can
lead to the formation of large size platelet 5 type Fe compound, which can easily be a crack
initiation region and result in the decrease of the elongation and UTS. Mn addition can
convert the platelet g type Fe compound to the Chinese script « type Fe compound and/or
polyhedral shape « type Fe compound, which was expected to enhance the tensile properties
of alloys. However, the increase of elongation of alloys with low Fe content by converting
the Fe compound is not obvious in the present work. The branches of large size Chinese
script can easily be a crack initiation region and result in the decrease of the tensile
properties as well. The large size polyhedral shape Fe compound shows very detrimental
influence on the tensile properties of alloys as that of large size platelet shape Fe compound.
This compound can easily act as the nucleation sites for cracks under loading. In addition,

the formation of large size polyhedral shape Fe compound usually accompanies the
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formation of pores. High cooling rate can refine the size of all phases in the alloys and

resulted in the enhancement of the tensile properties.

2.1 Introduction

Cast AA356 aluminum alloys are widely used in automotive industry due to their good
properties, such as high strength/weight ratio, good castability, high corrosion resistance,
low coefficient of thermal expansion, etc. The presence of the Fe impurity in the alloys
damage their mechanical properties significantly, especially ductility due to the formation of
Fe intermetallic compounds during solidification. The  type Fe compound with the platelet
morphology is reported to bring out a serious alloy embrittlement [1,2]. This is due to the
high stress concentration at the sharp edges of the platelet shape, which easily leads to a
crack initiation. The Chinese script a type Fe compound presents less stress concentration
than the sharp edges of the platelet p type Fe compound. Thus, the formation of Chinese
script o type Fe compound is preferred and expected to enhance the ductility. To modify the
Fe compounds from platelet B type to Chinese script o type well, three factors Fe content,
Mn/Fe ratio and cooling rate were changed throughout the whole research work to
investigate their effects on the formation of Fe compounds. In this chapter, the performance
of the modification of Fe compounds will be evaluated based on microstructure analysis and
mechanical properties in cast AA356 based alloys by alerting Fe content, Mn/Fe ratio and

cooling rate.

2.2 Experimental procedures

Chemical compositions of the alloys used in this chapter are shown in Table 2.1.The
master alloy Al-7.0wt.% Si-0.35wt.% Mg were molten in a graphite crucible under an Ar
protective atmosphere by an electrical resistance furnace. The iron was added in the form of

Fe wire, and Fe contents in each alloy are 1.0wt.%, 1.5wt.%, 2.0wt.% and 2.5wt.%,
17



respectively. Mn was added in the form of the Al-9.93 wt.% Mn. Different Mn contents
were added to make sure the Mn/Fe ratio are 0, 0.35, 0.5 and 0.65, respectively. The
samples are named as x Fe or X Fe+ y in the text, where the x represents the Fe content (in
mass %) and y represents the Mn/Fe ratio. The schematic illustration of the casting process
was showed in Fig. 2.1. To obtain various solidification conditions, each alloy was cast into
a step-like stainless steel mold having sections with different thicknesses, as shown in Fig.
2.2. The thicknesses of the casts at different steps are 7 mm, 15 mm and 28 mm,
respectively. Hence, during solidification, the different steps of the casts show the different
cooling rates. The thermocouples were set in the center of each step during casting to
monitor the cooling curves. The average cooling rate at each step was calculated from the
beginning to the onset of the eutectic temperature (around 570°C) in each cooling curve.
The calculated cooling rates based on the cooling curves were showed in Fig. 2.3. The

casting temperature of 720°C was used throughout this study.

Microstructures of the alloys were studied by an optical microscope (OM). Tensile
properties of the specimens were evaluated using an universal tensile testing machine at a
constant crosshead speed of 0.5 mm/min. Two or four tensile test samples were prepared
from each cast ingot at the same stage. The cutting position of tensile test samples from
step-like cast ingot was schematically illustrated in Fig. 2.4 (a). The shape and size of the
tensile test sample was showed in Fig. 2.4 (b). Samples for the microstructural analysis were
prepared by standard techniques with the final polishing stage using the 0.05 um colloidal

silica.
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2.3 Results

2.3.1 Effect of Fe content and cooling rate

Fig. 2.5 shows UTS and elongation of the alloy Al-7 wt.% Si- 0.35 wt.% Mg without Fe
addition (less than 0.1 wt.%). Without Fe impurity, this alloy shows very good mechanical
properties. Both the strength and elongation increased with increasing the cooling rate. The
crack propagation under loading in this alloy mainly occurred along with the eutectic Si
phase, as shown in Fig. 2.6. The high cooling rate refined both the size of a-Al and eutectic

Si and improved the UTS and elongation.

The presence of Fe impurity damaged the tensile properties of alloys significantly, as
shown in Fig. 2.7. In the alloys with Fe content ranging from 0 to 2.5 wt.%, the elongation
of the alloys decreased greatly with increasing Fe content, as show in Fig. 2.7 (a). The UTS
of alloys appeared the same tendency as well, as shown in Fig. 2.7 (b). Increasing the
cooing rate at a given Fe content is beneficial to improve both the elongation and UTS.
From the corss-sections of the fracture surfaces of the alloys with different Fe contents, it is
clear that the cracks propagated mainly along with platelet Fe compounds, regardless of
their locations, e.g. with eutectic Si or inside a-Al phase, as shown in Fig. 2.8. High cooling

rate decreased the size of platelet Fe compound and made the elongation and UTS increase.

2.3.2 Effect of Mn/Fe ratio and cooling rate

In the alloys with 1.0 wt.% Fe and different Mn/Fe ratio at low cooling rate (3.2°C/s),
with increasing the Mn/Fe, the elongation of the alloys increased slightly, as shown in Fig.
2.9 (a). With increasing the Mn/Fe ratio, more Fe compounds appeared as Chinese script.
The crack propagated along with large branches of Chinese script Fe compound instead of

platelet Fe compound, as shown in Fig. 2.10 (a), (d), (g) and (f). However, even Fe

19



compounds were modified from platelet to Chinese script which was expected to enhance
the ductility greatly, the elongation of the alloys showed slightly increase. Increasing the
cooling rate from 3.2°C/s to 8.1°C/s, the elongation of the alloys showed slightly increase
comparing with that of the alloys at the cooling rate of 3.2°C/s. When the cooling rate
increased to 15.5°C/s, the elongation showed large increase. Even most of the Fe
compounds appeared as platelet shape under this cooling rate in the alloys with different
compositions, as shown in Fig. 2.10 (c), (f), (i) and (I). The UTS of the alloys increased with
increasing the cooling rate. The Mn/Fe ratio increase showed no obvious influence on the

UTS.

In the alloys with 1.5 wt.% Fe and different Mn/Fe ratio at low cooling rate (3.2°C/s),
the elongation increased with the Mn/Fe ration from O to 0.35, then decreased with
increasing the Mn/Fe ratio, as shown in Fig. 2.11(a). From the fracture surface, with
increasing the Mn/Fe ratio, the cracks propagated along with polyhedral shape Fe compound
instead of platelet shape, as shown in Fig. 2.12 (a), (d), (g) and (j). The polyhedral shape Fe
compounds showed detrimental influence on the elongation of alloys. Increasing the cooling
rate from 3.2°C/s to 8.1°C/s, the elongation of the alloys increased at the same composition.
From the fracture surface, the cracks propagated along with Chinese script Fe compounds
instead of platelet shape Fe compounds, as shown in Fig. 2.12 (b), (e), (h) and (k). At high
cooling rate of 15.5°C/s, the elongation of the alloys decreased comparing to that of the
alloys at low cooling rate of 8.1°C/s. From the fracture surface, at this cooling rate, the
cracks propagation happened along with small platelet shape Fe compounds instead of big
ones, as shown in Fig. 2.12 (c), (f), (i) and (l). The UTS showed almost no change with
increasing the Mn/Fe ratio. Increasing the cooling rate can increase the UTS in alloys with

the same composition.
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At different cooling rates, even at high cooling rate, the elongation of the alloy 2.5 Fe is
very low, as shown in Fig. 2.13 (a). From the fracture surface, even at high cooling rate,
large size platelet Fe compound appeared. The cracks propagated along with large size
platelet Fe compounds, as shown in Fig. 2.14 (a), (b) and (c). In the alloy 2.5 Fe + 0.65, the
elongation of this alloy at different cooling rates is very low, as shown in Fig. 2.13 (a). From
the fracture surface, the cracks propagation happened along with large size polyhedral shape
Fe compounds instead of platelet Fe compounds, as shown in Fig. 2.14 (j), (k) and (I). In the
alloys 2.5 Fe + 0.35 and 2.5 Fe + 0.5, the elongation increased comparing with that of the
alloys 2.5 Fe and 2.5Fe + 0.65 at different cooling rates, as shown in Fig. 2.13 (a). From the
fracture surface, in the alloy 2.5 Fe + 0.35, the cracks propagation happened along with
platelet, Chinese script and polyhedral shape Fe compounds at different cooling rates. In the
alloy 2.5 Fe + 0.5, the cracks propagation happened along with Chinese script and
polyhedral shape Fe compounds. With increasing the cooling rate, the amount of Chinese
script Fe compounds increased along with decreasing the amount of polyhedral shape Fe

compounds.

2.4 Discussion

The presence of Fe in cast Al-Si alloys damage their mechanical properties significantly,
as shown in Fig. 2.6 and Fig. 2.7. With increasing the Fe content, the tensile properties
decreased greatly. Similar results were also reported in other works [3, 4]. The detrimental
effect of iron on ductility is due to the fact that, during plastic deformation, the cracks
preferentially nucleate along the harmful platelet B type Fe compound, oriented
perpendicularly to the load direction, where a high stress concentration is reached [5]. In
addition, from the cross-section fracture surface, it is clear that the cracks usually located

inside of the platelet compound, as shown in Fig. 2.15. This result is also consistent with X.
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J. Cao’s work [6-8]. They reported that the cracks were the typical feature of platelet § type
Fe compound, which were usually located inside of the platelet compound. In addition, the
increase the Fe content leads to the increase of porosity, as shown in Fig. 2.16 (a). It is due
to the precipitation of large size platelet Fe compound which, in turn, prevent the liquid
metal to fill the spaces between the branched platelets [9, 10]. The larger the size of platelet
shape Fe compound is, their detrimental effect on tensile properties it will be. The cooling
rate can refine the size of all the phases during solidification. The refined small size platelet

Fe compound is beneficial to the tensile properties of alloys.

Mn addition can modify the platelet B type Fe compound to Chinese script o type
compound or over-modified to polyhedral shape a type compound, which mainly depending
on the Fe content, Mn/Fe ratio and cooling rate. It is widely accepted that the Chinese script
a type Fe compound shows less detrimental effects on the tensile properties of alloys
comparing with platelet B type Fe compound [4-10]. In this work, the increase of tensile
properties by converting the platelet compound to Chinese script Fe compound is obvious
when the Fe content is relative high. However, in the alloy with low Fe content (1.0 wt.%),
even the platelet B type Fe compound was modified to Chinese script o type Fe compound
in the alloy 1 Fe + 0.65 at low cooling rate, the elongation increase is not obvious
comparing with that of the alloy 1.0 Fe. This is due to that the size of the large branches of
the Chinese script Fe compound is very big, even close to the size of platelet B type Fe
compound in the alloy 1.0 Fe. The large branches of the Chinese script Fe compound can
also easily be a crack initiation region and result in the decrease strength and ductility, as

shown in Fig. 2.10 (g) and (j) marked by arrows.

When the alloys with high Fe content and high Mn/Fe ratio under low cooling rate, such

as alloys 1.5 Fe +0.65, 2.5 Fe + 0.5 and 2.5 Fe + 0.65, most of the Fe compounds solidified
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as polyhedral shape. From the fracture surface of these alloys at low cooling rate, as shown
in Fig. 2.12 (f), Fig. 2.14 (g) and (j), the crack propagated along with the polyhedral shape
Fe compound. The cracks can easily nucleate inside the large size polyhedral shape Fe
compound and result in the decrease of the tensile properties. Additionally, the formation of
polyhedral shape Fe compound usually accompanies by the formation of pores, as shown in

Fig. 2.16 (b), which will damage the tensile properties of alloys significantly as well.

2.5 Conclusions

In this chapter, the effects of the Fe content, Mn/Fe ratio and cooling rate on the tensile
properties of cast AA356 based alloys were investigated. Three factors were changed
individually and combined during casting to reveal their effects on the microstructure and

tensile properties of alloys. The results can be drawn as follows:

1. Fe content is the main factor which can determine the final tensile properties of alloys.
The high Fe content can lead to the formation of large size platelet § type Fe compound,
which can easily be a crack initiation region and result in the decrease of the elongation and
UTS. Meanwhile, during solidification, the large size platelet Fe compound which solidified
earlier than a-Al will block the feeding channel of liquid and lead to the formation of pores.

High porosity will damage the mechanical properties of alloys significantly.

2. Mn addition can convert platelet B type Fe compound to Chinese script a type Fe
compound and/or polyhedral shape o type Fe compound, which was expected to enhance
the tensile properties of alloys. However, in the alloy with low Fe content (1.0 wt.%), the
increase of elongation of alloys by converting the Fe compound is not obvious in the present
work. The branches of large size Chinese script can easily be a crack initiation region and
result in the decrease of the tensile properties as well. The large size polyhedral shape Fe

compound shows very detrimental influence on the tensile properties of alloys as that of
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large size platelet shape Fe compound. Both of them can easily act as the nucleation sites for
cracks under loading. In addition, the formation of large size polyhedral shape Fe compound

usually accompanies by the formation of pores.

3. High cooling rate can refine the size of all phases in the alloys. The refined small size
Fe compound is beneficial to the tensile properties of alloys. Simultaneously, the cooling
rate influences the modification process from platelet B type Fe compound to Chinese script
a type Fe compound (over-modified to polyhedral shape o type Fe compound). Hence, the
influence of cooling rate on the tensile properties of alloys with Mn as a modifier should be

considered carefully in both the type of Fe compound as well as the size of Fe compounds.
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Table 2.1 Nominal compositions of the AA356 based alloys with different Fe and Mn

contents. The samples are named as x Fe or x Fe+ y in the text, where the x represents the

Fe content (in mass %) and y represents the Mn/Fe ratio.

Elements (mass %)

Alloys Mn/Fe ratio
Al Si Mg Fe Mn

Set 1 Bal. 7.00 0.35 0 0 -

Set 2 Bal. 7.00 0.35 1.0 0,0.35, 0.5, 0.65 0,0.35,0.50.65

Set3 Bal. 7.00 0.35 1.5 0,0.525,0.75,0.975 0, 0.35, 0.5, 0.65

Set4 Bal. 7.00 0.35 2.0 0 0

Set5 Bal. 7.00 0.35 25 0,0.875,1.25, 1.625 0, 0.35, 0.5, 0.65
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Fig. 2.1 Schematic illustration of the casting process utilized by step-like mold.
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Fig. 2.2 Appearance of the step-like mold used in the present work with the cast ingot (a)

and the schematic illustration of the longitudinal section of the step-like mold (b).
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Fig. 2.5 Elongation and ultimate strength of the alloy Al-7.0 wt.% Si-0.35 wt.% Mg without

Fe addition under different cooling rates.
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Fig.2.6 Microstructures of the alloy Al-7.0 wt.% Si-0.35 wt.% Mg without Fe addition under
different cooling rates, (a) 3.2°C/s, (b) 8.1°C/s, (c)15.5°C/s; The corresponding
microstructures of the cross-sections of the tensile specimens under the fracture surface, (d)

3.2°Cs, (e) 8.1°C/s, (f) 15.5°C/s.

32



14 +
m 32K/s
12 + e B8.1KI/s
A 155KI/s
S
-
w
c
2
©
(@]
c
2
w
0.0 0.5 1.0 15 2.0 25
Fe content, wt.%
300
= 32K/s
® 81KI/s
250 F A 155K/s
©
[a
2 200} 4
b
- A
ey
‘g 150 |
e
< 100}
£
£ sof t %
O [ [ [ [ [ [
0.0 05 1.0 15 2.0 2.5

Fe content, wt.%
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Fig.2.8 Microstructures of the cross-sections of the tensile specimens with different Fe contents under different cooling rates, 1.0 Fe: (a)
3.2°C/s, (b) 8.1°C/s, (c) 15.5°C/s; 1.5 Fe: (d) 3.2°C/s, (e) 8.1°C/s, (f) 15.5°C/s; 2.0 Fe: (g) 3.2°C/s, (h) 8.1°C/s, (i) 15.5°C/s; 2.5 Fe: (j) 3.2°Cls,

(k) 8.1°CIs, (I) 15.5°C/s|
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Fig.2.9 Mechanical properties of cast AA356 based alloys with 1.0 Fe and different Mn/Fe

ratio under different cooling rates: (a) elongation, (b) UTS.
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Fig.2.10 Microstructures of the cross-sections of the tensile specimens with 1.0 Fe and
different Mn/Fe ratio under different cooling rates, 1.0 Fe: (a) 3.2°C/s, (b) 8.1°C/s, (c)
15.5°C/s; 1.0 Fe + 0.35: (d) 3.2°C/s, (e) 8.1°C/s, (f) 15.5°C/s; 1.0 Fe + 0.5: (g) 3.2°C/s, (h)

8.1°Cls, (i) 15.5°C/s; 1.0 Fe + 0.65: (j) 3.2°Cls, (k) 8.1°C/s, () 15.5°Cls.
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Fig.2.10 (Continued). The arrows in (g) and (j) indicated the large branches of the Chinese
script Fe compound can easily act as the nucleation sites for cracks under loading. Arrows

indicated the large branches of Chinese script Fe compound.
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Fig.2.11 Mechanical properties of cast AA356 based alloys with 1.5 Fe and different Mn/Fe

ratio under different cooling rates: (a) elongation, (b) UTS.
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Fig. 2.12 Microstructures of the cross-sections of the tensile specimens with 1.5 Fe and
different Mn/Fe ratio under different cooling rates, 1.5 Fe: (a) 3.2°C/s, (b) 8.1°C/s, (c)
15.5°C/s; 1.5 Fe + 0.35: (d) 3.2°C/s, (e) 8.1°C/s, (f) 15.5°C/s; 1.5 Fe + 0.5: (g) 3.2°C/s, (h)

8.1°Cls, (i) 15.5°C/s; 1.5 Fe + 0.65: (j) 3.2°C/s, (k) 8.1°C/s, () 15.5°C/s.
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Fig. 2.12 (Continued).
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Fig.2.13 Mechanical properties of cast AA356 based alloys with 2.5 Fe and different Mn/Fe

ratio under different cooling rates: (a) elongation, (b) UTS.
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Fig. 2.14 Microstructures of the cross-sections of the tensile specimens with 2.5 Fe and
different Mn/Fe ratio under different cooling rates, 2.5 Fe: (a) 3.2°C/s, (b) 8.1°C/s, (c)
15.5°C/s; 2.5 Fe + 0.35: (d) 3.2°C/s, (e) 8.1°C/s, (f) 15.5°C/s; 2.5 Fe + 0.5: (g) 3.2°C/s, (h)

8.1°Cls, (i) 15.5°Cls; 2.5 Fe + 0.65: (j) 3.2°Cls, (k) 8.1°C/s, (1) 15.5°Cls.
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Fig. 2.14 (Continued).
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Fig. 2.15 Microstructures of the cross-sections of the tensile specimens with 1.0 Fe and 2.5

Fe. The arrows indicated the cracks located inside the platelet Fe compounds.
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Fig. 2.16 Microstructures of the alloy 2.5 Fe and 2.5 Fe + 0.65 solidified at low cooling rate.
The large size of platelet Fe compounds block the feeding channel of the liquid during
solidification leads to the formation of pore (a) and the formation of the polyhedral shape Fe

compound also along with the formation of pore (b).
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Chapter 3

Influence of Fe content, Mn/Fe ratio and cooling rate on
morphology of Fe intermetallic compounds in cast AA356 based

alloys

In cast Al-Si alloys, the platelet B type Fe intermetallic compound has been considered
as most detrimental Fe compounds to their mechanical properties, especially ductility.
When the Fe is inevitable, to enhance the properties of the cast aluminum alloys, the
modification of Fe compounds from the platelet f type Fe compound to a more compact and
less harmful o type Fe compound having the Chinese script morphology becomes the

efficient and important way.

This chapter mainly investigated how did three factors, Fe content, Mn/Fe ratio and
cooling rate individually and combined influence this modification process in cast AA356
(JIS, AC4C) based alloys. The special shape stainless steel mold was utilized during
casting to generate the different cooling rates. The results were mainly revealed by the
morphology analysis. The results revealed that with increasing the Fe content in the alloy
without Mn addition, the size of the platelet  type Fe compound increases significantly
under the same cooling rate. The Mn addition was effective to modify the platelet p type Fe
compound to more compact Chinese script and/or polyhedral shape o type Fe compound.

The amounts these two kinds of a type Fe compounds mainly depends on the Mn/Fe ratio
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and the cooling rate at a given Fe content.

3.1 Introduction

Cast Al-Si alloys are widely used in automotive industry due to their excellent properties
such as high strength/weight ratio, low cost of recycling and etc. Depending on the purity of
the base material, the Al-Si alloys contain various amounts of impurity elements. Fe is
always present in aluminum as a dominant impurity. It comes into aluminum from ores,
anodic mass, master alloys, as well as from the steel equipment used in melting and casting
[1]. In the recycled alloys, for example in the aluminum alloy scraps, the Fe concentration
usually is very high. It has been widely accepted that Fe is the most detrimental impurity in
cast Al-Si alloys due to the formation of Fe intermetallic compounds, as shown in ternary
phase diagram of Al-Si-Fe system in Fig. 3.1 [2]. Fe intermetallic compounds are formed by
reacting of Fe with Al and Si during solidification process due to its small solid solubility in
the Al matrix [3]. Fe intermetallic compounds are assumed to act as stress raisers and are
points of weak bond, causing reduction in mechanical properties, particularly the ductility of
cast alloys. The reduction of mechanical properties depends on their amount, size and type.
In the AI-Si alloys with high Si content, there are two main Fe compounds with their
dominant morphology, the platelet B type Fe compound and the Chinese script o type Fe
compound. Among them, B type Fe compound appearing as the platelet shape (needle-like
in the 2-D cross-section image), has been identified as the dominant and most detrimental
one in Al-Si alloy castings [4-6], as shown in Fig. 3.2 (a). The metallurgically preferable
phase is a-AlgFe,Si with the morphology of Chinese script. It performs a less deleterious
effect on strength properties than that of platelet B type Fe compound does. These effects are
due to its more compact shape and its more diffuse interface with the Al matrix. Chinese

script shape presents less of an internal stress concentration than do sharp platelet  type Fe
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compound. However, in the Al-Si alloys without modifier, the Fe compounds usually
solidify as platelet B type Fe compound instead of Chinese script o type Fe compound.
Hence, it is important to control Fe intermetallic compounds by refining their size and by

modifying them to the less harmful morphologies.

Mn is most widely used to modify the platelet B type Fe compound to less harmful
Al;5(Fe,Mn)sSi, compound with a Chinese script morphology, which is also confusingly
called as o type Fe compound, as shown in Fig. 3.2 (b). Mn addition favors the
a-Alys(Fe,Mn)sSi, compound to be the dominant one [7,8]. If Fe and Mn contents are
sufficiently high, the third kind of Fe compound, which has the similar composition and
crystal structure as that of the Chinese script o type Fe compound, also confusingly known
as the a type Fe compound but with the polyhedral shape [9,10], as shown in Fig. 3.2 (c).
This compound has been thought not to embrittle the alloy, but reduce the machinability and

its formation should be avoided [7].

Efforts are made to keep the Fe contents in Al alloys as low as possible. Clearly, the
strict requirement for low levels of Fe in the cast aluminum alloys significantly increases
costs. So how to improve the mechanical properties of cast aluminum alloys with high Fe
content becomes important and necessary. When the Fe compounds are inevitable, the

Chinese script o type Fe compound or the small size Fe compounds are preferable [11].

Mn was usually added into the alloy as a modifier to modify the platelet p type Fe
compound to the Chinese script a type Fe compound [12]. Although the addition of Mn to
Al-Si alloys has been widely investigated and documented, the amount of Mn needed to
neutralize Fe has not been well established, especially with the change of the cooling rate
[14]. Several researchers have been working to find the critical Fe:Mn ratio, known as the

sludge factor or Iron Equivalent Vale (IEV) to avoid the formation of polyhedral shape Fe
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compounds [14-18]. The previous works mainly revealed the influences of the Mn and Fe
content on the type and size of different Fe compounds [18-20] or the cooling rate on the
evolution of different Fe compounds during the modification process separately [21-22].
Still very limited work has reported systematically about the influences of the Fe content,
the Mn/Fe ratio and cooling rate on the modification of Fe compounds. This chapter mainly
investigate the individually and combined influences of the Mn/Fe ratio and cooling rate on

the modification of Fe compounds in cast AA356 based alloys with different Fe contents.

3.2 Experimental procedures

The master alloy Al-7.0mass% Si-0.35mass% Mg was molten in a graphite crucible
under an Ar protective atmosphere by an electrical resistance furnace. The nominal
compositions of the experimental AA356 based alloys are given in Table 3.1. The iron was
added in the form of Fe wire, and Fe contents in each alloy are 1.0wt.%, 1.5wt.%, 2.0wt.%
and 2.5wt.%, respectively. Mn was added in the form of the Al-9.93 wt.% Mn. Different Mn
contents were added to make sure the Mn/Fe ratio are 0, 0.35, 0.5 and 0.65, respectively at
each given Fe content. In the present work, neither grain refiner nor eutectic modifier was
added to the melt. Samples are named as x Fe or x Fe + y in the text, where the X represents
the Fe content (in mass %) and y represents the Mn/Fe ratio. Each alloy was cast into a
stainless steel mold, as shown in Fig. 3.3. The thickness of the mold walls was designed
getting thinner gradually from the bottom (60 mm) to the top (40 mm) to get the wedge
shape cast. Hence, the different heights of the cast show the different cooling rates. During
casting, the thermocouples were set in the center of the mold at different locations of the
mold from its bottom (20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, 80 mm and 90 mm
from the bottom of the mold), to monitor the cooling curves. The average cooling rate at

each location was calculated from the beginning to the onset of the eutectic temperature
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(around 570°C) in each cooling curve. In addition, the stainless steel cup mold system as
shown in Fig. 3.4 was used to generate the low cooling rate. The cup molds at the room
temperature were filled by dipping into the melt which was holding at 720 °C, temporarily
immersing it to attain thermal equilibrium with the melt. The molds with their liquid metal
were then removed from the melt and solidified in air. The K-type thermocouples were
located in the central areas of the cup molds to monitor the cooling curves during air cooling
just after taking out the cup molds from the molten alloys. The calculated cooling rates
based on the cooling curves obtained by two kinds of molds during casting were showed in

Fig. 3.5.

Microstructures of the alloys were studied by an optical microscope (OM). Electron
probe micro-analyzer (EPMA) was utilized to measure the elements distribution inside the
Fe intermetallic compounds and WDS was conducted to measure the composition of Fe
intermetallic compounds. Samples for the microstructural analysis were prepared by

standard techniques with the final polishing stage using the 0.05 pm colloidal silica.

3.3 Results

3.3.1 Identification of Fe intermetallic compounds in the present work

Basically, the different Fe compounds in cast Al-Si alloys have their dominant
morphologies, e.g. the B type Fe compound appeared as platelet and o type Fe compound
appeared as Chinese script or polyhedral shape. This is the easy and typical way to identify
the different Fe compounds in Al-Si alloys. Hence, it is necessary to make sure that this
method is correct or incorrect in the whole work. The EPMA and WDS were used in this
work to analysis the compositions of Fe compounds with different morphologies. The
results were showed in Fig. 3.7, Fig. 3.8, Table 3.2 and 3.3. The locations conducted WDS

analyses were marked by solid red circles in the BEI images in each Fe compound. Based
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on the EPMA and WDS analysis results, it is clear that in this work, it is correct to identify

the different Fe compounds by their characteristic morphologies.

3.3.2 Effect of Fe content

Microstructures of the alloys with different Fe contents at the low cooling rate (3.6K/s,
90 mm) were showed in Fig. 3.9. The size of the platelet B type Fe compound particles
significantly increases with increasing the Fe content. The larger size platelet p type Fe
compound particles marked by the arrows in Fig. 3.9 (d) and (e) demonstrated that with
increasing the Fe content, the B type Fe compound crystallized at higher temperature, before
the crystallization temperature of a-Al phase. Longer growth time made the size of the

type compound much larger.

3.3.3 Effect of Mn/Fe ratio

The addition of Mn can modify the platelet B type Fe compound to a type Fe compound
which appeared as both Chinese script and polyhedral shape, as shown in Fig. 3.10. In the
alloy with both low Fe content and low Mn/Fe ratio, the alloy 1.0 Fe + 0.35, almost all of
the Fe compounds appeared as the platelet shape, as shown in Fig. 3.10 (a). With increasing
the Mn/Fe ratio, some of the platelet shape B type Fe compounds were modified to the
Chinese script o type Fe compounds, marked by arrows in Fig. 3.10 (b). When the Mn/Fe
ratio reached up to 0.65, most of the platelet  type Fe compounds were modified to Chinese
script Fe compounds, as shown in Fig.3.10 (c). However, still some platelet B type Fe

compounds existed, as shown in Fig.3.10 (c) marked by arrows.

By increasing the Fe content from 1.0wt.% to 1.5wt.% with the Mn/Fe ratio of 0.35,
most of the Fe compounds were modified to the Chinese script o type Fe compounds, as
shown in Fig.3.10 (d). With increasing the Mn/Fe ratio to 0.5, all the Fe compounds

appeared as o type with morphologies of both Chinese script and polyhedral shape, as

51



shown in Fig. 3.10 (e). With increasing the Mn/Fe ratio to 0.65, the amounts of polyhedral

shape Fe compounds increased, as shown in Fig. 3.10 (f).

In the alloy 2.0 Fe + 0.35, Fe compounds appeared as platelet, Chinese script and
polyhedral shape, as shown in Fig. 3.10 (g). With increasing the Mn/Fe ratio to 0.5 at this Fe
content, almost all the platelet B type Fe compounds were replaced by a type Fe compounds.
The amounts of the polyhedral shape o type Fe compounds greatly increased, as shown in
Fig. 3.10 (h). When the Mn/Fe ratio was increased to 0.65, most of the Fe compounds

became as the polyhedral shape, as shown in Fig. 3.10 (i).

When the Fe content was 2.5wt.%, the modification of the Fe compounds by Mn
addition showed the similar tendency as that of the alloys with 2.0wt.% Fe and different
Mn/Fe ratio, as shown in Fig. 3.10 (j)-(I). The difference is that at the same Mn/Fe ratio, the

amounts of the polyhedral shape o type Fe compounds increased.

3.3.4 Effect of cooling rate

Microstructures of the alloys with different Fe contents at different cooling rates were
showed in Fig. 3.11. In the alloy without Mn addition, all the Fe compounds appeared in the
form of platelet shape, as shown in Fig. 3.11. Changing the cooling rate can not modify the
Fe compound in the type. However, the size of the Fe compounds was refined by high
cooling rate significantly. With increasing the cooling rate from 0.67°C/s to 17.3°C/s, the
size of the 3 type Fe compounds was refined from the large one to the small one, regardless

of the Fe content.

In the alloy 1.0 Fe + 0.35, with increasing the cooling rate, Fe compounds tended to
solidified as platelet instead of Chinese script, as shown in Fig. 3.12 (a)-(d). In the alloy 1.0
Fe + 0.5 and 1.0 Fe + 0.65, with increasing the cooling rate, the amounts of platelet Fe
compounds increased, as shown in Fig. 3.12 (e)-(I). Moreover, at the same cooling rate,

52



more Mn addition (large Mn/Fe ratio) can make more Fe compounds solidify as Chinese

script instead of platelet Fe compounds.

In the alloy 2.5 Fe + 0.35, with increasing the cooling rate from 0.67°C/s to 17.3°C/s, Fe
compounds solidified as platelet and Chinese script. High cooling rate restricted the
formation of polyhedral shape Fe compound, as shown in Fig. 3.13 (a)-(d). In the alloy 2.5
Fe + 0.5 and 2.5 Fe + 0.65, with increasing the cooling rate, Fe compounds solidified as
Chinese script and small polyhedral shape instead of large size polyhedral shape, as shown
in Fig. 3.13 (e)-(k). With increasing the cooling rate, the size of Fe compounds decreased.
Also, the Chinese script a type Fe compound is preferentially formed, comparing with the

formation of polyhedral shape Fe compound.

It is indicted that the high cooling rate favored the formation of the platelet  type Fe
compound instead of Chinese script Fe compound in the alloys with low Fe content and
different Mn/Fe ratio. In addition, high cooling rate can restrict the formation of the

polyhedral shape Fe compound in the alloy with the high Fe content and high Mn/Fe ratio.

3.4 Discussion

The platelet B type Fe compound is known as very detrimental to the mechanical
properties of cast Al-Si alloys, especially ductility. The high Fe content tends to cause the
larger size platelet B type Fe compound rather than increasing its number density, as shown
in Fig. 3.9. This larger size platelet B type Fe compound, which is believed to be more
detrimental, is considered to be formed earlier and hence more unconstrained growth occurs.
The Fe content is the main factor that influences the morphology of the Fe compounds in
cast Al-Si alloys. Increasing the cooling rate can restrict the growth of the larger size Fe

compounds and other phases, which is beneficial to the mechanical properties of alloys.
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The addition of Mn results in the modification of the morphology and type of
intermetallic compounds from platelet B type Fe compound to Chinese script and/or
polyhedral shape o type Fe compounds. Couture revealed that if the iron content exceeded
0.45 mass %, the Mn content should not be less than the half of the Fe content to modify all
of the platelet B type Fe compounds [14]. However, in this work, this ratio was greatly

affected by both the Fe content and cooling rate.

At the low Fe content, the high Mn/Fe ratio and low cooling rate favor the formation of
the Chinese script a type Fe compound, as shown in Fig. 3.12 (i) and (j). Decreasing the
Mn/Fe ratio and increasing the cooling rate result in the amounts increase of platelet  type
Fe compounds, as shown in Fig. 3.12 (a), (b), (k) and (I). On the other hand, at the high Fe
content, high Mn/Fe ratio and low cooling rate favor the formation of the polyhedral shape o
type Fe compound, as shown in Fig. 3.13 (e) and (i). Decreasing Mn/Fe ratio and increasing
cooling rate result in the amounts decrease of polyhedral shape o type Fe compounds
accompanied by the amounts increase of Chinese script a type Fe compounds, as shown in

Fig. 3.13 (a), (d), (h) and (k).

Therefore, in order to modify the platelet B type Fe compound to Chinese script o type
Fe compound and to avoid the formation of the polyhedral shape a type Fe compound, the
critical Mn/Fe ratio and cooling rate should be mainly considered at a given Fe content. In
the alloy with 1.0wt.% Fe, the Mn/Fe ratio of 0.65 is a little bit large at the cooling rate of
0.67°C/s. At the cooling rate of 3.6°C/s, the Mn/Fe ratio should be larger than 0.65 to
modify the remained platelet  type Fe compound at the cooling rate of 3.6°C/s, as shown in
Fig.3.12 (i) and (j). If increasing the cooling rate at this Fe content, to modify all the platelet
Fe compounds to Chinese script Fe compounds, the Mn/Fe ratio should be much larger, as

shown in Fig.3.12 (k) and (I). In the alloys with 2.5wt.% Fe, it is difficult to modify all the
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Fe compounds appeared Chinese script without solidifying as both platelet and polyhedral
shape by alerting the Mn/Fe ratio and cooling rate, as shown in Fig. 3.13. From the
microstructures, the high cooling rate can refine the size of Fe compound. The Mn/Fe ratio
of 0.5 at high cooling rate is beneficial to obtain the better morphology in which the Fe
compounds appeared as Chinese script and small size polyhedral, without platelet Fe

compound, as shown in Fig. 3.13 (h).

Additionally, most of Fe compounds appeared as platelet shape at the low Fe content
with high Mn/Fe ratio and as Chinese script shape at the high Fe content with high Mn/Fe at
high cooling rate, as shown in Fig.3.12 (I) and Fig. 3.13 (k). It is considered that the platelet
B type Fe compound can solidify earlier than Chinese script a type Fe compound. The
formation of the polyhedral shape Fe compound mainly came from the growth of the

Chinese script Fe compound. This phenomenon will be explained in Chapter 3.

3.5 Conclusions

The influence of Fe content, Mn/Fe ratio and cooling rate on the modification process of
Fe intermetallic compounds in cast AA356 based alloys was investigated. The results can be

drawn as follows:

1. Fe content greatly influences the size of the platelet g type Fe compound in the alloys
without Mn addition. The size of the B type Fe compound increases significantly with

increasing the Fe content.

2. Mn addition was effective to modify platelet f type Fe compound to more compact
compounds, Chinese script and/or polyhedral shape o type Fe compound. The ratio of these
different Fe compounds was greatly affected by the Mn/Fe ratio and the cooling rate at a

given Fe content.
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3. At high cooling rate, in the alloy with low Fe content and high Mn/Fe ratio and high
Fe content and high Mn/Fe ratio, Fe compounds mainly appeared as platelet shape and
Chinese script separately. It is indicated that the platelet p type Fe compound can solidify
earlier than Chinese script o type Fe compound. The formation of the polyhedral shape Fe

compound mainly came from the growth of the Chinese script Fe compound.
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Table 3.1 Nominal compositions of cas AA356 based alloys with different Fe and Mn
contents. The Mn/Fe ratios in each set are 0, 0.35, 0.5 and 0.65 respectively. The samples
are named as x Fe or x Fe+ y in the text, where the x represents the Fe content (in mass %)

and y represents the Mn/Fe ratio.

Elements (mass %)
Alloys Mn/Fe ratio
Al Si Mg Fe Mn

Set1l Bal. 7.00 0.35 - - -

Set 2 Bal.  7.00 0.35 1.0 0,0.35, 0.5, 0.65 0, 0.35,0.50.65
Set3 Bal. 7.00 0.35 1.5 0,0.525,0.75,0.975 0, 0.35, 0.5, 0.65
Set4 Bal. 7.00 0.35 2.0 0,0.7,1.0,1.3 0, 0.35, 0.5, 0.65

Set5 Bal. 7.00 0.35 2.5 0,0.875,1.25, 1.625 0, 0.35, 0.5, 0.65
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Table 3.2 WDS quantitative analysis of Fe intermetallic compounds in the alloy 2.5 Fe +

0.35 at the cooling rate of 3.6°C/s.

Shape of Fe intermetallic Al Si Fe Mn (Fe+Mn)/Si Total
compounds wt.% wt.% wt.% wt.%  atomicratio  wt.%
Platelet 58.25 16.09 23.92 1.74 1/1.25 100.00
Chinese script 64.70 10.18 18.53 6.59 1/0.80 100.00
Polyhedral shape 60.80 10.98 19.25 8.97 1/0.77 100.00

Table 3.3 WDS quantitative analysis of Fe intermetallic compounds in the alloy 2.5 Fe at the

cooling rate of 17.3°C/s.

Shape of Fe intermetallic Al Si Fe Mn (Fe+Mn)/Si  Total
compounds wt.% wt.% wt.% wt%  atomicratio wt.%

Platelet 1 73.71 1080  15.37 0.10 1/1.39 100.00

Platelet 2 68.67  15.06  22.89 0.05 1/1.31 100.00
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Fe, mass%:

Si, masse

Fig. 3.1 Calculated liquidus surface of the Al-Fe-Si ternary phase diagram [2], where t4

represents 6—AlsFeSiy, 15 represents a-AlgFe,Si and t6 represents B—AlsFeSi, respectively.

Fe,Al; also was confusedly named as 6—AlzFe.
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Fig. 3.2 Morphology of different Fe compounds after deep etching: (a) platelet B type Fe
compound, (b) Chinese script a type Fe compound, (c) polyhedral shape o type Fe

compound.
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Fig. 3.3 The stainless steel mold for casting (a) and its half schematic drawing (b). The
locations of the thermocouples during casting were marked by solid circles. They are 20mm,

30mm, 40mm, 50mm, 60mm, 70mm, 80mm and 90mm from the bottom of the mold. The

wedge-shaped specimen obtained by this mold (c).
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Fig. 3.4 The stainless cup mold system used to generate the low cooling rate.
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and no Mn addition.
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Fig. 3.6 Schematic illustration of the casting process utilized the wedge-shape mold and the

stainless steel cup mold.
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(c) Polyhedral shape
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Fig. 3.7 Chemical composition analysis by EPMA color mapping of the (a) platelet Fe
compound, (b) Chinese script Fe compound and (c) polyhedral shape Fe compound in the
alloy 2.5 Fe + 0.35 at the cooling rate of 3.6°C/s. The locations to make the WDS analysis

were marked by red solid circles in the BEI images.
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Fig. 3.8 Chemical composition analysis by EPMA color mapping of platelet Fe compounds
in the alloy 2.5 Fe at the cooling rate of 17.3°C/s. The locations to make the WDS analysis

was marked by red solid circle in the BEI image.
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Fig. 3.9 Microstructures of the alloys with different Fe contents at the cooling rate of
3.6°C/s from the bottom of the mold: (a) Fe-free, (b) 1.0 Fe, (c) 1.5 Fe, (d) 2.0 Fe. (e) 2.5Fe.

The large size platelet B type Fe compound particles are indicated by the arrows.
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Mn/Fe:O 35 0.5 0.65

1.0 Fe

15Fe

2.0 Fe

25Fe

Fig. 3.10 Microstructures of the alloys with different Fe contents and Mn/Fe ratios at the
cooling rate of 3.6°C/s: (a) 1.0 Fe + 0.35 (b) 1.0 Fe + 0.5 (c) 1.0 Fe + 0.65 (d) 1.5 Fe + 0.35
(€) 1.5 Fe + 0.5 (f) 1.5 Fe + 0.65 (g) 2.0 Fe + 0.35 (h) 2.0 Fe + 0.5 (i) 2.0 Fe + 0.65 (j) 2.5
Fe + 0.35 (k) 2.5 Fe + 0.55 (I) 2.5 Fe + 0.65. Arrows in the images indicated the appearance

of platelet Fe compound.
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17.3°Cls
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2.5Fe

Fig. 3.11 Microstructures of the alloys with different Fe contents at different cooling rates, Fe-free: (a) 3.6°C/s, (b) 7.5°C/s, (c) 17.3°C/s; 1.0

Fe: (d) 0.67°CIs, (e) 3.6°CIs, (f) 7.5°Cls, (g) 17.3°Cls; 2.5 Fe: (h) 0.67°CIs, (i) 3.6°CIs, (j) 7.5°CIs, (k) 17.3°C/s.
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Fig. 3.12 Microstructures of the alloys with 1.0wt.% Fe and different Mn/Fe ratios at different cooling rates, 1.0Fe + 0.35: (a) 0.67°C/s,

(0)3.6°C/s, (c) 7.5°CIs, (d) 17.3°Cs; 1.0 Fe + 0.5: () 0.67°C/s, (f) 3.6°CIs, (g) 7.5°Cls, (h) 17.3°C/s; 1.0 Fe + 0.65: (i) 0.67°CIs, (j) 3.6°CIs, (k)
7.5°Cls, (1) 17.3°Cls.
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Chapter 4

Evolution of Fe intermetallic compounds during solidification in
cast AA356 based alloys with different Fe content and Mn/Fe

ratio

Mn addition showed very effective influence on the modification of the platelet 3 type Fe
compound to the less harmful Chinese script o type Fe compound, although sometimes it
was over-modified to the polyhedral shape o type Fe compound, especially when the Fe and
Mn concentrations were relative high. In order to control this modification process well to
make the Fe compounds solidify as the Chinese script o type Fe compound, it is very
important and essential to get the deep understanding about the evolution of Fe compounds

in the modification process during solidification.

In this chapter, the evolution of Fe compounds during solidification was revealed by the
quenching experiment. The comparing quenching experiments under different situation were
conducted to reach this target. The results indicated that in the alloys without Mn addition,
the Fe compounds only appeared as a platelet shape. In the alloys with low Fe content and
low Mn addition, the Fe compound crystallized as the plateler S type compound at the
beginning of the solidification. With the solidification proceeding, the Chinese script o. type
Fe compound became the dominant one. More Mn addition in the alloys with both the low
and high Fe content, part of the Fe compound crystallized as the Chinese script at the
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beginning of the solidification as well as the platelet shape. With the solidification
proceeding, the growth of the Chinese script Fe compound accompanied by the decrease of
the platelet S type Fe compound. In the alloy with high content Fe and high Mn addition, Fe
compounds also can appear as the polyhedral shape. The formation of polyhedral shape a
type Fe compound mainly came from two aspects, crystallized as the primary phase and the
growth of Chinese script a. type Fe compound. The ratio of these two parts of compounds

mainly depends on the composition and cooling rate.

4.1 Introduction

The recycled aluminum alloys has many advantages such as low energy consumption of
only 3-5% compared with the primary aluminum production [1]. However, the challenge for
using the recycled aluminum alloys is that in the recycled alloys, the impurities
concentrations are usually very high. Among them, the iron impurity content is one of the
main factors to evaluate the property and determine the level of the prices of final product in
cast Al-Si alloys. The Fe intermetallic compounds formed during solidification in cast Al-Si
alloys degrade the mechanical properties and formability of the alloys, especially the
platelet B type Fe compound. Its sharp shape and weak interface to the Al matrix can result

in crack initiation and propagation [2].

Hence, efforts are made to keep the Fe concentrations in cast Al-Si alloys as low as
possible. However, there is no known way to economically remove Fe from aluminum or its
alloys so far. When the Fe is inevitable, how to decrease the damage influence of Fe
impurity on the mechanical properties of cast Al-Si is very essential, especially when the Fe

content is high.

As introduced in the former chapters, it is clear that in order to improve the mechanical

properties of cast Al-Si alloys with Fe impurity, making the Fe compounds solidify as the
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Chinese script a type Fe compound is a very effective way instead of the platelet B type Fe
compound [4-6]. In Chapter 3, the formation of the platelet p type Fe compound can be
restricted well by alerting the Mn/Fe ratio and cooling rate in a given Fe concentration.
However, about the evolution of the Fe compounds during this modification process is still
unclear. Very limited work reported this field, and still not unified conclusion has been

conducted.

In this chapter, the quenching experiment was conducted to investigate the evolution of
Fe compounds during solidification in the modification process from the platelet B type
compound to the less harmful Chinese script o type Fe compound. In the industrial
production process, to control Mn addition is a much easier way than introducing the higher
cooling rate. Therefore, in this chapter the quenching experiments were prepared at low
cooling rates to reveal the evolution of Fe compounds during solidification. On this basis,
the solidification sequence of the AA356 based alloys with different Fe content and Mn/Fe

ratio were discussed.

4.2 Experimental procedures

Some results obtained in Chapter 3 will be utilized in this chapter. Hence, the
experimental procedures and chemical compositions of alloys used are the same as that
introduced in Chapter 3. The chemical compositions of the experimental AA356 based
alloys used in this study are given in Table 4.1. The manufacture process for the master
alloy Al-7.0wt.% Si-0.35wt.% Mg was the same as that described in Chapter 3. The samples
with different compositions are named as X Fe or x Fe+ y in the text, where the x represents
the Fe content (in mass %) and y represents the Mn/Fe ratio. The alloys were remelted using
an electrical resistance furnace and conducted water-quenching experiments. The stainless

steel cup molds coated with a thin layer of boron nitride were used for quenching
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experiments, as shown in Fig.4.1 (a) and (b). In order to get more detailed information about
the evolution of the Fe compounds, two sets of the comparative quenching experiments

were performed. The quenching experimental procedures were showed in Fig. 4.2 (a) and

(b).

In the set 1, the cup molds at the room temperature were filled by dipping into the melt
which was holding at 720 °C, temporarily immersing it to attain thermal equilibrium with
the melt. The molds with their liquid metal were then removed from the melt and solidified
in air. The K-type thermocouples were located in the central areas of the cup molds to
monitor the cooling curves during air cooling just after taking out the cup molds from the
molten alloys. The cooling rate of this kind of cup mold under this situation during air
cooling is 0.59 °C /s, as shown in Fig. 4.3 (a). The onset of the air cooling was counted from
the time taking out the cup molds from the melt. For each alloy composition, four
interrupted water-quenched experiments were carried out at 5 s, 20 s, 50 s and 180 s timing
from the start of the air cooling, where each time represented the special solidification stage.
The air cooling time used in the following text represents the period between onset of the air

cooling and the water-quenched time.

In the set 2, before dipping into the melt, the cup molds were kept in another furnace
which temperature was 720 °C for 2 minutes to get the thermal equilibrium. The cup molds
were then dipped into the melt keeping around 5s to attain thermal equilibrium. The molds
with their liquid metal were removed from the melt and solidified in air. The K-type
thermocouples were located in the central areas of the cup molds to monitor the cooling
curves during air cooling just after taking out the cup molds from the molten alloys, as
shown in Fig. 4.1 The cooling rate of this kind of cup mold under this situation during air

cooling is 0.67 °C /s, as shown in Fig. 4.3 (b). The onset of the air cooling was counted from
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the time taking out the cup molds from the melt. For each alloy composition, four or five
interrupted water-quenched experiments were carried out at different stage of the
solidification, where the temperature were 660 °C, 620 °C, crystallized temperature of a-Al
phase, 580 °C and eutectic temperature, respectively, as shown in Fig. 4.7 (a), Fig. 4.8 (a),
Fig. 4.9 (a), Fig. 4.10 (a), Fig. 4.11 (a), Fig. 4.12 (a), Fig. 4.13 (a) and Fig. 4.14 (a). The
corresponding air cooling times to the temperatures in different alloys were a little bit
different depending on the different compositions. Onset of the air cooling was counted
from the time taking out the cup molds from the melt. After such the air cooling time, the
cup mold with its melt was immediately moved into another furnace where the temperature
was set as the corresponding temperature to the air cooling time in each alloy for holding 60

minutes. The cup mold with its melt was quenched into the water at the room temperature.

Microstructures of the alloys were studied by an optical microscope (OM). Chemical
analysis of different Fe compounds was performed by an energy dispersive spectroscopy
(EDS) system attached to an FE-SEM. Samples for the microstructural analysis were
prepared by standard techniques with the final polishing stage using the 0.05 um colloidal

silica.

4.3 Results

In Chapter 3, with increasing the cooling rate, in the alloy with low Fe content and high
Mn/Fe ratio (1.0 Fe + 0.65), most of the Fe compounds appeared as the platelet shape
instead of Chinese script a type Fe compound. However, in the alloy with high Fe content
and high Mn/Fe ratio (2.5 Fe + 0.65), with increasing the cooling rate, most of the Fe
compounds appeared as the Chinese script instead of the polyhedral shape as it showed in
the low cooling rate, as shown in Fig. 4.4. It indicated that the platelet § type Fe compound

can solidify earlier than Chinese script o type Fe compound during solidification.
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Meanwhile, the formation of the polyhedral shape o type Fe compound seemed mainly

coming from the growth of the Chinese script a type Fe compound.

To prove this hypothesis and get further understanding of the evolution of Fe
compounds during solidification, the comparing water-quenched experiments during air

cooling were conducted. The results are showed in the figures from Fig. 4.7 to Fig. 4.14.

In the set 1 of the quenching experiment, the Fe compounds appeared as the very small
size platelet shape at the beginning of the solidification in the alloy 1.0 Fe + 0.5, as shown
in Fig. 4.5 (a). With increasing the air cooling time, the size of these small platelet Fe
compounds increased along with the decrease of their number density, as shown in Fig. 4.5
(b) and (c). Almost no compound appeared as Chinese script shape even the air cooling time
was 50s. However, when the air cooling time reached to 180s, most of Fe compounds
showed the Chinese script. Meanwhile, the amount and volume fraction of platelet Fe
compound decreased, as shown in Fig. 4.5 (c) and (d). This is the direct evidence to prove
that the Fe compound crystallized as the platelet B type compound at the beginning of the
solidification. With the solidification proceeding, the Chinese script a type Fe compound

became the dominant one.

In the alloy 2.5 Fe + 0.5, even at the beginning of the solidification, most of Fe
compounds appeared as the Chinese script shape and some of them appeared as the small
size polyhedral shape, as shown in Fig. 4.6 (a). With increasing the air cooling time, the size
and ratio of the polyhedral shape Fe compound particles greatly increased along with the
decrease of the ratio of the Chinese script Fe compound particles, as shown in Fig. 4.6 (b).
Most of Fe compounds appeared as the polyhedral shape at the air cooling time of 50s, 180s

and full solidification, as shown in Fig. 4.6 (c)-(e). It is clearly demonstrated that most of

80



the polyhedral shape Fe compound particles came from the growth of the Chinese script Fe

compound particles.

From the Fig. 4.5 (a) and (b), there should be a doubt that this kind of small size platelet
B type Fe compound crystallized during quenching instead of reflecting the real
solidification at this temperature. In addition, in the microstructures showed in Fig. 4.5 and
Fig. 4.6, the crystallization phases and residual liquid phase was not clear. Hence, the
comparing quenching experiments were carried out which containing preheating the cup
molds before dipping and holding process at different temperature before quenching. The

results of the set 2 quenching experiments were showed in Fig. 4.7-Fig. 4.14.

In the set 2 of the quenching experiment, in the alloy 1.0 Fe, at the beginning of the
solidification Fe compounds solidified as small size platelet shape, as shown in Fig. 4.7 (b)
and (c) indicated by arrows. However, when the quenching temperature was near a-Al
crystallized temperature with holding 60 minutes, the abnormal growth large size platelet
type Fe compound located inside of a-Al grains appeared, marked by arrows in Fig. 4.7 (d).
It indicated that only some of the primary platelet p type Fe compounds mentioned above in
Fig. 4.7 (b) and (c) can grow to the large size at this temperature. Also, from the location
relationship between this abnormal growth 3 type Fe compound and a-Al grains, during the
solidification, this primary B type Fe compound can solidify before a-Al. Holding at 580 °C
for 60 minutes, no such a big Fe compound appeared as shown in Fig. 4.7 (d). Instead, most
of the Fe compounds grew to the medium size. It indicated that with holding the liquid at
high temperature, the Fe element in the residual liquid tend to diffuse to the Fe compounds

already solidified, instead of the nucleation.

In the alloy 1.5 Fe, the solidification showed the similar tendency as that of the alloy 1.0

Fe. The difference was that at the same quenching temperature and holding time, the size of
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platelet shape Fe compounds was a little bit larger, as shown in Fig. 4.8. When the Fe
content increased to 2.5wt.%, as shown in Fig. 4.9, at the quenching temperature 620°C, the
big size platelet Fe compound appeared. The high concentration of Fe can make the primary

Fe compound grew at much higher temperature (more than 620°C).

Additionally, comparing the full solidification cooling curves of these three alloys, as
shown in Fig. 4.7, Fig. 4.8 and Fig. 4.9, with increasing the Fe content from 1.0wt.% to
2.5wWt.%, the crystallization temperature of o-Al increased from 603.3°C to 609.5°C. It
indicated that with increasing the Fe content, the crystallization temperature of the primary
platelet B type Fe compound increased. The a-Al phase can nucleate on the primary platelet

phase and make its crystallization temperature increase.

In the alloy with low Fe content and low Mn/Fe ratio (1.0 Fe + 0.35), at the beginning of
the solidification, the Fe compound solidified as small platelet shape, as shown in Fig.4.10
(b) and (c). At the quenching temperature of 609.3°C with holding 60 minutes before
quenching, large size Chinese script o type Fe compound appeared inside of the a-Al. It
indicated that nucleation and growth of this kind of Fe compound in this composition
happened before or at this temperature. The nucleation temperature of this phase should be
higher than that of a-Al. Meanwhile, comparing Fig. 4.10 (d) and (e), at this temperature,
the driving force of the growth of Chinese script a type Fe compound bigger than that of the
growth of platelet B type Fe compound and made it grow to the abnormal size. However, at
lower temperature (580°C), the platelet B type Fe compound became more stable, and can
grow to the large size as well. It indicate that the transformation of Fe compounds from
platelet B type Fe compound to Chinese script o type Fe compound mainly happened at high

temperature, higher than 580°C in this composition.
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Increasing the Mn/Fe ratio at 1.0 Fe content, more Mn addition made the Chinese script
a type Fe compound can solidified at the beginning of the solidification as well as the
platelet shape B type Fe compound. Meanwhile, more Mn addition made the Chinese script
a type Fe compound stable and platelet  type Fe compound unstable at higher temperature.
The transformation from f type Fe compound to o type Fe compound happened more
completely. Hence, at 580°C holding 60 minutes, in alloy 1.0 Fe + 0.65, almost all the Fe
compound showed the Chinese script shape, as shown in Fig.4.12 (e). Mn addition can
make o type Fe compound more stable during solidification. In addition, with increasing the
Mn addition, the amount of small size platelet Fe compounds decreased, as shown in Fig.
4.10 (d), Fig. 4.11 (d) and Fig. 4.12 (d). It indicated that more Fe solidified as Chinese script

shape with increasing the Mn addition.

In the alloy 1.5 Fe +0.5, it showed the similar tendency as that of the alloy 1.0 Fe + 0.65,
as shown in Fig. 4.13. At the beginning of the solidification, Fe compound solidified as both
small platelet shape and Chinese script shape. With the solidification proceeding, the
Chinese script o type Fe compound became the dominant one. Almost all the Fe compounds

appeared as the Chinese script after the full solidification.

In the alloy 2.5 Fe + 0.35, it has the similar tendency as that of the alloy 1.0 Fe +0.5, as
shown in Fig. 4.14. At the quenching temperature of 609.3°C with holding 60 minutes
before quenching, large size Chinese script a type Fe compound appeared inside of the a-Al.
The driving force for the growth of Chinese script o type Fe compound at this temperature is
bigger than that of the growth of platelet B type Fe compound and makes it grow to the
abnormal size. However, at lower temperature (580°C), the platelet B type Fe compound
became more stable too (due to not enough Mn addition), and can grow to the large size as

well. After full solidification, part of the Fe compounds showed the platelet shape.
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In addition, in the alloy 1.0 Fe + 0.65 and the alloy 2.5 Fe + 0.35 at the quenching
temperature of 660°C with holding 60 minutes, some of the Fe compound solidified as o
type Fe compound and grew to the large size polyhedral shape, as shown in Fig. 4.15 (a)
and (b). Chinese script Fe compounds appeared near this kind of Fe compound without
growth. Both the compositions of these polyhedral shape and Chinese script shape
compounds were analyzed by EDS and the results were shown in Table 2. The compositions
of these two compounds were corresponding to that of a type Fe compound [3]. The
formation of this kind of polyhedral shape Fe compound at 660 °C after holding 60 minutes
indicated that when the Fe and Mn contents were high, some of the Fe could crystallize as
the polyhedral shape at the beginning of the solidification. The polyhedral shape Fe
compound can act as the nucleation site for the Chinese script Fe compound, as shown in

Fig. 4.15 (a) and (b).

4.4 Discussion

In order to increase the mechanical properties of cast Al-Si alloys with Fe impurity,
some alloying elements are added to modify the platelet B type Fe compound to the less
harmful Chinese script o type Fe compound. Mn is widely used and shows a very effective
influence on this modification process, especially when the Fe content is low. So far, the
effect of Mn on the modification process from the platelet B type Fe compound to the
Chinese script o type Fe compound is clear. However, what happened during the
solidification in this modification process, i.e. the evolution of the Fe compounds during
solidification is unclear. Still very limited research work focuses on this field. In this work,
the water-quenched experiments were conducted to reveal the evolution of the Fe

compounds during the solidification.
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In the alloys without Mn addition, only platelet Fe compound solidified during
solidification. With increasing the Fe content, the growth of the platelet Fe compound

happened at higher temperature, as shown in Fig. 4.7 (c), Fig. 4.8 (c) and Fig.4.9 (c).

Mn addition alerted the solidification sequence of the Fe compounds. Accompanied by
the Mn addition, o type Fe compound appeared. Both of the two sets of the quenching
experiments indicated that in the alloys with Mn addition, the platelet  type Fe compound
solidified at the beginning of the solidification. With solidification proceeding, Chinese
script a type Fe compound appeared along with disappearance of the  type Fe compound.
In the set 1 of the quenching experiment, the growth of the Chinese script a type Fe
compound to the polyhedral shape is very clear, as shown in Fig. 4.6. In the set 2 of the
quenching experiment, in the alloy 2.5 Fe + 0.35 water-quenched at a-Al crystallization
temperature after holding 60 minutes, part of the Fe compounds appeared as the polyhedral
shape, as shown in Fig. 4.16. However, in the microstructure of the water-quenched sample
at lower temperature, almost no polyhedral shape Fe compound appeared, as shown in Fig.
4.14 (e) and (f). It indicated that the growth of the polyhedral shape Fe compound from the
Chinese script Fe compound happened at high temperature, higher or around a-Al

crystallization temperature.

Fe content, Mn/Fe ratio (or Mn addition at a given Fe content) and growth time for the
Fe compounds (cooling rate) can determine the detail of the solidification sequence of the
Fe compounds. The cooling rates used in this work were very close, 0.59°C/s and 0.67°C/s
(the same cup molds with and without preheating process). Hence, the influence of the
cooling rate on the solidification sequence of the Fe compounds was not discussed in this
chapter. However, the holding time (60 minutes) before quenching can be treated as very

small cooling rate. It is very clear that the holding process is very beneficial to the
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transformation from the platelet B type Fe compound to the Chinese script a type Fe
compound, as well as the formation of the polyhedral shape Fe compound. This is consistent
with the conclusion of Chapter 3. The high cooling rate will restrict the formation of the o
type Chinese script Fe compound from the transformation of the platelet § type Fe
compound and the formation of the polyhedral shape o type Fe compound from the growth

of the Chinese script a type Fe compound.

In the alloy with 1.0 Fe, only the platelet Fe compound solidified during solidification.
From the quenching experiment and the microstructure analysis, the formation of the
platelet Fe compound mainly happened at three different stage of the solidification. In Fig.
4.17 (a), the large size Fe compound marked by arrows indicated that this kind of the Fe
compound solidified before the crystallization of the a-Al phase. More compounds located
between the a-Al grains indicated that these compounds formed along with the growth of
the o-Al phase. The small size Fe compounds appeared together with the eutectic Si
indicated that during the eutectic reaction, small amount of the Fe compounds formed, as
shown in Fig. 4.17 (b). Hence, the solidification sequence of the alloy 1.0 Fe under the low

cooling rate 0.67°C/s can be concluded as follow (the formation of Mg,Si phase was not

included):
L — B-AlsFeSi + L (3.1)
L—>Al+L (3.2)
L — Al + B-AlsFeSi + L (3.3)
L—-AlI+Si+L (3.4)
L — Al + Si + B-AlsFeSi (3.5)

In the alloy 1.5 Fe and 2.5 Fe, the solidification sequences are the same as mentioned

above, as shown in Fig. 3.18 and Fig. 3.19. The difference is that the amount ratio of the Fe
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compounds solidified at different stages. With increasing the Fe content, more Fe

compounds will solidify before the crystallization of a-Al.

In the alloy with low Fe content and low Mn/Fe ratio (1.0 Fe + 0.35), at the beginning of
the solidification, the platelet B type Fe compound solidified, as shown in Fig. 4.10 (b) and
(c). With the solidification proceeding, the Chinese script Fe compound formed. Comparing
the Fig. 4.10 (d) with Fig. 4.10 (g), with holding at high temperature for 60 minutes, more
Fe compounds will solidify as the Chinese script. This is another evidence to prove the
transformation from the platelet B type Fe compound to the Chinese script a type Fe
compound. In addition, in the microstructure of the sample after full solidification, almost
all the Chinese script Fe compound located inside the a-Al grains, as shown in Fig. 4.10 (g).
Hence, the solidification sequence of the alloy 1.0 Fe + 0.35 under the low cooling rate

0.67°C/s is summarized as follow.

L — B-AlsFeSi +L (3.6)
L + B-AlsFeSi — a-Alys(Fe,Mn)sSi, + L (3.7)
L — Al +L (3.8)
L — Al + B-AlsFeSi + L (3.9
L—Al+Si+L (3.10)
L — Al + Si + B-AlsFeSi (3.11)

The alloy 1.0 Fe + 0.5 had the same sequence as that of the alloy 1.0 Fe + 0.35. More
Mn addition made more Fe compounds solidified as the Chinese script, as shown in Fig.

4.11.

In the alloy 1.0 Fe + 0.65, at 660 °C after holding 60 minutes, Fe compounds solidified
as polyhedral shape, Chinese script as well as platelet shape, as shown in Fig. 4.12 (b) and

4.15 (a). It seems like that these Chinese script and polyhedral shape Fe compounds do not
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come from the transformation of platelet § type Fe compound. In addition, in the Fig. 4.12
(d), in the dot cycle area some Fe compounds solidified as platelet shape. However, in Fig.
4.12 (e), no Fe compound appeared as the platelet shape. Instead, small size Chinese script
appeared between a-Al grains. It indicated that the transformation from the platelet  type
Fe compound to the Chinese script o type Fe compound can occur around lower temperature
(580°C) as well. Hence, the solidification sequence of the alloy 1.0 Fe + 0.65 under the low

cooling rate 0.67°C/s can be s as follow.

L — B-AlsFeSi +L (3.12)
L —a-Als(Fe,Mn)sSi, +L (3.13)
L + B-AlsFeSi — a-Alys(Fe,Mn)sSi, + L (3.14)
L — Al +L (3.15)
L — Al + B-AlsFeSi + L (3.16)
L + B-AlsFeSi — a-Alys(Fe,Mn)sSi, + L (3.17)
L>Al+Si+L (3.18)
L — Al + Si + B-AlsFeSi (3.19)

The alloy 1.5 Fe + 0.5 and the alloy 2.5 Fe + 0.35 had the same sequence as that of the
alloy 1.0 Fe + 0.65. In the alloy 1.5 Fe + 0.5, more Fe and Mn concentrations made the edge
of the Chinese script Fe compound much thicker but still showed the Chinese script, as
shown in Fig. 4.13 (f). In the alloy 2.5 Fe + 0.35, due to the low Mn addition, a lot of Fe
compounds still showed the platelet shape. Hence, in order to modify all the platelet shape

type Fe compounds to Chinese script o type Fe compound, more Mn addition is required.

4.5 Conclusions

The evolution of the Fe intermetallic compounds during solidification in based AA356

cast alloys was investigated by water-quenched experiment. Two factors, Fe content and
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Mn/Fe ratio were alerted individually and combined in the modification process during
solidification to reveal their influence on the evolution of Fe compounds. Additionally, the
solidification sequence of the alloys was discussed based on the quenching experiments and

microstructural analysis. The results are concluded as follows:

1. Fe content is the main factor which can influence the solidification sequence and the
evolution of the Fe compounds. In the alloy without Mn addition, only platelet Fe
compound appeared. With increasing the Fe content, the growth of the platelet Fe compound
happened earlier (at higher temperature). More growth time made the final size of platelet

Fe compound much bigger.

2. Mn addition was very effective to modify the platelet B type Fe compound to the less
harmful Chinese script o type Fe compound. In the alloys with low Fe content and low Mn
addition, the Fe compound crystallized as the platelet B type Fe compound at the beginning
of the solidification. With the solidification proceeding, the Chinese script a type Fe
compound became the dominant one. The growth of the Chinese script Fe compound during
solidification accompanied by the decrease of the platelet B Fe compound. More Mn
addition in the alloys with both the low and high Fe content, at the beginning of the
solidification, part of the Fe compound crystallized as the Chinese script and/or polyhedral
shape. With the solidification proceeding, the growth of the Chinese script Fe compound

accompanied by the decrease of the platelet p Fe compound as well.

3. In the alloy with high content Fe and high Mn addition, Fe compounds will appear as
the polyhedral shape. The formation of polyhedral shape a type Fe compound mainly came
from two aspects, crystallized as the primary phase and the growth of Chinese script a type
Fe compound. The ratio of these two parts of compounds mainly depends on the

composition and cooling rate.
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Table 4.1 Nominal compositions of AA356 based alloys with different Fe and Mn contents
for quenching experiments. The samples are named as x Fe or x Fe+ y in the text, where the

X represents the Fe content (in mass %) and y represents the Mn/Fe ratio.

Elements (mass %)

Alloys Mn/Fe ratio
Al Si Mg Fe Mn
Setl Bal. 7.00 0.35 1.0 0, 0.35, 0.5, 0.65 0, 0.35,0.50.65
Set 2 Bal. 7.00 0.35 1.5 0,0.75 0,0.5
Set 3 Bal. 7.00 0.35 25 0,0.875, 1.25 0,0.35,05
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Table 4.2 Nominal compositions of the primary polyhedral shape and nearby Chinese script
Fe compounds, as shown in Fig. 15 (b), in the alloy 2.5 Fe + 0.35water-quenched at 660 "C

after holding 60 minutes

Al Si Fe Mn Mg (Fe+Mn)/Si
Compounds Number - -
wt. % wt. % wt. % wt. % wt. %  atomic ratio
Polyhedral shape 1 61.8 6.9 21.6 9.7 0 1/0.44
2 61.7 6.9 22.0 9.4 0 1/0.43
3 61.2 7.0 22.1 9.7 0 1/0.44
Chinese script 1 61.5 7.2 23.3 8.0 0 1/0.46
2 64.4 7.2 22.2 6.1 0 1/0.50
3 62.1 7.4 23.7 6.8 0 1/0.47
4 724 7.6 16.3 3.6 0 1/0.75
5 63.0 8.8 23.7 4.6 0 1/0.62
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Fig. 4.5 Microstructures of the alloy 1.0 Fe + 0.5 water-quenched after different air cooling

time: (a) 5s, (b) 20 s, (c) 50 s, (d) 180 s and (e) after full solidification and (f) its full

cooling curve indication quenching time as solid circles.
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Fig. 4.6 Microstructures of the alloy 2.5 Fe + 0.5 water-quenched after different air cooling
time: (a) 5s, (b) 20 s, (c) 50 s, (d) 180 s and (e) after full solidification and (f) its full

cooling curve indication quenching time as solid circles.
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Fig. 4.7 Cooling curve of the alloy 1.0 Fe in the cup mold indication quenching time and

corresponding quenching temperature with solid circles (a) and microstructures
water-quenched after different air cooling time (with holding 60 minutes): (b) 24s, 660°C (c)
48s, 620°C (d) 80s, 606°C (e) 160s, 582°C (f) 245s, 563.9°C and (g) after full solidification.

Platelet Fe compounds formed at high temperature were marked by arrows.
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Fig. 4.9 Cooling curve of the alloy 2.5 Fe in the cup mold indication quenching time and
corresponding quenching temperature with solid circles (a) and microstructures
water-quenched after different air cooling time (with holding 60 minutes): (b) 23s, 660°C (c)
47s, 620°C (d) 78s, 609.5°C (e) 176s, 580°C (f) 240s, 564.2°C and (g) after full

solidification.
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Fig. 4.10 Cooling curve of the alloy 1.0 Fe + 0.35 in the cup mold indication quenching
time and corresponding quenching temperature with solid circles (a) and microstructures
water-quenched after different air cooling time (with holding 60 minutes): (b) 25s, 660°C (c)
47s, 620°C (d) 80s, 609.3°C (e) 165s, 575°C (f) 225s, 563.3°C and (g) after full

solidification.
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Fig. 4.11 Cooling curve of the alloy 1.0 Fe + 0.5 in the cup mold indication quenching time
and corresponding quenching temperature with solid circles (a) and microstructures
water-quenched after different air cooling time (with holding 60 minutes): (b) 24s, 660°C (c)

50s, 620°C (d) 80s, 608.3°C (e) 260s, 563.3°C and (f) after full solidification.
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Fig. 4.12 Cooling curve of the alloy 1.0 Fe + 0.65 in the cup mold indication quenching

time and corresponding quenching temperature with solid circles (a) and microstructures
water-quenched after different air cooling time (with holding 60 minutes): (b) 25s, 660°C (c)
50s, 620°C (d) 80s, 609.2°C (e) 173s, 582°C (f) 245s, 563.3°C and (g) after full

solidification.
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Fig. 4.13 Cooling curve of the alloy 1.5 Fe + 0.5 in the cup mold indication quenching time
and corresponding quenching temperature with solid circles (a) and microstructures
water-quenched after different air cooling time (with holding 60 minutes): (b) 23s, 660°C (c)

44s, 620°C (d) 70s, 612.3°C (e) 158s, 580°C and (f) after full solidification|
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Fig. 4.14 Cooling curve of the alloy 2.5 Fe + 0.35 in the cup mold indication quenching
time and corresponding quenching temperature with solid circles (a) and microstructures
water-quenched after different air cooling time (with holding 60 minutes): (b) 25s, 660°C (c)

55s, 620°C (d) 85s, 613.3°C (e) 172s, 580°C (f) 221s, 566.2°C and (g) after full

solidification.
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Fig. 4.15 Microstructures of the alloys 1Fe + 065 and 2.5 Fe + 0.35 water-quenched at
660°C (after holding 60 minutes): (a) 1Fe + 0.65, (b) 2.5 Fe + 0.35. Polyhedral shape Fe

compound solidified at the beginning of solidification.
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Fig. 4.16 Microstructure of the alloy 2.5 Fe + 0.35 water-quenched at a-Al crystallization

temperature (after holding 60 minutes)
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Fig. 4.17 Microstructures of the alloy 1.0 Fe after full solidification. Platelet Fe compounds
located inside the a-Al grains and appeared together with eutectic Si phase were marked by

arrows.
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Fig. 4.18 Microstructures of the alloy 1.5 Fe after full solidification.
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Fig. 4.19 Microstructures of the alloy 2.5 Fe after full solidification.
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Chapter 5

Mechanisms of modification of Fe intermetallic compounds by
different factors: Mn addition, Fe content and cooling rate in

cast AA356 based alloys

In Chapters 2, 3 and 4, it was found that Fe content was the key factor to determine the
size of Fe compounds in cast Al-Si alloys. With increasing the Fe content, the size of platelet
S type Fe compound increased greatly. Mn addition can modify the Fe compound
crystallized as Chinese script instead of platelet. More compact shape can reduce the
detrimental influence of Fe compounds on the mechanical properties. The high cooling rate
can refine the size of Fe compounds during solidification and improve the mechanical
properties. However, the high cooling rate also can restrict the formation of Chinese script
Fe compound from transformation of platelet shape Fe compound. Hence, in this chapter

the mechanisms behind the evolution of Fe compounds by these factors will be discussed.

5.1 Introduction

The platelet B type Fe compound has been considered as the most detrimental Fe
compounds in cast Al-Si alloys. To refine the big size of platelet compound to the small one
or to convert the platelet B type Fe compound to Chinese script a type Fe compound are
beneficial to improve the mechanical properties of alloys when the Fe is inevitable. Mn is

widely used as a corrector to modify the type of Fe compound and the high cooling rate can
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refine the size of Fe compounds.

In former Chapters, it was found that Fe content influenced the size of platelet B type Fe
compound significantly in the alloys without Mn addition. With increasing the Fe content,
the size of platelet B Fe compound increased greatly. Mn/Fe ratio and cooling rate can
determine the type and size of Fe compounds in the cast at a given Fe content. Hence, it is
important to investigate the mechanisms about how do these factors Mn addition, Fe content
and cooling rate influence the evolution of Fe compounds in alloys during casting. In this

chapter, the mechanisms of these factors will be discussed individually and combined.

5.2 Experimental procedures

Some results obtained in Chapter 3 and Chapter 4 will be utilized in this chapter. Hence,
the experimental procedures and compositions of alloys used are the same as that introduced
in these chapters. Nominal compositions of the alloys used independent in this chapter are
shown in Table 5.1.The master alloy Al-7.0wt.% Si-0.35wt.% Mg were molten in a graphite
crucible under an Ar protective atmosphere by an electrical resistance furnace. Mn was
added in the form of the Al-9.93wt.% Mn. Different Mn contents in each alloy are 0.5 wt.%,
1.0 wt.% and 1.5 wt.%, respectively. The samples are named as X Mn in the text, where the
X represents the Mn content (in mass %). The schematic illustration of the casting process
was showed in Fig. 5.1. The mold used in Chapter 3 was utilized in this chapter showed in
Fig. 5.2. Hence, the cooling rates at different locations of the mold from its bottom are the
same here. (The influence of Mn addition on the cooling rate here is ignored due to its low
content comparing with Al and Si contents.) Only three locations e.g. three different cooling
rates were used in the following text: 90 mm-3.6°C/s, 50mm-7.5°C/s and 20mm-17.3°C/s.

The casting temperature of 720°C was used throughout this study.
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Microstructures of the alloys were studied by an optical microscope (OM). Electron
probe micro-analyzer (EPMA) was utilized to analyze the elements distribution inside the
Mn intermetallic compounds and wavelength dispersive spectroscopy (WDS) was utilized
to obtain the composition of Mn compounds. Differential thermal analysis (DTA) was
carried out to reveal the influence of Fe content and cooling rate on the solidification of Fe
compounds. The phenol was used to dissolute the aluminum in the alloys at around 175°C.
After dissolution, the powder specimen was used to conducted the x-ray diffraction analysis.
Samples for the microstructural analysis were prepared by standard techniques with the final

polishing stage using the 0.05 pm colloidal silica.

5.3 Results and discussion
5.3.1 Mechanism of the growth of Fe intermetallic compound by Fe content

In Chapter 3 and 4, it was shown that with increasing the Fe content, the size of platelet
B type Fe compound increased significantly under the same cooling rate. However, the
increase of the number density of Fe compound was not obvious, as shown in Fig. 5.3. From
the quenching experiment, in the alloy 1.0 Fe, water-quenched at 620°C, only some small
size platelet shape Fe compound appeared, even holding 60 minutes before quenching at
this temperature, as shown in Fig. 5.4 (a). It indicated that the nucleation of this kind of Fe
compound occurred at this temperature without growth. With increasing the Fe content, in
the alloy 1.5 Fe, water-quenched at the same temperature 620°C, it showed the similar small
size platelet Fe compound, as shown in Fig. 5.4 (b). The size of Fe compound appeared a
slight increase. In the alloy 2.5 Fe water-quenched at 620°C, the size of platelet Fe
compound increased greatly, as shown in Fig. 5.4 (c). Even water-quenched at 660°C, the
size of Fe compound is a lit big than that in the alloy 1.5 Fe water-quenched at 620°C. It is

clear that the increase of Fe content can make the platelet Fe compound growth occur at
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high temperature.

Additionally, in the cooling curves of alloys 1.0 Fe and 1.5 Fe by the cup mold, it is
clear that between stages indicated the growth of a-Al and eutectic Si phases, the stages
indicated the growth of B compound, marked by arrows in Fig. 5.5 (a) and (b). With
increasing the Fe content from 1.0wt.% to 1.5wt.%, the temperature of platelet B type Fe
compound growth started increased from 588.8°C to 597.8°C. When the Fe content is
2.5wWt.%, in the cooling curve, there is no clear staged indicated the growth of B type
compound. In this alloy, the growth of B type Fe compound can happen at higher
temperature, make the stages indicated the growth of o-Al and the growth of B type Fe
compound coincident. This is another evidence to prove that increasing the Fe content can
make the growth of platelet B type Fe compound occur at higher temperature. However, in
the cooling curves, there is no peak which can indicate the growth of f compound before the
formation of dendrite a-Al phase. In the alloy 1.0 Fe and 1.5 Fe under the cooling rate of
0.67°C/s (cup mold with holding process), the amount of B type Fe compound formed
before dendrite a-Al phase is very small. It can not produce a clear peak (or stage) in the
cooling curve. In addition, the growth of the primary B Fe compound before the formation
of a-Al should occur at the temperature higher but near the crystallization temperature of
a-Al, hence the stage is not clear. For the alloy 2.5 Fe, in the cooling curve, the stage
indicated the growth of platelet Fe compound is also not clear. However, from the Fig. 5.4
(d), the growth of this kind of Fe compound can occur at 620°C. This is because that in the
quenching experiment, before water-quenched, the melt was hold at 620°C for 60 minutes.
The large size platelet Fe compound appeared in Fig. 5.4 (d) should form during the holding
period. In the real cast process (without holding process), the growth of this kind of big

platelet Fe compound should occur at lower temperature but higher than the crystallization
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temperature of a-Al. The stage indicated the growth of this big Fe compound is quite near
the stage indicated the growth of a-Al phase. Hence, in the cooling curve of the alloy 2.5 Fe,

the stage indicated the growth of platelet Fe compound is also not clear, as shown in Fig. 5.5

(©).

The similar results were observed by DTA analysis cooled at 0.5°C/s, as shown in Fig.
5.6. In the alloy 1.0 Fe, the peak indicated the crystallization of  type Fe compound
appeared. In the alloy 2.5 Fe, there is no clear peak indicated the crystallization of 3 type Fe

compound.

Based on the explanation above, it is clear that increasing the Fe content can make the
growth of platelet § type Fe compound occr at higher temperature. The longer growth time
as well as the higher temperature itself lead to the formation of larger size platelet  type Fe
compound, which will damage the tensile properties of cast Al-Si alloys significantly. Hence,

the Fe content in cast Al alloys should be carefully controlled as low as possible.

5.3.2 Mechanism of modification of Fe intermetallic compound by Mn

The Mn addition can modify the platelet B type Fe compound to more compact Chinese
script o type Fe compound (over-modified to polyhedral shape Fe compound when the Fe
and Mn contents are high), as demonstrated in Chapter 3 and 4. The amount of different Fe
compounds in the alloys after modification mainly depends on the Fe content and Mn/Fe
ratio at the same cooling rate, as summarized in Table 5.2. The high cooling rate restricted
the formation of Chinese script and polyhedral shape Fe compound comparing with the

formation of platelet Fe compound.

In the alloy 1.0 Fe, water-quenched at a-Al crystallization temperature after holding 60

minutes, the platelet Fe compound grew to the very large size, as show in Fig. 5.7 (a).
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However, in the alloy 1.0 Fe + 0.35, the Chinese script Fe compound grew to the large size
instead of the growth of platelet Fe compound, as shown in Fig. 5.7 (a) and (b). It indicated
that at high temperature, the Mn addition made the nucleation and growth of Chinese script
Fe compound occur. And with the growth proceeding, the small size platelet Fe compounds
primary crystallized will transform to Chinese script Fe compound. More Mn addition at
low and high Fe contents made the nucleation of Chinese script Fe compound at higher
temperature, even at 660°C in the alloy 1.0 + 0.65 and the alloy 2.5 Fe + 0.35, as shown in

Fig. 5.7 (c) and (d).

It is widely accepted that the addition of Mn basically expands a type Fe compound
region in the phase diagram as shown in Fig. 5.8 (a) [1], comparing with the phase diagram
of Al-Fe-Si system showed in Fig. 5.8 (b) [2]. However, there are two points which can not
be explained well by this mechanism. First, in the Al-Fe-Si ternary system, the
stoichiometry of a type Fe compound is a-AlgFe,Si with crystal structure of hexagonal [3].
In the Al-Fe-Si-Mn quaternary system, the stoichiometry of a type Fe compound is widely
accepted as a-Alys(Fe,Mn)3Si, with crystal structure of cubic. These two phases are quite
different even both of them are confusingly called as o type Fe compounds. Second, at high
cooling rate, in the alloy with low Fe content and low Mn/Fe ratio (1.0 Fe + 0.35 in Chapter
3), almost all the Fe compounds appeared as platelet B type. Even with high Mn/Fe ratio
(1.0 Fe + 0.65), most of Fe compounds appeared as platelet B type as well. It is difficult to

explain this phenomenon by this mechanism.

Hence, in this chapter, another model was proposed to reveal the mechanism of
modification of Fe compounds by Mn addition. The alloy Al-7.0wt.% Si-0.35wt.% Mg
without Fe content was used as based alloy. Mn was added in the based alloy to reveal the

influence of Mn addition on the microstructure of hypoeutectic Al-Si alloy. Microstructures
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of alloys with Mn only were showed in Fig. 5.9. With increasing the Mn addition, the Mn
compounds appeared as Chinese script instead of thin platelet shape. In addition, the high
cooling rate restricted the formation of Chinese script Mn compound, instead platelet Mn
compound appeared. The EPMA and WDS analysis of this kind of compound were showed
in Fig. 5.10 and Table 5.3. Based on the phase diagram of Al-Mn-Si system, as shown in
Fig.5.11, this compound is more close to Al;sMn3Si, with crystal structure of cubic. It is
very interesting that the stoichiometry of this Mn compound is very similar to that of the Fe

compound a-Alis(Fe,Mn)sSi; in the alloys with both Fe and Mn.

Further analysis by XRD was conducted to supply more strong evidence, as shown in
Fig.5.12. The alloys 1.5 Mn and 2.5 Fe + 0.65 at the cooling rate of 3.6°C/s were analyzed.
The peaks indicated the Mn compounds in the alloy of 1.5 Mn matched well with the
AlsoMny,Si; with the crystal structure of cubic from the database [4]. From the
stoichiometry and crystal structure of these two Mn compounds, it is reasonable to obtain
that they are the same compound. The peaks indicated the Fe compounds in the alloy of 2.5
Fe + 0.65 also matched well with this Mn compounds. The difference is that the peaks
shifted slightly to the higher degree. This is because that the Fe atom replaced the Mn atom
in the cell of Mn compound. The replacement of Mn atom by Fe atom leads to the shift of

peaks to the higher degree [3].

Hence, it can be assumed that the Chinese script Fe compound can nucleate by itself
based on the crystal structure of Al;sMnsSi,. In the alloy without Mn, at high temperature,
the platelet Fe compound can nucleate without growth. With solidification proceeding, the
size of platelet Fe compound can grow to the large one. Mn addition make the nucleation of
Chinese script compound happen follow the crystal structure of Mn compound AlsMn3Sio.

And this kind of Chinese script Fe compound is more stable and easily to grow at higher
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temperature than platelet Fe compound. Hence, the growth of Chinese script Fe compound
happened accompanied by the transformation from platelet compound to Chinese script
compound with the solidification proceeding. More Mn addition can make the nucleation of
this kind of Chinese script Fe compound occur at higher temperature, and lead to the
transformation from platelet B type Fe compound to Chinese script a type Fe compound

happen at higher temperature.

5.3.3 Mechanism of modification of Fe intermetallic compound by cooling rate

Another critical issue for iron intermetallic compounds and their effects is the timing at
which the different phases form during solidification, and this is influenced by both the
concentrations of the elements involved and cooling rates. The influence of the composition
has been discussed above. Hereafter, the influence of cooling rate will be explained. In
Chapter 3 and 4, with increasing the cooling rate, the size of Fe compounds can be refined.
Instead, the number density of Fe compounds increased greatly with increasing the cooling

rate.

Increasing the concentration of Fe (and/or Mn) in the alloy can results in the earlier
formation of the dominant intermetallic compounds and hence more unconstrained growth
of compounds is able to occur. In the alloy without Mn addition, high Fe content made the
growth of platelet compound happen at higher temperature and extended the growth time. In
the alloy with both Fe and Mn, high Mn addition made the formation of Chinese script
and/or polyhedral shape Fe compound occur at higher temperature. Compounds that formed
prior to the solidification of the a-Al grain network (i.e. that grow freely within the liquid
phase) or that form independently at the same time as the dendritic network tend to grow
relatively large. Increasing cooling rate can shorten the period for the growth of Fe

compounds and hence refine the size of Fe compounds. The result from DTA analysis can
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explain this phenomenon well, as shown in Fig. 5.13. The peaks indicated the growth of 3
compound shifted to the lower temperature. The growth time for platelet compound

decreased with increasing the cooling rate.

On the other hand, as discussed in the 5.3.2 in this chapter, the growth of Chinese script
Fe compounds accompanied by the decrease of platelet Fe compound. It indicated that
during the modification process, the transformation form platelet B type Fe compound to
Chinese script o type Fe compound happened. Increasing the cooling rate apparently can

restrict this transformation process.

5.4 Prospect of remove Fe impurity in recycled Al alloys containing high

Fe content

In the alloy 1.0 Fe + 0.65 and the alloy 2.5 Fe + 0.35, at the beginning of solidification,
the polyhedral shape Fe compounds can form, even at 660°C/s, as shown in Fig. 5.13 (a)
and (b). In addition, in the alloy 2.5 Fe + 0.35 quenched at a-Al crystallization temperature
after holding 60 minutes, more polyhedral shape Fe compounds formed, as shown in Fig.
5.13 (c). Hence, holding the molten alloys at the higher temperature (a little bit higher than
a-Al crystallization temperature) can lead to the formation of large size polyhedral shape Fe
compound. It is possible to remove these large size compounds by filter or sediment process.
Additionally, in Chapter 4, in the microstructures of alloys 1.0 Fe, 1.5 Fe and 2.5 Fe
water-quenched at o-Al crystallization temperature, as shown in Fig. 5.15, after holding 60
minutes at this temperature, the platelet Fe compound grew to the very large size. Hence, it
is possible to remove the large size platelet Fe compound directly without modification

process using the same method.
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5.5 Conclusions

In this chapter, the mechanisms behind the evolution of Fe compounds by these factors

will be discussed. The results can be drawn as follows:

1. Increasing Fe content can increased the size of platelet Fe compounds significantly.
This is because increasing the Fe content can make the growth of platelet B type Fe
compound occur at higher temperature. The longer growth time and high temperature itself
lead to the formation of larger size platelet B type Fe compound, which will damage the
tensile properties of cast Al-Si alloys significantly. Hence, the Fe content in cast Al alloys

should be carefully controlled as low as possible.

2. Mn addition can make the Chinese script Fe compound nucleate based on the crystal
structure of Al;sMn3Si, (cubic) compound. And this kind of Chinese script Fe compound is
more stable and easily to grow at higher temperature than platelet Fe compound. Hence, the
growth of Chinese script Fe compound happened accompanied by the transformation from
platelet compound to Chinese script compound with the solidification proceeding. More Mn
addition can make the nucleation of this kind of Chinese script Fe compound happen at

higher temperature.

3. The high cooling rate can refine the size of Fe compounds by shortening the growth
period of Fe compounds during solidification. In addition, increasing the cooling rate
apparently can restrict the transformation process from platelet § type Fe compound to

Chinese script a type Fe compound.
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Table 5.1 Nominal compositions of the Al-7.0wt.%Si-0.35wt.%Mg based alloys with
different Mn contents. The samples are named as x Mn, where the x represents the Mn

content (in mass %).

Elements (mass %)

Alloys

Al Si Mg Fe Mn
0.5Mn Bal. 7.00 0.35 0 0.5
1.0 Mn Bal. 7.00 0.35 0 1.0
1.5Mn Bal. 7.00 0.35 0 1.5
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Table 5.2 Summary of main Fe compounds in the alloys with different levels of Fe content
by different levels of Mn/Fe ratio at different levels of cooling rate. Two kinds of
compounds at most are listed when the alloys contained all of three kinds of Fe compounds

depending on their amounts and the main Fe compound between them is highlighted.

Low Mn/Fe ratio Moderate Mn/Fe ratio High Mn/Fe ratio

@ Platelet : :

= | Low Fe content Platelet . . Chinese script
z = Chinese script
=i -S Platelet Chinese script Polyhedral shape

& | High Fe content . . . .

© Chinese script polyhedral Chinese script

o Platelet

s | Low Fe content Platelet Platelet . .
5 o Chinese script
T 3 . Chinese script Chinese script

8 | High Fe contnet Platelet

platelet Polyhedral shape
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Table 5.3 WDS quantitative analysis of Mn compounds in the alloy Al-7.0wt.% Si-0.35wt.%

Mg-1.5wt.% Mn at the cooling rate of 3.6°C/s.

Al Si Fe Mn Mg (Fe+Mn)/Si
Compounds - -
at. % at. % at. % at. % at. % atomic ratio
@ 72.58 15.39 0.53 11.35 0.15 1/1.30
® 72.26 13.39 0.66 13.57 0.12 1/0.94
® 69.12 15.96 0.43 14.45 0.04 1/1.07
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Fig. 5.1 Schematic illustration of the casting process. Three different cooling rates used in

this chapter are indicated in the drawing.
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(b)

To —

120 mm

Bottom _Y_|

Fig. 5.2 The stainless steel mold for casting (a) and its half schematic drawing (b). The

locations of the thermocouples during casting were marked by the close rounds.
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Fig. 5.3 Microstructures of the alloys with different Fe contents under the cooling rate of
3.6°C/s: (a) 1.0 Fe, (b) 1.5 Fe, (c) 2.0 Fe, (d) 2.5 Fe. The large size platelet B type Fe

compound particles are indicated by the arrows.
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Fig. 5.4 Microstructures of the alloys with different Fe contents water-quenched at different

temperature: (a) 1.0 Fe, 620°C (b) 1.5 Fe, 620°C (c) 2.5 Fe, 660°C (d) 2.5 Fe, 620°C.
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Fig. 5.5 Cooling curves of the alloys with different Fe contents in the cup mold. The stage

indicated the growth of B compound marked by arrows.
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Fig. 5.6 DTA analysis of the alloys 1.0 Fe and 2.5 Fe cooled at 0.5°C/s. The peak of the

platelet B type Fe compound crystallization is highlighted by arrow.
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Fig. 5.7 Microstructures of the alloys with 1.0wt.% Fe and different Mn/Fe ratio
water-quenched at different temperature after holding 60 minutes: (a) 1.0 Fe, a-Al phase
crystallization temperature, (b) 1.0 Fe +0.35, a-Al phase crystallization temperature, (c) 1.0

Fe + 0.65, 660°C, (d) 2.5 Fe + 0.35, 660°C.
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0.3%Mn |

B-AlFeSi
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Fe, mass%

Si. mass

Fig. 5.8 (a) Al-Si-Fe phase diagram for alloys with 0.3 wt.% Mn. Sequences of arrowed
dashed lines are the suggested solidification paths for the two alloys containing 0.5 wt.% Fe
with 4.5 wt.% and 9.0 wt.% Si, respectively [1]; [b]Calculated liquidus surface of the
Al-Fe-Si ternary phase diagram, where t4 represents 6—AlsFeSiy, 15 represents a-AlgFe,Si
and 16 represents p—AlsFeSi, respectively. FesAls also was confusedly named as 6—AlsFe
[2].
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17.3°Cls

Fig. 5.9 Microstructures of Al-7.0wt.% Si-0.35wt.% Mg based alloys with different Mn
contents at the different cooling rates: (a) 0.5wt.% Mn, 3.6°C/s; (b) 1.0wt.% Mn, 3.6°C/s; (c)
1.5 wt.%, 3.6°C/s; (d) 0.5wt.% Mn, 17.3°C/s; (e) 1.0wt.% Mn, 17.3°C/s; (f) 1.5wt.% Mn,

17.3°Cls.
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Fig. 5.10 Chemical composition analysis by EPMA color mapping of the Chinese script Mn
compound in the alloy Al-7.0wt.% Si-0.35wt.% Mg-1.5wt.% Mn cast at the cooling rate of
3.6°C/s. The locations to make the WDS analysis were marked by different numbers in the

BEI images.
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Fig. 5.11 Phase diagram of Al-Mn-Si system: (a) liquidus, (b) isothermal sections at 527°C

and 477°C [3].
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Fig. 5.12 XRD pattern of alloy 1.5 Mn and 2.5 Fe + 0.65 at the cooling rate of 3.6°C/s. The
peaks matched well with the Mn compound AlsoMny,Si; from the database [4]. The peaks
indicated the Fe compounds shifted to the higher degree comparing to the peaks of Mn

compounds.
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Fig. 5.13 DTA analysis of the alloys 1.0 Fe and 2.5 Fe cooled at 0.5°C/s. The peak of the

platelet B type Fe compound crystallization is highlighted by arrow.
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quenched at different temperature (with

Fig. 5.14 Microstructures of the alloys water-

holding 60 minutes before quenching): (a) 1Fe + 0.65, 660°C; (b) 2.5 Fe + 0.35, 660°C; (c)

2.5 Fe + 0.35, a-Al phase crystallization temperature.
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Fig. 5.15 Microstructures of the alloys water-quenched at a-Al crystallization temperature at
different air cooling time (with holding 60 minutes before quenching): (a) 1.0 Fe, (b) 1.5 Fe,

(c) 2.5 Fe.
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Chapter 6

General conclusions

In Chapter 1 “General introduction”, the source of Fe impurity in primary and
recycled aluminum alloys and its influence of the application of cast Al-Si alloys are
described. The characteristics of different Fe compounds and methods of Fe compounds
modification to decrease their detrimental influence are introduced. Then the objective and

the outlet of the present thesis are presented.

In Chapter 2 “Influence of Fe content, Mn/Fe ratio and cooling rate on mechanical
properties of cast AA356 based alloys”, effects of the modification of Fe compounds on
mechanical properties of cast Al-Si alloys with high Fe content are evaluated. Fe content is
the main factor which can determine the final tensile properties of alloys. The high Fe
content can lead to the formation of large size platelet B type Fe compound, which can
easily be a crack initiation region and result in the decrease of the elongation and UTS. Mn
addition can convert platelet B type Fe compound to Chinese script a type Fe compound
and/or polyhedral shape o type Fe compound, which was expected to enhance the tensile
properties of alloys. However, in the alloy with low Fe content (1.0 wt.%), the increase of
elongation of alloys by converting the Fe compound is not obvious in the present work. The
branches of large size Chinese script can easily be a crack initiation region and result in the
decrease of the tensile properties as well. The large size polyhedral shape Fe compound

shows very detrimental influence on the tensile properties of alloys as that of large size
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platelet shape Fe compound. Both of them can easily act as the nucleation sites for cracks
under loading. In addition, the formation of large size polyhedral shape Fe compound
usually accompanies by the formation of pores. High cooling rate can refine the size of all
phases in the alloys. The refined small size Fe compound is beneficial to the tensile
properties of alloys. Simultaneously, the cooling rate influences the modification process
from platelet B type Fe compound to Chinese script o type Fe compound (over-modified to
polyhedral shape o type Fe compound). Hence, the influence of cooling rate on the tensile
properties of alloys with Mn as a modifier should be considered carefully in both the type of

Fe compound as well as the size of Fe compounds.

In Chapter 3 “Influence of Fe content, Mn/Fe ratio and cooling rate on morphology
of Fe intermetallic compounds in cast AA356 based alloys”, influences of Fe content,
Mn/Fe ratio and cooling rate on the modification of Fe intermetallic compounds in cast
AA356 based alloys were investigated systematically. Fe content greatly influences the size
of platelet B type Fe compound in the alloys without Mn addition. The size of  type Fe
compound increases significantly with increasing the Fe content. Mn addition is effective to
modify platelet p type Fe compound to more compact compounds, Chinese script and/or
polyhedral shape a type Fe compound. The amount of these different Fe compounds is
greatly affected by the Mn/Fe ratio and the cooling rate at a given Fe content. At high
cooling rate, in the alloy with low Fe content and high Mn/Fe ratio and high Fe content and
high Mn/Fe ratio, Fe compounds mainly appear as platelet shape and Chinese script
separately. It is considered that the platelet p type Fe compound can solidify earlier than
Chinese script a type Fe compound. The formation of the polyhedral shape Fe compound

mainly came from the growth of the Chinese script Fe compound.

In Chapter 4 “Evolution of Fe intermetallic compounds during solidification in cast
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AA356 based alloys with different Fe content and Mn/Fe ratio”, evolution of Fe
intermetallic compounds during solidification in based AA356 cast alloys was investigated
by water-quenched experiment. Two factors, Fe content and Mn/Fe ratio were alerted
individually and combined in the modification process during solidification to reveal their
influence on the evolution of Fe compounds. Additionally, the solidification sequence of the
alloys was discussed based on the quenching experiments and microstructural analysis. Fe
content is the main factor which can influence the solidification sequence and the evolution
of Fe compounds. In the alloy without Mn addition, only platelet Fe compound appears.
With increasing the Fe content, the growth of the platelet Fe compound occurs earlier (at
higher temperature). More growth time make the final size of platelet Fe compound much
bigger. Mn addition is very effective to modify the platelet § type Fe compound to the less
harmful Chinese script o type Fe compound. In the alloys with low Fe content and low Mn
addition, the Fe compound crystallizes as the platelet 3 type Fe compound at the beginning
of the solidification. With the solidification proceeding, the Chinese script a type Fe
compound becomes the dominant one. The growth of the Chinese script Fe compound
during solidification accompanied by the decrease of the platelet § Fe compound. More Mn
addition in the alloys with both the low and high Fe contents, at the beginning of the
solidification, part of the Fe compound crystallized as the Chinese script and/or polyhedral
shape. With the solidification proceeding, the growth of the Chinese script Fe compound
accompanied by the decrease of the platelet B Fe compound as well. In the alloy with high
content Fe and high Mn addition, Fe compounds appear as polyhedral shape. The formation
of polyhedral shape o type Fe compound mainly comes from two aspects, crystallizes as the
primary phase and the growth of Chinese script o type Fe compound. The ratio of these two

parts of compounds mainly depends on the composition and cooling rate.
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In Chapter 5 “Mechanisms of modification of Fe intermetallic compounds by
different factors: Mn addition, Fe content and cooling rate in cast AA356 based alloys”,
mechanisms of the refinement and morphologies change of Fe compounds by three factors,
Mn addition, Fe content and cooling rate were investigated. Increasing Fe content can
increase the size of platelet Fe compounds significantly. This is because increasing the Fe
content can make the growth of platelet B type Fe compound happen at higher temperature.
The longer growth time leads to the formation of larger size platelet  type Fe compound.
Hence, the Fe content in cast Al alloys should be carefully controlled as low as possible. Mn
addition can make the Chinese script Fe compound nucleate based on the crystal structure of
Al;5Mn;Si; (cubic) compound. And this kind of Chinese script Fe compound is more stable
and easily to grow at higher temperature than platelet Fe compound. Hence, the growth of
Chinese script Fe compound occurs accompanied by the transformation from platelet
compound to Chinese script compound with the solidification proceeding. More Mn
addition can make the nucleation of this kind of Chinese script Fe compound happen at
higher temperature. High cooling rate can refine the size of Fe compounds by shortening the
growth period of Fe compounds during solidification. In addition, increasing the cooling
rate apparently can restrict the transformation process from platelet B type Fe compound to

Chinese script o type Fe compound.
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