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Abstract 

Al-Si cast alloys have been in the fore-front of commercial casting application for more than a 
century. Iron containing intermetallic phases that evolve during the solidification of these alloys 
play a major role in the resultant mechanical properties and performance of the cast products. 
Changes in alloy composition and casting parameters significantly alter the evolution of the Al-
Si-Fe intermetallic phases. There was a lack of clear understanding of the complex relationships 
between the solidification parameters and nature intermetallic phases in these alloys.  Current 
thermodynamic model predictions for the nature of these intermetallic phases in the Al corner 
of the Al-Si-Fe ternary system are strikingly different from the experimental results in this 
project. Trace levels of Sr (about 0.02wt%) are typically added to the Al-Si commercial alloys to 
effect a morphological modification of the eutectic phases to improve the properties and 
performance of the cast products. 

The nature of the Fe containing intermetallic phases have been characterized as a function of 
alloy composition (Si, Fe and Sr) and cooling rates during solidification.  There was an 

anomalous evolution of the t5-Al8Fe2Si phase which transformed into the t6-Al9Fe2Si2 phase 
during solidification at lower cooling rates and higher Fe concentration in the alloy, alike.  

Further, Sr addition to these alloys prevented the evolution of the t5 phase and promoted the 

evolution of an unidentified Al5Fe2Si3 phase which was noted as k in this dissertation; the k 

phase also transformed into the t6 phase at lower cooling rates and higher Fe concentration in 
the alloy, alike. 
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CHAPTER 1. NOMENCLATURE 

1.1 ENGLISH ACRONYMS 

Text Notation Description 

SEM Scanning Electron Microscope 

SE Secondary Electrons 

SEI Secondary Electron Image 

BSE Back Scattered Electrons 

TEM Transmission Electron Microscope 

EDX Energy Dispersive X-Ray Spectrum 

FIB Focused Ion Beam microscope 

KeV Kilo Electron Volts eVX103 

XRD X-Ray Diffraction 

nm nanometer 

m˃ micrometer 

XRF X-Ray Fluorescence  

2  ̒ Two ̒  Bragg angle 

 

1.2 LIST OF INTERMETALLIC PHASES 

Phase Notation Phase Stoichiometry 

 ̒ Al13Fe4 

5̱ Al8Fe2Si 

6̱ Al9Fe2Si2 

4̱ Al3FeSi2 

7̱ Al3Fe2Si3 
ə Al5Fe2Si3 
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CHAPTER 2. INTRODUCTION 

The thermal data during solidification and microstructure of 168 alloys based on the 3xx series 
of Al-7 wt% Si casting alloys with compositional variations of 0 to 0.5 wt% Fe, 0 to 0.55wt% Mg 
and 0 to 4 wt% Cu with three levels of trace additions of Ti and Sr in each alloy composition 
were investigated at the onset of this project.  There were several apparent anomalies in the 
nature of the Fe containing intermetallic phases in the microstructure of these alloys along with 
anomalies in the morphology of the eutectic Si phase.  The initial goal of this project was to 
evaluate the anomalies in the evolution of the Fe containing intermetallic phases during 
solidification of these alloys.  The first two years of this project was spent on carrying out 
solidification experiments, microscopy (optical and SEM/EDX), X-Ray diffraction of powder 
samples prepared by preferential dissolution of the primary Al phase matrix using both Cu K h
radiation and high energy synchrotron bema source and analysis of TEM sample foils prepared 
by FIB technique.  The initial set of alloys prepared were of Al-xSi-yFe-zSr (x=5,7,12.5; 
y=0.05,0.25,0.5 and z=0,0.01,0.03,0.05 and 0.1) composition ranges (all in weight %) and 
solidified at three uniquely different cooling rates of the liquid during solidification.  The 
characterization of the intermetallic phases in these alloys was not repeatable or reproducible 
even within the same alloy composition and cooling rate during solidification.  After about two 
years into the project, it was evident that a critical factor was overlooked in this study and that 
was the homogenization of the initial alloy melt at a high superheat temperature above the 
liquidus temperature.  In typical commercial casting practices, these alloy melts are held at a 
high temperature for several hours and resulted in a homogeneous mixture of alloying 
elements.  The Fe containing intermetallic phases that existed in the initial raw materials such 
as the Al ingots and Al-Fe master alloy dissolved in the alloy melt at a very sluggish rate and 
they significantly influenced the nature of intermetallic phases that evolved during 
solidification.  A review of the background literature on this topic also suggested several 
contradicting evidences presented for the characteristics of these intermetallic phases.  Hence, 
the project was re-started with the various alloys and solidification rates so that the initial alloy 
liquid was held at 1093 K ± 5K (820 ºC) instead of the conventional 993 K (720 ºC) for a period of 
time greater than two hours to enable compositional homogenization of the alloy liquids prior 
to the solidification. 

The characterization of solidified samples was carried out through microscopy (optical, 
SEM/EDX and TEM/FIB), thermal analysis during solidification and x-ray diffraction using both 
the synchrotron and Cu radiation sources.  The results fell into a systematic order that 
presented the specific and predictable anomalies in the evolution of the Fe based intermetallic 
phases in these alloys.   

The results suggest that contrary to popular belief, the Ű5-Al8Fe2Si phase first evolved during the 
solidification of the Al-xSi-yFe (x=2 to 12.5wt% and y=0 to 0.5wt%) alloys followed by a 
peritectic reaction that transformed the Ű5 phase to the Ű6-Al9Fe2Si2 phase; the kinetics of this 
transformation depended on the cooling rate during solidification and Fe concentration in the 
alloys such that slower cooling rates and higher Fe concentration yielded the partial or 
complete transformation into the Ű6 phase.  The Ű5 phase was retained at the room 
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temperature after solidification for higher cooling rates and lower concentration of Fe in the 
ŀƭƭƻȅǎΦ  Lǘ ǿŀǎ ŦƻǳƴŘ ƭŀǘŜǊ ƛƴ ǘƘƛǎ ǇǊƻƧŜŎǘΣ ǘƘŀǘ ǘƘŜ ŦƛǊǎǘ ƛƴǘŜǊƳŜǘŀƭƭƛŎ ǇƘŀǎŜ ǘƻ ŦƻǊƳ ǿŀǎ ǘƘŜ ʻ-
Al13Fe4 which underwent a rapid peritectic transformation to from the Ű5 phase during the early 
stages of the solidification process. 

Lƴ ŀƭƭƻȅǎ ŎƻƴǘŀƛƴƛƴƎ лΦлнǿǘ҈{ǊΣ ǘƘŜ ŜǾƻƭǳǘƛƻƴ ƻŦ ōƻǘƘ ǘƘŜ ʻ ŀƴŘ Ű5 phases were prevented and a 
new phase which was denoted as ə in this project evolved with a stoichiometry of Al5Fe2Si3.  
The project was into its fifth year by the time the ə phase was identified and hence, much effort 
could not be dedicated to fully characterize the crystal structure of this phase.  It was found 
that at slower cooling rates during solidification and higher Fe concentrations in the alloy, alike, 
the ə phase transformed into the Ű6 phase similar to the transformation of Ű5 to Ű6 in alloys 
without Sr. 

Initial hypotheses have been presented to explain the anomalies observed in the evolution of 
the intermetallic phases in these alloys without and with Sr addition to them.  Further work is 
required to verify and validate these hypotheses.   

In summary, this thesis presents emphatic evidences that our knowledge of the evolution of the 
Fe containing intermetallic phases in the commercially important Al-xSi-yFe-zSr (x=2 to 12.5 
wt%, y=0 to 0.5 wt% and z=0 to 0.02wt%) alloys during solidification are not complete and the 
evidences presented by simulations of equilibrium phase diagrams do not accurately represent 
the nature of these intermetallic phases evolved. 
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CHAPTER 3. REVIEW OF THE PRIOR-ART 

The background literature information relevant to this project was broadly categorized as 
follows: 

¶ Al-Si cast alloys 

¶ Fe in Al-Si cast alloys 

¶ Modification of eutectic phases by Sr addition 

Each of the above-mentioned categories is elaborated in separate respective sub-sections of 
this chapter. 

3.1 Al-Si CAST ALLOYS 

Al alloys are one of the most economically viable light metal alloys for a variety of commercial 
application in automotive, aerospace, military and domestic products [1,2,3].  Among them the 
Al-Si alloy system is more predominantly utilized due to the inherent benefits of being the most 
cost effective for near net shape manufacturing and recyclability [1,2].  Al-Si cast alloys are used 
in most commercial automotive gasoline and diesel engine and powertrain components [4,5,6].  
Al alloys in general and Al-Si cast alloys in particular are found in many applications some of 
them bearing critical structural importance and some simply décor elements.  Al-Si cast alloys 
are a cheaper alternative to magnesium alloys and a more expensive but light weight 
alternative to ferrous alloys.  They fulfil design parameters in an application by providing 
suitably sound mechanical properties combined with economically affordable, light-weight and 
environmentally friendly solution. 

Donahue et al [5] describe advances in all aluminum engines made by German manufacturers 
such as BMW, Mercedes and Porsche achieved high quality and high volume production of 
engine blocks cast entirely out of Al-Si alloys.  Additionally, US automotive company such as 
Ford, GM and Chrysler, partially fueled by Japanese carmakerΩs success in reducing weight of 
the car, have continued to increase the use of Al-Si alloys for their engine blocks and cylinder 
heads so much so that even their most powerful V8 engine such as in the Ford Mustang Shelby 
500 (2013 model year) is an Al engine [7] . 

Military applications are limited to low strength light weight items including personal gear, 
furniture, interior elements of the battleships, etc..  One of the famous armor applications of 
the Al is M2/M3 Bradley armoured troops carrier [8] which was equipped with Al armour to 
lower overall weight of the tank.  

Aerospace applications of Al alloys are numerous due to their significantly low cost to weight 
ratio as compared to other suitable materials.  Passenger seats in aircrafts are entirely made of 
Al-Si cast alloys and about 5-15% of structural components in a military aircraft are made of Al 
alloys [9].  Figure 3-1 shows that Al alloys form nearly 70% of all metal in a typical large 
passenger aircrafts such as the Boeing 777. 
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Figure 3-1: Material distribution in a Boeing 777 large passenger airliner [9]. 

In smaller aircrafts such as the Cessna Skycatcher, the entire exterior body is made of Al alloys 
[10]. 

Civil and domestic applications of Al alloys are numerous; furniture, small boats, consumer 
electronic, exterior finishing material for buildings, electrical wires, bicycle frames, home 
security systems and doors and windows are some typical examples [11]. 

Although the application of Al alloys in automotive structural components such as body, 
support structure and chassis seem to be on the increase lately, it is still a major challenge to 
substitute the high strength steel alloys typically used for these applications [12,13].  Presently, 
the density of the Al alloys is nearly three times lower than that of steel and the strength is 
about four to five times lower than their steel counterparts in the automotive structural 
components [2,11,12,13].  Hence, the substitution of Al alloys instead of steel in this application 
would increase the wall thickness of the component significantly rendering the process 
economically and aesthetically ineffective.  Recently, there has been an increased thrust for 
academic research to design and develop new families of Al alloys with significantly higher 
(nearly three times) strengths and ductility than those presently available to explore their use 
as automotive structural components in the aim of further light-weighting the vehicle [13]. 

Fe is an unwanted and unavoidable impurity in all Al alloys [1, 14,15,16].  One of the 
detrimental factors in the existing Al-Si casting alloys is the presence of the Fe based 
intermetallic phases in the solidified casting which plays a significant role in reducing the 
strength and ductility of the cast component [13].  To design and develop newer Al alloys with 
superior properties and performance, it is imperative to better understand the nature and type 
of these Fe based intermetallic phases as a function of solidification parameters to control their 
evolution and morphology favourable.  Further, a trace level of Sr is added to most commercial 
Al-Si alloys to refine the morphology of the eutectic Al and eutectic Si phases in order to 
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alleviate the detrimental effect of the plate-like morphology of the eutectic Si phase on the 
strength and ductility of the castings [2, 17]. 

It is the aim of this dissertation to present a fundamental understanding of the nature and 
morphology of the Fe based intermetallic phases evolving in the commercially important Al-Si 
alloys during solidification and the effect of Sr addition on them, as well.  Albeit such 
information is available in several sources of open academic literature, this information is 
unclear and in most cases erroneous.  This can be attributed to the lack of sophisticated 
experiments and analysis procedures until the last decade, and the quantum leap in 
technological advances globally in the last twenty years.  An example will be the advances in 
the EDX (Energy Dispersive X-Ray Spectroscopy) method in the SEM; the advances in the last 
decade has now enabled researchers to confidently identify stoichiometry of intermetallic 
phases with a precision of less than 0.5%. 

3.1.1 Classification of Al alloys 

There are two types of Al alloys described by The Aluminum Association [18]:  Cast alloys and 
wrought alloys. Cast alloys are suitable for use in manufacturing near net shaped components 
by solidification of the liquid metal and wrought alloys undergo stages of solid-state 
transformation such as extrusion, forging and drawing subsequent to casting of an initial billet 
or rod.  One of the most common denominations in North America is the American National 
Standard Alloy and Temper Designation System for Aluminum ANSI H35.1 [19]. 

3.1.1.1 Cast Al alloys classification and common impurities 

Al cast alloy classifications are based on the άǇƛƴƪ ǎƘŜŜǘǎέ ŦǊƻƳ the aluminum association [20] 
and data from the book titled ά!ƭǳƳƛƴǳƳ ŀƴŘ !ƭǳƳƛƴǳƳ !ƭƭƻȅǎέ ōȅ Davis [1].  There are 8 
families of cast alloys. One family index 6XX is unused and reserved for future alloys. 

Alloy indices consists of the alphabet letters such as A,B,C, etc., as prefix or extensions to 
indicate compositional changes of certain minor but critical alloying elements.  The first digit 
indicates the major alloying elements and the second and third are for designation of specific 
alloy compositions. The forth digit (.X) gives the casting (0) or ingot (1 or 2) designation. 

 

¶ 1XX.X family is pure aluminum of 99% or greater purity.  

¶ 2XX.X family is the Al-Cu alloys. 

¶ 3XX.X family is Al-Si-Mg-(Cu) combination and most widely used series of cast alloys. 

¶ 4XX.X family is the Al-Si alloys. 

¶ 5XX.X family is the Al-Mg alloys. 

¶ 6XX.X family reserved for future alloys. 

¶ 7XX.X family is the Al-Zn alloys. 

¶ 8XX.X family is the Al-Sn alloys. 
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Critical elemental additions can include Ti, B, Be, Sb, B, Cd, Pb, Ca, Ag, Hg, P, Na, and Sr.  

Table 3-1 summarizes the composition ranges of the major elements in the various series of the 
cast aluminum alloys. 

 

Table 3-1: Composition ranges of major alloying elements in Al cast alloys. 

Alloy Si Fe Cu Mn Mg Cr Ni Zn Sn Ti impurities 

100 
0.1-
0.15 

0.25-
0.8 

0.05-
0.1 

<0.025 Χ <0.025 Χ 0.05 Χ <0.025 0.1 

200 
0.05-
3.5 

0.05-
1.2 

3.5-
10.7 

0.05-
0.6 

0.03-
6.5 

Χ 
0.03-
1.7 

0.05-
2.5 

0.05 0.07-0.3 0.1-0.5 

300 
0.13-
20 

0.04-
2 

0.03-
5 

0.03-
0.8 

0.05-
1.5 

0-0.35 0-3 
0.03-

3 
0-0.5 0-0.25 0.1-0.5 

400 
4.5-
13 

0.6-2 
0.05-

1 
0.05-
0.5 

0.01-
0.1 

0-0.25 0-0.5 
0.01-
0.5 

0.01-
0.15 

0-0.25 0.1-0.35 

500 
0.15-
2.2 

0.12-
1.8 

0.05-
0.3 

0.5-
0.6 

3.5-
10.6 

0-0.25 0-0.4 0-2.2 
0-

0.15 
0-0.25 0.05-0.25 

700 
0.1-
0.3 

0.1-
1.4 

0.1-1 
0.5-
0.7 

0.25-
1.8 

0-0.6 
0-

0.15 
2.7-7 

0-
0.15 

0-0.25 0.05-0.25 

800 
0.7-
6.5 

0.5-
0.7 

0.7-4 
0.1-
0.5 

0-0.9 0-0.05 
0-

0.05 
0.3-
1.5 

5.5-7 0-0.25 0-0.3 

 

3.1.1.2 Wrought Al alloys classification 

Eight families of wrought alloys are designated by the !ƭǳƳƛƴǳƳ !ǎǎƻŎƛŀǘƛƻƴ άǘŜŀƭ ǇŀƎŜǎέ (2009 
version) [21]. 

¶ 1XXX family is 99% or more op pure Al with Si and Fe as major alloying elements. 

¶ 2XXX family is Al alloyed with 3.8 - 6% of Cu with Si, Fe and Mn as secondary alloying 
elements. 

¶ 3XXX family is Al alloyed with Mn, Mg, Fe and have as low as 0.6wt% Si. 

¶ 4XXX family is Al with addition of up to 6 wt% Si, 0.8 wt% Fe. 

¶ 5XXX family is Al alloyed with up to 5.5 wt% Mg rest of the Fe, Si, Mn are kept below 0.6 
wt% mark. 
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¶ 6XXX family is Al alloyed with Mg-Si 0.8-1.8 wt% Si, 0.4-1.2 wt% Mg, 0.1-0.7 Fe and Mn. 

¶ 7XXX family is Al alloyed with Zn and Mg ranging up to 7.3 wt% and 3.7 wt% 
respectively. Some alloys in the series have up to 2.4wt% of Cu. Fe, Mn and Si kept low. 

¶ 8XXX family is Al alloyed with Li, Cu and Mg. 

¶ 9XXX family is reserved for future alloys. 

In addition to the designated ranges of composition of the minor alloying elements, there are 
several other additional minor elements added to these alloys as customized by the user. 

3.1.2 Al-Si cast alloy system 

The Al-Si binary system has been described in numerous publications and most aspects of the 
system behaviour has been studied in-depth and documented.  The Al-Si phase diagram is a 
simple binary eutectic system with the eutectic point at about 12.5 wt% Si and 851K (578°C) as 
shown in Figure 3-2. 

 

Figure 3-2: The Al-Si binary phase diagram as simulated by the thermodynamic software 
Pandat with PanAl8 database.  

Liquid

Liquid+Si

Al+Si

Liquid+Al
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The Al-Si binary system was reviewed by several researchers since the year 1908 [3,16,22,23, 
24] by both experimental data (Figure 3-3) and theoretical thermodynamic simulations. 

  

Figure 3-3: Calculated Al-Si phase diagram compared to experimental data [23] 

There are three regions in the Al-Si binary phase diagram: 2-11wt%Si is termed hypoeutectic, 
11-13wt%Si is termed eutectic and 13-100% Si is termed hypereutectic regions.  The elemental 
Si phase (primary and eutectic) in these solidified alloys are brittle plates which are detrimental 
to the mechanical properties of these alloys.  However, addition of Si to Al makes the alloys 
castable into near net shape components with reasonably sound properties and performance 
and economic viability, as well.  The hypoeutectic Al-Si alloys with alloy additions such as Mg, 
Mn, Zn, Cu, Sr, Ti, etc., form the majority of commercial application for these alloys.  The 
morphology of the eutectic Si phase has been one of the heavily debated academic topics for 
the last century [17,25,26,27,28].  Day and Hellawell (1968) [29] and later Makhlouf and Guthy 
(2001) [30] are typical examples of elaborate reviews on the evolution and morphology of 
eutectic Si phase.  The morphology of the eutectic Si phase could be refined by increasing the 
cooling rates of the liquid alloy during solidification [29], however, these cooling rates are 
limited by the casting processes.  Another way to alter the morphology of the eutectic Si phase 
is by the addition of certain elements such as Sr and Na [30,31,32], and more recently, with 
other rare-earth elements such as Y, Yb and the La series [33] to the Al-Si alloys .  These 
additions change the morphology of the Si phase from a plate-like to a refined fibrous one [1, 
2,17,16, 34].  Another element that plays a critical role in affecting the morphology of the 
eutectic Si phase is Fe [14,35].  Shankar et al [14] showed that in equilibrium solidification 
condition, nearly 40 ppm levels of Fe in the alloy resulted in the evolution of the ̡ (Al,Si,Fe) 
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intermetallic phase along with the eutectic phases (ternary system) and in alloys with less than 
30 ppm Fe levels, the morphology of the eutectic Si phase was fibrous and refined.  It was 
further concluded that the ̡ (Al,Si,Fe) intermetallic phase acted as the inoculant for the 
evolution of the eutectic Si phase and the absence of which rendered the eutectic phases to 
solidify with a significant undercooling and hence, refining the Si and Al phases.  Figure 3-4 
shows an isopleth from the low Fe region of the ternary phase diagram of the Al-Si-Fe system 
with increasing levels of Fe to the Al-7wt%Si alloy. 

 

(a)      (b) 

Figure 3-4: Isopleths from the ternary Al-Si-Fe alloy phase diagram showing the Al-7wt%Si 
section with increasing levels of Fe in the alloy.  (a) 0 to 0.5wt% Fe region and (b) 0 to 0.01 
ǿǘ҈ CŜΦ  ά.Ŝǘŀέ ƛƴ ǘƘŜ ŦƛƎǳǊŜ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ Ű6-Al9Fe2Si2 phase [15]. 

Further discussion on the mechanism of evolution and modification of the eutectic Si phase and 
the role of Fe based intermetallic phases will be presented in sub-sections below. 

3.2 Fe IN Al-SI CAST ALLOYS 

It is hard to evaluate casting techniques and peculiarities of the process from data provided by 
majority of the publications. Only for the papers there such data is sufficient for judgements 
papers will be commented and evaluated.  

As validated earlier [14,15,17], there is a clear connection between iron containing intermetallic 
and Al-Si eutectic phases.  In pure alloys with less than 0.0032 wt% Fe, the eutectic Si reaction 
waits for Al9Fe2Si2 (Ű6) phase to evolve before the Si can nucleate on the Ű6 phase and grow [17], 
as shown in Figure 3-5 (a) and Figure 3-4 (b).  For alloys with commercially nominal Fe content 
such as 0.24 wt%Fe, the Ű6 phase evolves prior to the eutectic reaction and the eutectic Si phase 
nucleates at a eutectic temperature close to that predicted by the alloy phase diagram as again 
shown by comparing the isopleths of the phase diagram shown in Figure 3-4 (b) and the 

Al
7wt%Si

Al
7wt%Si
0.01wt%Fe
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thermal analysis curve shown in Figure 3-5 (a) [15].  The eutectic Si phase would not be able to 
nucleate on the primary Al phase without a very large undercooling and hence, requires the 
presence of the Ű6 (Al9Fe2Si2) phase to act as an inoculant. 

 

(a) 

                                           

(b)       (c) 

Figure 3-5: Effect of Fe level in high purity Al-Si alloys. (a) thermal data obtained during 
solidification, (b) SEM secondary image of Al-7wt%Si-0.24wt%Fe alloy and (c) SEM secondary 
image of Al-7wt%Si-0.0032wt%Fe alloy [15]. 

The ̡ -AlSiFe intermetallic phase nucleates on the primary Al phase, as shown in Figure 3-6, with 
a preferred crystallographic relationship between h Al and ̡ -AlSiFe intermetallic phases [14]. 
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Figure 3-6: Interface between a-aluminum dendrite (h Al) and ̡ - Al9Si2Fe2: (a) bright field TEM 
image; (b) centered dark field image showing the -̡ Al9Si2Fe2 phase; (c) SAD pattern taken in 
the encircled region in (a), (d) digital replication of (c) for better visualization; (e) SAD pattern 
from the ̡ -Al9Si2Fe2 phase brought to a zone axis; (f) EDS spectrum obtained from the -̡ 
Al9Si2Fe2 particle [14]. 

Another piece to the puzzle is the mutual relation between ̡-Al9Si2Fe2 and eutectic Si attached 
to these phases. It was found by Shankar et al [14,15,17] that there is relation between the ̡ -
Al9Si2Fe2 and eutectic Si phases. TEM diffraction work shown in Figure 3-7 is a proof of definite 
crystallographic relation between ̡ -Al9Si2Fe2 and eutectic Si. The ̡ -Al9Si2Fe2 plays key role in 
triggering eutectic reaction in unmodified Al-Si-Fe alloys. 
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Figure 3-7 : Crystallographic relationship between ̡-(Al, Si, Fe) and Si. (a) Bright field TEM 
image. (b), (c), and (d) selected area diffraction patterns from the regions marked 1, 2 and 3 
ƛƴ όŀύΦ ¢ƘŜ ǊŜƎƛƻƴ ƳŀǊƪŜŘ ΨΨмΩΩ ƛǎ ƻƴ {ƛΣ ǘƘŜ ǊŜƎƛƻƴ ƳŀǊƪŜŘ ΨΨнΩΩ ƛǎ ƻƴ ǘƘŜ ƛƴǘŜǊŦŀŎŜ ōŜǘǿŜŜƴ ō-
(Al, Si, CŜύ ŀƴŘ {ƛΣ ŀƴŘ ǘƘŜ ǊŜƎƛƻƴ ƳŀǊƪŜŘ ΨΨоΩΩ is on ̡ -(Al, Si, Fe). The diffraction patterns show 
a distinct crystallographic relationship between ̡-(Al, Si, Fe) and Si. The sample used to 
generate this figure is Alς7Siς0.24Fe ς air cooled at 48 K.min-1 [17]. 

There are suggestions in the literature by Cao et al [36] that Al-Si-Fe intermetallic phases 
formed in the beginning of the eutectic reaction or slightly prior to it could serve as nuclei for 
further evolution of the eutectic phases. They suggested that in commercial Al-Si alloys with 
alloying additions such as Mg, Mn and Sr, the Fe based intermetallic phases nucleated on the 
oxide films in the melt and further enabled the evolution of the eutectic Si phase as shown by 
the schematic in Figure 3-8.  The work by Cao et al [36] was merely based on optical and SEM 
microscopy along with evidences from the EDX analysis; no crystallographic information was 
provided on the phases and nucleation schemes. 
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Figure 3-8: Possible nucleation hierarchy among oxide films and solidifying phases in Al-
11.5Si-0.4Mg cast alloys containing Fe and Mn (arrows refer to the nucleation process) [36]. 

Nogita et al [37] suggested that the phosphorous impurity in the Al-Si alloys form the AlP and 
aluminium oxide containing P; the AlP was suggested to act as an heterogeneous nucleation 
site for the eutectic Si phase.  However in their publication [37], the near eutectic Al-Si alloy 
composition with 0.004 wt%P was quenched from the liquid phase and an AlP phase was found 
entrapped inside a bulky polygonal Si phase.  This bulky Si phase with the AlP phase nucleating 
it could only have been the primary Si phase and not the eutectic phase as shown by the Al-Si 
phase diagram with the metastable extension lines in Figure 3-9 [23] wherein the rapid 
solidification (quenching) of the Al-9wt%Si alloy will result in a hypereutectic alloy 
microstructure with primary Si phase because the shift in the eutectic reaction to the low Si 
levels in the alloy.  Further, the nucleation of primary Si phase on the AlP phase has been well 
documented [38].  As yet, there is no convincing evidence of AlP phase nucleating the eutectic 
Si phase.  Moreover, it would be nearly impossible to prove the crystallographic orientation 
relationship between AlP and Si, even if there was one, using conventional advanced 
microscopic techniques such as SEM and TEM or X-ray diffraction experiments because the 
crystal structure and lattice parameter of these two phases are nearly identical [39, 40]. 
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Figure 3-9: Al-Si binary phase diagram with the metastable extension lines [23]. 

Li et al [41] have shown that during the solid-state precipitation of Si and Fe based intermetallic 
phases inside the primary Al phase, there is evidence of crystallographic orientation of both the 
Si and Al-Fe-Si intermetallic phase with the primary Al phase.  Li et al [41] further tried to 
elucidate the effect of trace additions of Sr and Sr+P to the Al-5wt%Si alloy containing 200 ppm 
of Fe on the precipitating sequences of Si and Al-Fe-Si phases.  Due to the lack of a meaningful 
and elaborate experiment matrix, no significant conclusion could be drawn from this study [41]; 
however, the authors begin their ŎƻƴŎƭǳǎƛƻƴ ƛƴ ǘƘŜ ǇǳōƭƛŎŀǘƛƻƴ όȅŜŀǊ нлммύ ǿƛǘƘ άThe Fe 
containing phases are very complex in Al alloy, especially for the high purity Al-Si-Fe alloyέΣ 
which is one of the primary motivations for this PhD dissertation.   

3.2.1 Al-Fe-Si intermetallic phases 

There are typically two schools of thought in naming the Al-Fe-Si intermetallic phases in the Al-
Si alloys: one uses the greek alphabet letters such as h, ̡ ,  and ɻ  while the other uses letter Ű 
with various numeric subscripts [42,43].  A list of the intermetallic phases found in the Al rich 
corner of the Al-Fe-Si ternary alloy systems with the two different nomenclature methods is 
shown in Figure 3-10.  The use letters of greek alphabet such as h, ̡ ,  and ɻ  ƛǎ ƴƻǘ ŀǎ ǇǊŜŎƛǎŜ ŀǎ 
using the Ű with various numeric subscripts; for example, in commercial Al-Si alloys, Mn is a 
popular impurity or alloying addition which is soluble in the Al-Fe-Si intermetallic phases and 
the h  phase could refer to both the Al-Fe-Si and Al-Fe-Mn-Si intermetallic phases; these two 
intermetallic phases have a different crystallographic structure [25,44,45,46,47, 48].  Further, 
the use of the alphabets h, ̡ ,  and ɻ  ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǘƘŜ ƛƴǘŜǊƳŜǘŀƭƭƛŎ ǇƘŀǎŜǎ 
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rather than the stoichiometry and reaction during solidification [44, 25, 46, 49, 50], and Takeda 
and Mutazaki [42] proposed the naming these phase with just letter Ű with various numeric 
subscripts based on the reactions that yielded them during the solidification of the alloys. 
Examples of such invariant liquid reactions are given in Figure 3-11. 

 

Figure 3-10: Stable compounds reported in the Al-rich corner of the Al-Fe-Si ternary system 
[43] 

 

In the intermetallic phases labelled as Ű with numerical subscripts, the number in the subscript 
increased with decreasing values of temperatures at which the respective phases evolved 
during solidification.  The Ű6 phase is the last to evolve at the eutectic temperature and hence, 
Takeda and Mutazaki [42] reported only six phases between Ű1 and Ű6.  Later additions to the 
system took subsequent numerical indices as subscripts to Ű for phases evolving at higher 
temperatures than that of Ű6. 
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Figure 3-11 : Invariant liquid reactions proposed by Takeda et al cited by Rivlin and Raynor 
[24] 

In present work, to ensure precision and clarity, the use of the symbol Ű with various numeric 
subscripts such as Ű2, Ű4, Ű5 and Ű6 would be used to identify the various Al-Fe-Si intermetallic 
phases as presented in Figure 3-10.  A few additional notations given to the intermetallic phases 
in the background literature are shown Figure 3-12 [80]. 

When discussing commercial Al-Si casting alloys, two major Fe containing intermetallic phases 
are predominantly mentioned: h and ̡  phases [2,51].  Both these phases have solubility of 
several commercial alloying elements such as Mn and Cr.  The  h phase has several crystal 
structures reported depending on the level of alloying elements soluble in it and the 
solidification conditions prior to its evolution.  For example, Kral et al [51] in their work on the 
commercial Al-11.7Si-0.16Fe-0.13Mn-0.01Mg alloy reported that after addition of 0.06wt% Sr 
to the alloy, plate like along with chinese script like Al-Si-Fe intermetallic phases co-existed in 
the solidified microstructure.   



18 
 

 

Figure 3-12: Ternary Intermetallic Compounds in the Al-Fe-Si System according to Liu [80] 

The script like phases were identified as h-Al19Fe4MnSi2 with a BCC structure and the plate-like 
phases as with a tetragonal structure.  However, no information on the solidification method or 
the rate of solidification was presented in the manuscript Kral et al [51] provided evidence of 
the h -Al19Fe4MnSi2 and phases as shown in Figure 3-13 and Figure 3-14, respectively.  The plate 
like phase identified as ɻ- Al3FeSi2 by Kral et al [51] is usually mistakenly identified as the plate 
like ̡ -Al9Si2Fe2 phase in several occasions where the only optical microscopy and SEM with EDX 
were carried out for phase identification [51]. 

 

Figure 3-13: The morphology of script particles in an unmodified alloy is revealed by (a) a 
scanning electron micrograph of a deep-etched specimen, and (b) and (c) transmission 
electron micrographs and (d) a lattice image from the particle shown in (c) near <111> 
showing a projection of the unit cell and spacing of the {110} [51]. 
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Figure 3-14:  (a) An SEM image of a deep-etched sample showing typical plates. (b) A bright-
field TEM image of an extracted plate revealing the plate 3D morphology. (c) A montage of 
bright-fƛŜƭŘ ¢9a ƛƳŀƎŜǎ ǎƘƻǿǎ ǘƘŜ ǘȅǇƛŎŀƭ ŀǇǇŜŀǊŀƴŎŜ ƻŦ ŀ ǇƭŀǘŜ όŘŜǎƛƎƴŀǘŜŘ ΨΨнΩΩύ ƛƴ ŎǊƻǎǎ-
section. (d) A higher-magnification TEM image of a plate-shaped particle shows the faults 
often observed and that the normal to the broad face of the plate is parallel to (001). 

¢ƘŜ ʲ-Al9Si2Fe2 phase has significant influence on the mechanical properties of the Al-Si alloys 
[16,52,] due to their plate morphology with sharp interfaces which act as locations of high 
stress concentration.  TEM and EBSD phase identification of the ̡ -Al9Si2Fe2 phase can be seen 
in Figure 3-15 [51]. 
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Figure 3-15 : Characterization of the ̡-Al9Fe2Si2 phase in (a) optical micrograph, (b) EBSD 
pattern indexed as Al9Fe2Si2, (c) bright-field TEM image of a ̡-phase plate, and (d) selected 
area diffraction of a ̡ -phase plate along [110] [51]. 

Both ɻ  and ̡  phases have eutectic Si attached to them in the solidified microstructure as seen 
in Figure 3-14 and Figure 3-15 but the authors did not study the crystallographic orientation 
relationship between these phases.  The reason why Kral et al [51] did not find any ̡-Al9Si2Fe2 
in their commercial Al-11.7Si-0.16Fe-0.13Mn-0.01Mg is because the Fe:Mn ratio in the alloy 
was nearly unity and the Mn phase is known to form a stable -hAl19Fe4MnSi2 phase with a BCC 
crystal structure [52] and this would mitigate the formation of the ̡-Al9Si2Fe2 phase in the 
solidified structure.  The results from this dissertation would present the mechanism for the 
formation of the ̡ -Al9Si2Fe2 phase during solidification and the reasons why a near unity ration 
of Fe:Mn in the alloy prevents the formation of this phase.  Kral et al [51] found the ̡ -Al9Si2Fe2 
phase in another alloy with a high Fe:Mn ratio as in Al-9Si- 1.3Fe-3.3Cu-0.4Mn which is shown 
in Figure 3-15. 

There are other works dedicated to investigation of Al-Fe and Al-Si-Fe intermetallics in 
commercially pure Al alloys [53]. There are six different intermetallic phases containing Al-Fe in 
άǇǳǊŜέ !ƭ [53].  Hence, it is notable that all commercially pure Al alloys would contain a 
multitude of Al-Fe and/or Al-Si-Fe intermetallic phases in them. [ƛǳ ŀƴŘ 5ǳƴƭƻǇΩǎ ǿƻǊƪ ŘŜŀƭǎ 
with Al-0.5/0.25Fe-0.013Si alloys in as cast and heat treated at 873K (600ºC). In both the as-cast 
and heat treated conditions, under slower solidification rates, the presence of the -̒Al13Fe4 
phase was dominant and in higher solidification rates, the AlmSix, h -Al,Si,Fe, q1-AlSiFe and q2-
AlSiFe metastable phases were observed. The most important outcome of the meticulous TEM 
research [53] is the proof that all these Al-Fe and Al-Fe-Si intermetallic phases nucleated on the 
primary Al phase during solidification.  For example, the crystallographic orientation 
relationships between the ̒-Al13Fe4 and the Al matrix are shown in Figure 3-16. 
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Figure 3-16 : Composite SAED patterns of ̒-AI13Fe4 and Al for OR-I with their schematic 
solutions. (a) [OO1]̒ll[001]Al beam direction; (b) [O1O]̒ll[010]Al beam direction [53]. 

A comprehensive list of all the crystallographic orientation relationships found by Liu and 
Dunlop [53] is given in Table 3-2. 

There is no cooling curve measurement data reported due to use of commercial ingot, no 
compositional identification of the phases is reported also full composition of the alloy with all 
impurities is not provided [53]. 

Table 3-2: List of mutual orientations between iron containing intermetallic phases and Al 
[53]. 

Relation type Crystallographic Orientation Relationships 

Al and ̒ AlFe (200)̒ ll(200)Al (020)̒ ll(020)Al (001) l̒l(001)Al 

Al and ̒ AlFe (100)̒ ll(100)Al (020)̒ ll(020)Al (001) l̒l(002)Al 

Al and ̒ AlFe (100)̒ ll(10-1)Al (020)̒ ll(020)Al (001) l̒l(202)Al 

AhlSiFe and Al (100)h ll(100)Al (112) lhl(112)Al (111) lhl(111)Al 

q1AlSiFe and hAlSiFe (100)q1ll(100)h  (020)q1ll(020)h  (002)q1ll(002)h  

q1AlSiFe and Al (100)q1ll(100)Al (020)q1ll(020)Al (002)q1ll(002)Al 

q2AlSiFe and hAlSiFe (101)q2ll(101)h  (010)q2ll(020)h  (001)q2ll(002)h  

 

The Crystallographic data of the Al-Fe and Al-Si-Fe phases observed by Liu and Dunlop [53] is 
given in Table 3-3. 

Table 3-3: List of crystallographic data acquired by Liu and Dunlop [53] 

Phase Structure a (nm) b (nm) c (nm) ɰ (º) 

A̒l13Fe4 monoclinic - C2/m 1.5489 0.80831 1.2476 107.7 

AhlSiFe BCC ς Im3 1.256    

q1 AlSiFe C centered 
orthorhombic 

1.27 3.62 1.27  

q2 AlSiFe monoclinic 1.25 1.23 1.93 109 
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In Table 3-3, the structure of the h-AlSiFe phase was identified as BCC [53].  In our work with 
high purity Al-Si alloys, the structure of the h-AlSiFe phase was hexagonal.  Liu and Dunlop [53] 
may have used commercial purity Al alloys for their study which would include a significant 
amount of Mn as impurity and this would mitigate the formation of the -hAlSiFe phase with the 
hexagonal structure and promote the formation of the cubic structure [54] 

Westengen [55] reported that there are three possible crystal structures for the h -AlSiFe phase: 
cubic, hexagonal and tetragonal as shown in Figure 3-17.  The main difference between the 
work of Westengen [55] and Liu and Dunlop [53] is that the former used more variations in 
solidification rates and may have used a higher purity of commercial alloy ingot. 

 

Figure 3-17: Phases observed in a commercial purity Al ingot [55]. 

Skjerpe [56] confirms the variation in the crystal structure of the various Al-Fe and Al-Fe-Si 
intermetallic phase sin commercial purity DC cast Al alloys as a function of the cooling rate 
during solidification.  A summary of the observations [56] is shown in Figure 3-18.  In Figure 
3-18, the cooling rates for distances of 10, 50 and 100 mm are 8, 6 and 1 Ks-1, respectively. 
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Figure 3-18 : Results from Selected Area Diffraction Analysis of Thin Foil TEM Samples. The 
table shows the number of particles observed at various distances from the Ingot Surface 
[56].  Please refer to Figure 3-17 for the nomenclature and structure of the phases. 

It is a well-known and established fact that the Al-Si-Fe intermetallic phases significantly 
influence the mechanical properties of the Al-Si alloys [16], however, it not universally accepted 
yet that such intermetallic phases serve as potent nucleation sites for the eutectic Si; 
nevertheless, experimental data from the literature [14,15,17,36,51,53] presents a multitude of 
evidence to support this theory.  Additionally, literature [51,53,55] has shown that  there is 
enough evidence to show that the Al-Fe and Al-Fe-Si intermetallic phases could act as potent 
sites to nucleate each other during solidification and heat treatment of the Al-Si alloys.  Further, 
there are evidences to show that several Al-Fe and Al-Fe-Si intermetallic phases nucleate on the 
primary Al phase during solidification [53]. 

It is an aim of this dissertation to throw further light on the nucleation of the Al-Fe-Si 
intermetallic phases in the Al-Si-Fe high purity alloys and the role these phases play in 
nucleating the eutectic phases. 

In the year 1981, Rivlin and Raynor [24] presented a comprehensive literature review of the 
solidification and intermetallic phases in the Al-Fe-Si ternary alloy system wherein the number 
of ternary intermetallic phases reported was ten.  In the year 1940, Takeda and Mutazaki [42] 
suggested six ternary intermetallic phases and numerous invariant reactions in the Al-Fe-Si 
ternary alloy system. Rivlin and Raynor [24] a detailed chronological history of our 
understanding of the ternary Al-Si-Fe phase structures, compositions and nomenclatures.  The 
Ű5 ( )h and Ű6 ( )̡ are more common stable intermetallic phases observed as end products in the 
Al rich corner of the Al-Fe-Si system [24].  A list of the variations in the composition and crystal 
lattice parameters reported in the literature for the prominent ternary intermetallic phases in 
the Al rich corner of the Al-Fe-Si ternary alloy system was presented by Rivlin and Raynor [24] 
and shown in Figure 3-19. 
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Figure 3-19: Variations in composition and crystal structure for the prominent ternary 
intermetallic phases in the Al rich corner of the Al-Fe-Si alloy system [24]. 

It is conjectured that the additions of Mn, Cr and/or Cu as minor alloying elements is soluble in 
ǘƘŜ ˍ5 phase and change the crystal structure from hexagonal to cubic or orthorhombic 
[24,57,58,59].  In commercial Al-Si casting alloys the h -Al-Si-Fe observed and reported has a 
cubic crystal structure and typically the Al-Si-(Fe,Mn,Cr) [60] phase due to the existence of high 
levels of transition elements in the alloy.  IƻǿŜǾŜǊΣ ǘƘŜ ˍ5 phase evolved in the pure Al-Fe-Si 
system through the solidification reaction path proposed by Takeda and Mutazaki [42] has a 
hexagonal structure and the ǇǊƻǇƻǎŜŘ ǾŀǊƛŀǘƛƻƴ ƻŦ ǘƘŜ ˍ5 phase with the cubic structure due to 
solubility of Mn, Cr and/or Cu presented by Rivlin and Raynor [24] from their literature review 
may not be accurate.  The cubic structure was attǊƛōǳǘŜŘ ǘƻ ŀ ǾŀǊƛŀƴǘ ƻŦ ǘƘŜ ˍ5 phase simply 
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because the chine-ǎŎǊƛǇǘ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǘƘŜ ŎǳōƛŎ ǇƘŀǎŜ ƛǎ ǎƘŀǊŜŘ ōȅ ǘƘŜ ˍ5 phase with the 
hexagonal structure as well.  There is no evidence in the literature 
[24,44,51,53,54,55,56,57,58,59,61,62,63,64,65ϐ ǘƘŀǘ ǘƘŜ ˍ5 phase with the cubic structure 
follows the same reaction scheme as that with the hexagonal structure during solidification.  It 
ƛǎ ǇƻǎǎƛōƭŜ ǘƘŀǘ ǘƘŜ ˍ5 phase could evolve with either of the hexagonal or cubic structure, 
however, there is no direct evidence that both these structure variants occur by the same 
solidification reaction path.  Hence, for clarity, we would like to attribute the hexagonal 
strucǘǳǊŜ ǘƻ ǘƘŜ ˍ5 phase and the phase with the cubic structure with the other alloying 
elements would be named h.  Additionally, Cheng et al [63] carried out experiments wherein 
steel containing Cr was dipped into molten Al-10%Si alloy at 700°C for 10-180 seconds.  The 
typical results obtained from this work [63] is presented in Figure 3-21 where we observe that 
the Ű5 phase is forming almost immediately on top of the steel (Fe) surface and the cubic Al-Si-
Fe-/Ǌ ǇƘŀǎŜ όʰc) is forming over the Ű5 ǇƘŀǎŜ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ ʰc phase forms after the Ű5 
phase and not due to substitution of Fe atoms in the Ű5 phase by Cr and/or Mn.  Hence, naming 
the cubic phase as Ű5 as well [24,63] would be erroneous because they are two separate phases 
forming by separate solidification reaction paths. 

 

Figure 3-20: Phase maps obtained from an EBSD analysis of the sample of 5Crς0.5Mo steel 
hot dipped in a molten bath of Alς10 wt% Si alloy ŦƻǊ ǾŀǊƛƻǳǎ ƛƳƳŜǊǎƛƻƴ ǘƛƳŜǎ ŀǘ тлл /Φ  The 
nomenclature h c was used to replace Ű5(c) in the bottom of the image [63]. 
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The Ű6 ƛƴǘŜǊƳŜǘŀƭƭƛŎ ǇƘŀǎŜ ƛǎ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ʲΣ ŀƴŘ ǘƘƛǎ ǇƘŀǎŜ ƛǎ ǳƴƛǾŜǊǎŀƭƭȅ ŀŎŎŜpted to exist with 
a monoclinic crystal structure [24].  Typically, the stoichiometry of the Ű6 phase could be written 
as Al4.5FeSi, Al5FeSi or Al9Fe2Si2 [44].  Most researchers have reported a monoclinic structure for 
the Ű6 phase [24,61,67,70,76] with lattice parameters of a = 6.18 A, b = 6.18 A, c Ґ нлΦп ! ŀƴŘ ʲ 
= 90.4º.  However a few researchers have also suggested a tetragonal structure [24,44] and an 
orthorhombic structure [44, 66].  Since, the lattice angle ̡ ƛǎ ƴŜŀǊƭȅ ŀǘ 90º and that the lattice 
parameters a and b are nearly similar, a few researchers may have mistakenly identified the 
monoclinic structure a tetragonal or orthorhombic.  The evidences from this dissertation also 
suggest that the Ű6 phase is monoclinic. 

In the year 1987, Stefaniay et al [67] presented the ranges of the composition and crystal lattice 
parameters for all the prominent intermetallic phases evolving in the Al rich corner of the Al-Fe-
Si ternary system.  They also present the changes to the composition and lattice parameters of 
these phases as a result of heat treatment of the solidified alloy sample. 

In the year 2002, Gupta et al [68,69] carried out several critically controlled diffusion 
experiments with liquid Al-Si alloy of eutectic composition in contact with solid Fe. Gupta claims 
use of 99.999 purity metals and 99.95 purity iron. Since description is not involving exact 
composition of Al and/or Si of 99.999% purity it could be assumed that both Si and Al are 
99.999% pure. Therefore the overall system is almost pure but regarding possible presence of 
Mn and Cr in the solid iron possibility of formation of cubic phases should not be dismissed.The 
diffusion experiments were carried out at several temperatures well over the liquidus 
temperature of the Al alloy for several time periods.  The samples were solidified either by 
quenching or furnace cooling to study the effect of solidification rates.  The results show that 
there is a marked difference in evolution of the Fe containing intermetallic phases between a 
1h and 4h diffusion experiment at around 1383K (1110 ºC) [68] as shown by Figure 3-21.  
Further, there is a marked difference in the intermetallic phases existing at room temperature 
between samples quenched and furnace cooled from the diffusion experiment temperature 
[68], respectively as shown in Figure 3-22.  Another notable feature is the marked difference in 
the intermetallic phases between the diffusion experiments at 1338K (1115 ºC) (refer to Figure 
3-21) and 1293K (1020 ºC) (refer to Figure 3-22) for 4 hours each.  These results strongly 
suggest that the evolution and stability of the Al-Fe-Si intermetallic phases in the Al-Si alloys are 
significantly sensitive to the melt temperature and the rate of solidification. 
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Figure 3-21: Effect of time on the Fe based intermetallic phases in the diffusion experiments 
by Gupta [68]. 

 

Figure 3-22 Effect of the solidification rate after the diffusion experiments by Gupta [68]. 

In the year 2002, another contemporary review of the intermetallic phases in the Al-Fe-Si 
ternary system was carried out by Raghavan [70].  Summary of the phases reviewed by 
Raghavan is presented in the Figure 3-24.  The only discrepancy observed in the Figure 3-24 was 
that the composition of the Ű5 phase contradicts all the other reported in the literature.  Typical 
stoichiometry for the Ű5 phase is around Al71Si10Fe20 [71]. In present work, several references 
[71,72,73,74,75,76,77,78] were used to identify and confirm the intermetallic phases observed 
in the solidified microstructure. 
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A notable work cited by Rivlin and Raynor [24] is that of Iglessis [79] which suggests that in the 
Al-Si eutectic alloy with 0.24 wt%Fe, the Ű5 evolves at solidification rates of less than 3 K.min-1 
and there is no evolution of the Ű6 phase until above the solidification rate of 3 K.min-1; 
increasing the Fe content in the alloy to 0.5 wt% increasing the critical solidification rate to 300 
K.min-1 and at an Fe content of 0.8 wt% the rate increases to 500 K.min-1.  Not much discussion 
was presented of this work by Iglessis [79] by Rivlin and Raynor [24] or by the two other 
publications [61,64] who have cited this work [79].  A reason for this lapse in the discussion may 
be attributed the anomalous and singular results reported by Iglessis [79] which contradicts the 
known phase diagram and solidification paths of the Al-Fe-Si alloy system.  Figure 3-23 (a) and 
(b) show the typical results from Iglessis [79] for the Al-10wt%Si-0.25wt%Fe and Al-10wt%Si-
0.5wt%Fe alloys, respectively;  wherein a plot of the eutectic temperature versus square root of 
the cooling rate at the eutectic temperature presents the regions of high cooling rates in which 
the Ű5 (  hin the figure) phase is present in the solidified sample and low cooling rates in which 
the Ű6 (  ̡in the figure) phase is present.  It is notable that the results of our experiments 
presented in this dissertation corroborate the results presented by Iglessis [79] as explained by 
Rivlin and Raynor [24]. 

 

 

(a) 
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(b) 

Figure 3-23: Plot of eutectic temperature and cooling rate during solidification of the eutectic 
ǇƘŀǎŜǎ ǎƘƻǿƛƴƎ ǘƘŜ ǊŜƎƛƻƴǎ ǿƘŜǊŜ ǘƘŜ ˍ5 όʰ ƛƴ ǘƘŜ ƛƳŀƎŜǎύ ŀƴŘ ˍ6 όʲ ƛƴ ǘƘŜ ƛƳŀƎŜǎύ ǿŜǊŜ 
observed in the respective solidified samples. (a) Al-10wt%Si-0.25wt%Fe and (b) Al-10 wt%Si-
0.5wt%Fe alloys [79]. 

Liu and Chang [80] presented a summary of the intermetallic phases in the Al-Fe-Si ternary alloy 
system through rigorous thermodynamic models and simulations.  Their work is quite 
comprehensive and compare well with several experimental observations on the related topics.  
One of the major drawbacks of mere thermodynamic models is that anomalous behaviours of 
solute redistribution during solidification, effect of trace level impurity elements in the alloys on 
the resultant intermetallic phases and effect of solidification rates on the phase evolution 
would not be fully captured.  Some of the results of this dissertation present typical examples 
of such differences between the thermodynamic model predictions and experimental 
observations.  It was found in this work that both the Fe and Si atoms in the liquid Al alloy show 
anomalous behaviour in their distribution in the melt which leads to evolution of intermetallic 
phases that contradict thermodynamic predictions. 
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Figure 3-24: Al-Si-Fe crystal structure and lattice parameter data compiled by Raghavan [70]. 

In the year 2007, Krendelsberger et al [81] published a comprehensive work on the phase 
identification and characterization in the Al-Fe-Si ternary system by rigorous solidification 
experiments using the DTA and characterization using the X-ray diffraction and SEM-EDX 
techniques.  Most report data in the literature were verified and validated by Krendelsberger et 
al [81] with additional new data as shown in Figure 3-25; there are now eleven stable ternary 
intermetallic phases in the Al-Fe-Si system. 
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Figure 3-25: Comprehensive list of the ternary intermetallic phases in the AL-Fe-Si system 
developed by Krendelsberger et al [81]. 

In the year 2008, Du et al [82] presented a comprehensive understanding of the solidification 
phases evolving in the Al-Fe-Si system through rigorous thermodynamic modeling using the 
CALPHAD approach.  They have verified and validate several stable equilibrium intermetallic 
phases in the literature that were proposed through experiments. 
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In the year 2004, Bosselet et al [83] followed by Roger et al [84] in the year 2011 presented a 
comprehensive understanding of the temperature ranges at which the various ternary 
intermetallic phases are stable in the liquid and solid alloy samples.  Their work [83,84] presents 
the maximum temperature at which each ternary intermetallic phase are stable solid phases 
and further, present the solid state transformations among these ternary intermetallic phases 
at various temperatures.  Figure 3-26 presents the findings of Bosselet et al [83]. 

 

 

Figure 3-26: Composition, structure and stability temperature limits for Al-Si-Fe ternary 
intermetallic phases [Source : 83]. 

The data in Figure 3-26 relays a critical message in that, when the Al-Si alloys are prepared 
commercially, Fe is an unavoidable impurity which exists as dissolved element in the primary Al 
phase, or as binary or ternary intermetallic phases in the solidified Al ingot used as raw 
material.  Westengen [55], Liu and Dunlop [53] and Skjerpe [56] individually demonstrated that 
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there several stable Fe containing intermetallic phases (binary and ternary) in a commercial 
pure Al ingot as shown in Figure 3-17.  The Al-Si alloy in the industry made from Al ingots 
contains a range of Fe based intermetallic phases. The most common phases in the commercial 
purity Al ingot are the binary ̒ -Al13Fe4 or the Ű5 ternary Al-Fe-Si phase.  According to Rivlin and 
Raynor [24] the ̒ -Al13Fe4 remains as stable solid phase in the melt until 1467 K (1194 °C) and 

Figure 3-26, the Ű5 ternary Al-Fe-Si phase is stable until 1128 K (855 ºC) which would mean that 
these phases could exist after a commercial Al-Si casting alloy is prepared and influence the 
preferential nucleation of certain ternary intermetallic phases over others during the casting, 
leading to anomalous deviations from thermodynamic model predictions. 

Additionally, the cooling rate during solidification of the Al-Fe-Si alloys significantly influence 
the intermetallic phases found in the final solidified structure.  Griger et al [61] prepared 
specific compositions of the ternary Al-Fe-Si system and solidified them at various cooling rates 
to show the variations in the phases obtained in the end sample as shown in Figure 3-27.  
Griger et al prepared different alloys with different techniques : atomization for fast cooling 
rates, mechanical alloying for certain compositions since such techniques are different from 
regular casting it highly possible to get different intermetallic phases than comparing with 
regular cast alloys with same composition.  Young and Clyne [85] carried out similar 
experiments with binary Al-Fe alloys and reported the influence of cooling rate during 
solidification on the final solidified intermetallic phase as shown in Figure 3-28. 

 

 

Figure 3-27: Formation of Al-Fe-Si intermetallic phases as a function of Fe and Si contents and 
cooling rate during solidification [61]. 



34 
 

 

Figure 3-28: Approximate cooling rate regimes for formation of the different binary Al-Fe 
intermetallic phases in hypoeutectic AI-Fe alloys [85]. 

Superheat effect upon Al-Fe-Si intermetallic phases was investigated by Awano and Shimizu 
[86] . Awano and Shimizu showed clear transition between  hphase through two phase region 
to  ̡phase region of Al-Si-Fe and Al-Si-Fe-Mg alloys depending on superheat. For same 
composition at different superheats Awano and Shimizu observed mostly script like phases for 
high superheat and plate like phases for small superheat. Effect was observed for different Si 
concentrations from 6 to 22 wt% [86]. In pure alloy cast from 99.9999% Si and Al and 99.99 % 
Fe two phases were observed at all superheats. Duration of melt holding time or casting under 
vacuum ruled out gas dissolution or oxides as source of the change. Phase identification 
showed compositions which did not resemble Ű5 or Ű6 phases, despite that Awano and Shimizu 
called these phases h and ̡ . X-ray diffraction of appropriate alloys identified phase called T2 
referenced to 1952 ̡ phase reference which now days is obsolete. No identification for  hphase 
through X-Ray diffraction was made. Awano and Shimizu called some impurities responsible for 
a change in the phases. Cooling rate was also mentioned to favor ʰ ƻǊ ʲ ς Ŧŀǎǘ ŎƻƻƭƛƴƎ ŦŀǾƻǊǎ ʰ 
ŀƴŘ ǎƭƻǿ ŦŀǾƻǊǎ ʲΦ ¢Ƙƛǎ ǇŀǇŜǊ ƛǎ ƴƻǘ ǇǊŜǎŜƴǘƛƴƎ ŀƴȅ ŦŜŀǎƛōƭŜ ǘƘŜƻǊȅ ǘƻ ŜȄǇƭŀƛƴ ǘǊŀƴǎƛǘƛƻƴ ƴƻǊ 
reflects change in cooling rate. Ability to change phases in cast alloy by superheat is important 
fact to be mentioned in discussion part of this thesis.  

In summary, the literature on the subject of the intermetallic phases in the Al-Si-Fe ternary 
system, specifically, the Al rich corner of the system presents a comprehensive and valid list of 
all the intermetallic phases that evolve during solidification under near equilibrium conditions.  
However, there is very little information presented on the identification of the intermetallic 
phases in the pure Al-Si-Fe system with the Si ranges between 3 and 12.5 wt% and Fe between 
0 and 1 wt%, and the effect of the cooling rate during solidification and the effect of initial 
superheat temperature of the melt above the respective liquidus temperature on the evolution 
of the intermetallic phases.  A large number of researches have been carried out on the 
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commercial purity Al-Si alloy system where the nature and formation of the intermetallic 
phases during solidification is significantly affected by the minor alloying elements in the alloys 
such as Mg, Ti, Sr and transition elements.  It is the aim of this dissertation to address the 
above-mentioned lack of detailed information in the literature to enable a better 
understanding of the commercially important Al-Si hypoeutectic alloys. 

3.3 MODIFICATION OF EUTECTIC PHASES BY Sr ADDITION 

Modification of the morphology of the eutectic Si phase in commercial hypoeutectic Al-Si cast 
alloys by addition of NaCl and/or CaF2 was patented by Pacz in 1921 [26].  Since then, there has 
been a significantly number of publications in the literature about the methods and 
mechanisms of the morphological modification of the eutectic Si phase (plate-like to fibrous) by 
trace level additions of several elements such as Sr, Na, Yb, Y, La, Ce, etc., 
[2,16,17,30,31,32,33,].  Several contradicting theories have been presented from nearly a 
century of research on the topic of modification of the Si phase, among these there are four in-
depth literature reviews on this topic [16,29,30,34]. Among these, the review by Makhlouf et al 
[30] is the most comprehensive.   

In the year 1924, Edwards and Archer [87] first proposed that when trace levels of Na is added 
to the melt, there is a significant undercooling of about 5 K or greater below the eutectic 
temperature during the evolution of the eutectic phases in the Al-Si binary alloys.  In the year 
1984, Hanna and Lu [27] presented the liquidus and eutectic temperatures for the binary Al-Si 
alloys with an without Sr modification, for a range of 1 to 25wt% Si in them, as shown in Figure 
3-29; wherein it can be observed that during the cooling of the alloys, the Sr-modified alloys 
shows marked undercooling of the eutectic temperature which was absent during the heating 
process.  This shows that Sr addition alters the evolution of the eutectic phases during 
solidification and not during the re-melting of the alloy thereby confirming that the lower 
eutectic temperatures are not an artifact of the ternary Al-Si-Sr alloy system.  Other 
publications [88,89,90] also validate and quantify the marked undercooling of the eutectic 
temperature in the Al-Si alloys because of trace level addition of a modifying element such as 
Sr. 
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Figure 3-29: Liquidus and eutectic temperatures obtained by thermal analysis for unmodified 
and Sr-modified Al-Si alloys for both the solidification and re-melting at 4 K/min [27]. 

In the year 2011, Srirangam et al [91] presented a very concise and comprehensive discussion 
on the effect of Sr addition on the morphological changes to the eutectic phases in the 
commercially important Al-Si hypoeutectic alloys.  Modification of eutectic Si by addition of Sr 
or Na was studied by many researchers [14,15,17,92,93,94,95 ,96,97,98,99,100,101]; the 
proposed theories and mechanisms are contradictive. There is no consensus on the how Sr 
addition modifies eutectic Si.  Srirangam et al [91] proposed that Sr breaks Si-Si clusters in the 
melt thereby changing the nucleation of eutectic Si during eutectic reaction through changes in 
the physical properties of the melt such as viscosity and interfacial energy. Since clusters are an 
essential stage in the process of homogeneous nucleation, delay in cluster formation would 
delay nucleation of eutectic Si; delayed nucleation will lead to excessive amount of 
undercooling.  Thall and Chalmers [102] proposed that interfacial energy change is responsible 
for change in morphology of eutectic phases. Gayler [96], Gwyer [97] and Rothery [99] 
proposed similar theories for modification by Na and Sr elements based upon change in the 
surface energy in the liquid. No experimental data relating Sr addition to liquid properties was 
obtained during the 1970-s,80-s or 90-s.  The ability of Sr addition to limit Si phase growth was 
among other explanations of eutectic Si modification [27,92,93] proposed since the 1970-s. 
Another proposed mechanism was the inhibition of nucleation sites (oxides, phosphorous) by Sr 
[91ς95,101]. Such theories could not explain the refinement of eutectic Al observed by Shankar 
et al [17].  An additional experimental outcome observed in this project shows that addition of 
trace level of Sr to the Al-Si alloys significantly altered the nature of the Fe bearing intermetallic 
phases thereby altering the heterogeneous nucleation sites for the eutectic Si phase during 
solidification.  The details of these observations are presented in the results and conclusions 
chapter of this dissertation. 

Bian et al. [103] reported that based upon scattering data from the liquid melt, the atomic 
structure of AlςSi eutectic melt changes with the addition of Sr. Malik [104] showed that the 
addition of Sr also changes the melt viscosity of the Al-Si alloys. 

The mechanism of Sr modification presented by Shankar et al [17] and later by Srirangam et al 
[91] where the effect of Sr altering the nucleation environment of the eutectic Si phase in the 
interdendritic alloy melt during solidification seems to be the more agreeable explanation 
coupled with the observed experimental evidences.  The earlier theory [105] that the 
morphological modification of the eutectic Si is attributed solely to the induced multiple 
twinning by atoms of Sr interfering with the growth ledges of the Si phase does not validate 
several experimental observations.  For example, there is an observed undercooling in the 
nucleation temperature of the eutectic phases in the alloys modified with trace elements are 
not explained by the latter theory. 

In the year 1957,Plumb and Lewis [106] used radioactive Na addition to the Al-Si alloy and 
found that the atoms of Na resides in the primary Al phase in the solidified sample.  Recent 
work by Siemensen et al [107] used the nanoSIMS technology to confirm the work by Plumb 
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and Lewis [106] and suggested that the modifying elements such as Na, Ca and Sr segregated in 
different phases in the solidified microstructure of the Al-Si alloys and further suggested that 
the mechanism of modification of the eutectic Si phase by each of these elements could be 
significantly different from each other.  Recent work by Timpel et al [28] showed that there are 
two types of Sr segregation in the Al-Si alloys; one is the elemental segregation and the other in 
the form of cylindrical Al2Si2Sr intermetallic phase.  The elemental segregation is suggested as 
being ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ άŜƴŎŀǇǎǳƭŀǘƛƴƎέ ƻŦ ŜǳǘŜŎǘƛŎ {ƛ ǇŀǊǘƛŎƭŜǎ ŀƴŘ ǊŜǎǘǊƛŎǘƛƴƎ ƛǘ ƎǊƻǿǘƘ [28], while 
Al-Si-Sr intermetallic phase occupies the {111} stacking fault growth steps and induce twinning 
in the eutectic Si. 

 

Samuel et al [108] have discovered destabilization of ̡-Al-Si-Fe (Ű6) by Sr modification and Cao 
and Campbell [109] reported morphological changes in thŜ ŎǳōƛŎ ʰ intermetallic phases 
(Al15(FeMn)3Si2 and Al15(FeCr)3Si2 ) due to addition of Sr to the Al-Si commercial alloy. Kumari et 
al [110] reported the refinement of the ̡ -Al-Si-Fe phase morphology due to Sr addition to the 
commercial Al-Si alloy, LM25.  Eidhed [111] reported that Sr addition to a commercial Al-Si die 
casting alloy mitigates the evolution of the ̡-Al-Si-Fe (Ű6) and promotes the evolution of the 
cubic h -Al-(Fe,Cr)-Si phase in the solidified structure and the total volume fraction of the 
intermetallic phases in the solidified stricture reduces. 

Han et al [50] carried out directional solidification experiments on the Al-7Si-0.9Fe alloy 
containing 0.03 wt%Sr in them and found that the evolution of the -̡Al-Si-Fe (Ű6) is mitigated 
and the evolution of the ɻ -Al-Si-Fe (Ű4) is promoted.  It is notable that both the ̡ όŰ6) and ɻ  (Ű4) 
have a similar plate-like morphologies which would be indiscernible when viewed in the 
microstructure as shown by Figure 3-14 and Figure 3-15.  Further, the authors [50] state that 
the presence and volume fraction of the ʲ όŰ6) and ɻ  (Ű4) intermetallic phases in the solidified 
microstructure changes with the growth velocity during directional solidification.  At a low 
growth velocity of 4 mm.min-1, the ̡  όŰ6) exists in the microstructure while at high growth 
velocity of 30 mm.min-1, the ̡  όŰ6) does not exist while the ɻ (Ű4) exists.  The authors [50] 
present the results of the X-ray diffraction experiments shown in Figure 3-30 to substantiate 
their claim. 
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Figure 3-30: X-ray diffraction spectra of directionally solidified Al7Si-0.9Fe alloys with 0.03 
wt%Sr at growth rates of 4 and 30 mm/min [50]. 

In summary, the background literature strongly suggest that the addition of Sr to the Al-Si alloys 
impacts the atomic arrangement in the melt in addition to change in the nature and evolution 
of the Fe based intermetallic phases during solidification and the work presented in this 
dissertation would present further evidences to support this observation.  The prior-art in the 
literature solely discussion on the anomalous clustering of atoms in the liquid Al-Si-Fe alloy 
system will be presented in the subsequent section to further understand the heredity of the 
liquid structure during solidification of these alloys and its influence on the evolution of the 
intermetallic phases. 

3.4 ATOMIC CLUSTERING IN LIQUID Al-Si AND Al-Fe SYSTEMS 

Liquids have no long range symmetrical order as in solid which have specific long range crystal 
structure. Short range atomic arrangements in liquid metallic systems with inter atomic bonds 
which differ in strength depending on chemical elements are called clusters. Clusters are crucial 
for liquid properties and change in the cluster structure could be attributed to changes in the 
phase evolution during solidification. 

First reported observation of clusters in liquid metals was by Egelstaff [112] in 1962 through 
Neutron scattering experiments of metallic liquids.  The coordination number which is 
evaluated from the scattering experiments of the liquids indicates the average number of 
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closest neighbours to a specific atom.  Short range order is typical for liquid with no repeatable 
structure as found in the crystalline solids. Elliot [113] considered 0.2-0.5 nm size of atomic 
clusters as short range, 0.5-2 nm as medium range and greater than 2nm as long range orders 
in the liquid state. Structure factors calculated from scattering data obtained from Cu-23%Sn 
alloy by Xiufang et al [114] is shown in  

Figure 3-31; pre-peak observed at 0.145 nm-1 is indicative of a medium range order. This 
medium range order peak was attributed by Xiufang et al [114] to formation of chemical 
compounds or clusters composed of two different elements. In Figure 3-31, the ordering in the 
liquid is function of the temperature and the observed medium range order totally disappears 
at temperature over 1300 °C.  

 

 

Figure 3-31 : Scattering factors obtained from Cu-23%Sn alloys at different temperatures 
[114] 

Relationship between the change in the order to the physical properties could be illustrated by 
abnormal changes in the melt viscosity, as shown in Figure 3-32 [114].   The viscosity 
measurements shown in Figure 3-32 is for the same alloy (Cu-23%Sn) shown in Figure 3-31; 
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anomalous change in the viscosity of the liquid alloy is correlated with loss of the medium 
range ordering at high temperatures. Clusters comprising of atoms of same type usually have 
weaker metallic bonds [114]. Clusters comprising of different atom species could typically form 
with stronger bonds of the covalent type.  It is notable that the amount and type of clusters 
existing at the initial temperatures prior to the solidification of an alloy is critical to the type of 
phases evolving during the solidification; initial temperature plays a critical role determining the 
nature and stability of the clusters in a liquid alloy melt. 

 

 

Figure 3-32 :  Viscosity of Cu-23%Sn alloy at different temperatures [114] 

In this project, the difference of 100 K (993 and 1093 K) in the initial temperature of the Al-Si-Fe 
alloy melt played a significant role in altering the nature and type of the Fe bearing intermetallic 
phases evolved during solidification. 

3.4.1  Clusters in the liquid Al-Si-Fe alloy system 

There is no experimental data for the ternary Al-Si-Fe system describing clustering phenomena 
and liquid structure.  However, there are ample evidence of anomalous clustering phenomena 
in the binary Al-Si, Al-Fe and Fe-Si systems, independently.  It is notable that there is a marked 
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difference between the liquid structure and clusters in the liquids; the clusters are defined as 
agglomerates of atoms with inter-atomic bonds stronger than those found in the liquid 
solution. However there is no general agreement on definition of cluster. 

In 2001, Yurkevich [139] performed a series of density measurements in the molten Al-Si alloys 
with Si concentration between 0.2 and 1.2 wt%; the change in the density as function of 
temperature and Si concentration is shown in Figure 3-33, wherein the Si-Al bonds were 
described as donor acceptor bonds with Si accepting electron donated by the Al.  Five zones 
with different micro segregations were identified [139] as shown in Figure 3-34 (a); Gibbs free 
energy of the alloy for all the proposed bond configurations were calculated as shown in Figure 
3-34 (b). 

 

Figure 3-33 : Change in the density as function of temperature and Si concentration for Al (1) 
0.2,(2) 0.4 and (3) 0.6 wt% Si molten alloy [139] 

Figure 3-34 shows that the Gibbs free energy of the alloy is in direct relation with type of 
atomic microsegregations and bond type; consequences of change of free energy of the alloy 
are changes in the stability of the nuclei, driving force for phase formation and phase stability.  
Reported structural transformation of the Al-Si microsegregations are related to changes in 
stability of certain configuration at given temperature [139]. 

In 2002, LƭΩƛƴǎƪƛƛ Ŝǘ ŀƭ ǇǳōƭƛǎƘŜŘ ǘǿƻ ǿƻǊƪǎ ŘŜǾƻǘŜŘ ǘƻ the liquid Al-Fe and Si-Fe systems 
[115,116].  In their works [115,116], both theoretical calculations based on the model of micro-
inhomogeneous structure and experimental X-Ray scattering data were combined to state that 
in both the Fe-Si and Al-Fe liquid alloy systems there are stable configurations of atomic 
clusters in the liquid; an example are the Fe2Al5 and Fe3Al atomic clusters found in the liquid at 
appropriate compositions [116] as shown in Figure 3-35. 
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(a)      (b) 

Figure 3-34 : Anomalous atomic bonds between Si and Al in the Al-Si alloys in the liquid state. 
(a)Al-Si phase diagram showing micro segregation fields with different bonds and (b) free 
Gibbs energy of the alloy calculated for different Al-Si bond coordination[139]  

 

Figure 3-35 : X-Ray scattering data from Al-Fe alloys line ς experimental data and circles are 
calculated at 1820 K [116]. 
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In the Al-Fe system [115], pre peaks observed around 0.1nm-1 the medium range order similar 
to those observed by Xifuang et al [114] in the Cu-23%Sn alloy; the shape and intensity changes 
in this pre peak indicate changes in the cluster configuration. Similar data obtained in Fe-Si 
system [116] presents pre peaks at 0.15 nm-1 as shown in Figure 3-36; structures attributed to 
this pre-peak are Fe2Si5, FeSi and Fe3Si.  It also was mentioned [115] that typically the average 
composition of the atomic clusters observed in the liquid do not have a direct correlation to the 
stoichiometry of the intermetallic phases evolved during solidification of the liquid. 

In 2001, Li at al [117] conducted calculation of cluster behavior in Al-Fe alloy. Li et al [117] 
proposed existence of several cluster configurations in the liquid as shown in Figure 3-37. 
Existence of several types of co-existing cluster configurations in the alloy melt was proposed 
and there was a varying amount of each atomic cluster type in the melt at any given 
temperature [117].   
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Figure 3-36: Experimental X-ray scattering intensity functions of FeςSi liquid alloys at 1550 C 
[115]. 
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Figure 3-37 : configuration of atomic pairs in Al-Fe alloy [117] 

It was reported by Kanibolotsky et al [118] that the enthalpy of mixing in Al-Si-Fe liquid system 
is exothermic with a calorification of up to -35 kJ/mol. Such behaviour of the system has been 
related to strong bonding tendencies between the pairs of Al-Fe and Si-Fe atoms and formation 
of binary Si-Fe clusters. Kanibolotsky et al [118] showed that experimental results 
demonstrated a dependence of enthalpy of mixing on concentration of the mixed elements but 
it was stressed that Si-Fe interaction determines the thermodynamics of the Al-Si-Fe system.  

Yu et al [119] showed higher energy of activation for diffusion of Fe in a liquid Al compared to 
other impurities see as shown in Figure 3-38. 

 

Figure 3-38: Activation energy for diffusion of impurities in liquid Al [119] 
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Bian et al [120] reported the existence of anomalous medium range order in the liquid Al-Fe 
alloy and these atomic order disappeared at high melt temperatures of greater than 1700 K. 
Change in the liquid atomic ordering was related to change in the morphology of Al-Fe phases 
in solidified samples.  Bian et al [120] mentioned that anomalous clusters are Al13Fe4 but no 
meaningful proof of that had been presented. Considering other works [114,116] clusters 
should be of the Fe2Al5 type but in general Bian did not present sufficient data treatment to 
substantiate any specific cluster configuration. 

Jing-Xiang et al [121] reported that in the Al-Fe-Ce system there is an increase of icosahedral 
short range atomic order with addition of Ce.  Reverse Monte Carlo simulation was performed 
on the liquid scattering data to match experimental results and it was confirmed [121] that the 
liquid Al-Fe-Ce alloy have abnormal (compared to Al-Fe) structuring order.  Addition of Ce 
promotes icosahedral ordering and thus, reduces the number of other atomic configurations 
present in the liquid. Tanaka [122] proposed that local icosahedral ordering acts against 
crystallization from super-cooled melts and promotes glass formation. Formation of local 
icosahedral structures reduces the Gibbs free-energy difference between the supercooled 
liquid and crystal, and also increases the liquid ς cluster interfacial energy, ɹƭҍŎ, which makes 
crystallization more difficult [122].  Ce is known to modify eutectic Si similar to Sr [123] in the 
Al-Si alloy; however, it less effective than Sr. 

Isono et al [135] showed clear dependence of diffusion of Fe in the liquid Al both by 
experimental data and theoretical calculations. In their work [135] diffusion experiments were 
conducted at conditions were convective currents in the solidifying melt were absent. 
Comparison between diffusion of Cu and Fe in liquid Al (Cu was taken a benchmark) showed 3 
times slower diffusion of Fe compared to Cu; however, based on the 9ƛƴǎǘŜƛƴΩǎ ǊŜƭŀǘƛƻƴ ŦƻǊ 
diffusion it should be almost equal. Isono et al [135] attributed it to the formation of anomalous 
clusters leading to lower mobility of the Fe in the liquid Al.  Gebhard et al [132] have reported 
higher in viscosity of Al-Fe alloys which was explained by cluster formation similarly to that 
observed by Xiufang et al [114] in the Cu-23%Sn alloy. Viscosity of the alloy is a direct indicator 
of the nucleus stability in the liquid; therefore, any changes in the viscosity can be attributed to 
a change in the stability of certain nucleating phases favoring formation of specific phases 
during solidification. 

In summary, it is notable that there are several evidences in the background literature to 
suggest that anomalous clustering of atoms (both like and dislike pairs) occur in the liquid state 
of the Al-Si-Fe alloy system, especially in the Al rich corner of the phase diagram.  Considering a 
hypothetical case of a solidification front moving into the liquid phase of an Al-Si-Fe alloy rich in 
Al, typically, there would be a rejection of the solute atoms of Fe and Si ahead of the growing 
primary Al phase.  The extent of the rejection would be governed by the partition ratio of the 
respective atom type in the alloy composition; that for Fe being significantly lower than Si.  
Hence, the rejection of Fe atoms would be more pronounced than the Si counterparts.  
Additionally, the extent of solute rejection increases with decreasing cooling rate of the liquid 
phase during solidification.  The solute atoms of Fe and Si rejected ahead of the solid/liquid 
interface would be transported into the liquid phase by two prominent mechanisms: diffusion 
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and convection.  Typically, during solidification, the diffusion mechanism is instantaneous and 
spontaneous, however, natural convection driven by thermal and density gradients in the liquid 
is sluggish in the beginning and increases with time of solidification [124].  The velocity of the 
liquid stream due to natural convection will be higher for slower cooling rates during 
solidification.  Thermodynamic modeling and simulations of phase diagrams based on 
equilibrium and Scheil-Gulliver assumption of solute redistribution in alloys consider the Gibbs 
Free energy diagrams of the phases which incorporates the solute redistribution fields ahead of 
the growing dendrites and predicts the nucleation of stable phases during solidification 
favoured by the lowest free energy in the system.  However, these models fail to incorporate 
anomalous behaviour of atoms in the liquid alloys which will significantly alter the free energy 
curves of the system during solidification.  In case of the Al-Fe-Si, the only intermetallic phase 
predicted to evolve for the Al-xSi-yFe (x=2 to 15wt% and y=0 to 0.8wt%) is the Ű6-Al9Fe2Si2 for 
both the equilibrium and Scheil-Gulliver assumption of solute redistribution during solidification 
as typically shown by the Figure 3-4.  The Ű6 phase is characterized by a typical ratio of Fe:Si as 
approximately 1:1.  However, if there were anomalous clusters of any combination of Al,Si and 
Fe atoms in the liquid ahead of the solidifying primary Al phase, as amply substantiated in the 
background literature and additionally, if the diffusion of the Fe atoms into the liquid is more 
than three times slower than that assumed by the thermodynamic models, then there would be 
a significant difference in the actual map of the Gibbs free energy in the liquid ahead of the 
solid/liquid interface which may favourably present the lowest free energy to an entirely 
different intermetallic phase than that modelled and predicted.  Isono et al [135] showed that 
the Fe atoms in the liquid Al-Fe alloy is typically surrounded by 15 Al atoms resulting in an 
anomalously reduced diffusion of the Fe in the liquid leading to an anomalously higher viscosity 
of same.  If this were to occur in the Al-Fe-Si alloy melts as well, then two situations will occur: 
firstly, there would be a higher concentration of the Fe atoms ahead of the solid/liquid 
interface during solidification and secondly the effect of natural convection in a higher viscous 
liquid would be decreased.  This situation will lead to a higher ratio of Fe:Si atoms ahead of the 
solid/liquid interface which may result in the evolution of a different Al-Fe-Si intermetallic 
phase such as the ̱5-Al8Fe2Si which would be an anomalous occurrence.  It will be later shown 
ƛƴ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘƛǎ ǇǊƻƧŜŎǘ ǘƘŀǘ ǘƘŜ ˍ5 phase with a higher Fe:Si ratio does evolve prior to the 
ˍс ǇƘŀǎŜ ǿƛǘƘ ŀ CŜΥ{ƛ Ǌŀǘƛƻ ƻŦ ǳƴƛǘȅΦ  CǳǊǘƘŜǊΣ ǘƘŜ ŀƴƻƳŀƭƻǳǎ ŎƭǳǎǘŜǊƛƴƎ ƻŦ ǘƘŜ CŜ ŀǘƻƳ ōȅ ǘƘŜ !ƭ 
atoms in the liquid could also lead to the initial formation of the binary Al-Fe phase albeit the 
presence of the Si atoms in the liquid if the free energy of such a phase is the lowest at any 
temperature during solidification. Similar anomalous clustering of the Fe and Si atoms are also 
confirmed in the Fe-Si system as presented earlier in this section.  This would possibly lead to 
further deviation from the prediction of the nature of intermetallic phases evolves during 
solidification of the Al-Fe-Si liquids. 

 

It is notable that there has not been any prior art in evaluating the liquid structure and 
clustering tendencies in the Al-Si-Fe ternary alloy system, as yet. Hence, it can only be 
hypothesized based on the anomalous clustering tendencies shown in all of the Al-Si, Al-Fe and 
Fe-Si binary system, individually that such anomalies could be expected in the ternary Al-Fe-Si 
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system as well which will lead to evolution of unpredictable solid phases during solidification of 
these alloys. 

The background literature also suggests that clusters present in the liquid state at a high 
temperature with specific composition of atoms from the various elements in the alloys does 
not necessitate that these atom compositions will be reflected in the stable solid nucleus that 
evolves during solidification.  It can be safely suggested that the location of such clusters in the 
liquid presents favourable sites with energy states lower than the surrounding homogeneous 
liquid and hence, could act as a potent site on which nucleation of the new solid phase may 
take place.  The initial atom composition of the clusters in the liquid state may have an 
influence on the final composition of the solid nucleus.  However, in the case of amorphous or 
glassy metals, the anomalous clusters of atoms is captured with their original atomic 
composition and retained at room temperature without any nucleation event for a solid phase 
during the cooling process. 

  



49 
 

CHAPTER 4. OBJECTIVES AND PROJECT PLAN 

The background literature on the nature and evolution of the Fe based intermetallic phases in 
the Al-Si hypoeutectic casting alloy strongly suggests that there is several information critical to 
our comprehensive understanding of the subject matter that are missing.  The motivation to 
carry out this project work is two folds: (1) to better understand the solidification conditions 
that lead to the evolution of specific Fe based intermetallic phases in the Al rich corner of the 
Al-Si-Fe system with a range of 2 to 12.5 wt% Si and (2) to better understand the role of trace 
additions of Sr to the alloy melt on the nature and morphology of the Fe based intermetallic 
phases in these alloys.  With this motivation the objectives are proposed for this research 
project. 

4.1 OBJECTIVES 

1. Quantify crystallographic and morphological characteristics of near equilibrium and non-
equilibrium intermetallic phases evolved during the solidification of Al-Si hypoeutectic 
casting alloys while studying the effects of the following independent parameters. 
 

a. Variations in the compositional levels of Si and Fe. 
b. Superheat of the alloy melt above the respective liquidus temperature. 
c. Cooling rate during solidification. 

 

2. Evaluate the effect of trace levels of Sr additions on the characteristics of the 
intermetallic phases present in the high purity Al-Si-Fe alloys. 

4.2 PROJECT PLAN 

The objectives of this project mentioned above entail solidification experiments to be carried 
out with a variety of independent parameters maintained at several levels.  The alloys prepared 
were of high purity and the following independent parameters were considered for this study. 

1. Si Concentration Ą about 2, 4, 5, 7, 9, 11.5 and 12.5 (eutectic) wt%. 
2. Fe Concentration Ą about 0.05, 0.15, 0.25, 0.5 and 0.8 wt% 
3. Cooling Rates During Solidification for the liquid phaseĄabout 0.017, 0.1, 0.8, 5 and 50 

Ks-1 
4. Liquid alloy superheat above liquidus temperature Ą about 60, 100 and 200 K 

 

The above mentioned levels of the independent parameters did not deviate more than ±0.25 
wt% s of the targeted values.  Several combinations of the levels of the independent 
parameters were used in the experiments.  These combinations stemmed from the ongoing 
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observation of the results from previous experiments to enable explanation of certain specific 
observed phenomenon in the results. 

The combinations of the independent parameters used in this study is presented in Table 4-1 

Table 4-1:  Combination of independent parameters used in this study. 

Parameter Levels 

Si (wt%) 2 4 5 7 9 11.5 12.5 

Fe (wt%) 0.25 0.25 0.25 
0.05, 0.15, 
0.25, 0.5 
and 0.8 

0.25 0.25 
0.05, 

0.25, 0.5 
and 1 

Sr (wt%) 0 0 0 0 and 0.02 0 0 
0 and 
0.02 

Cooling 
Rate (Ks-1) 

0.1,0.8, 5 
and 50 

0.8, 5 
and 50 

0.8, 5 
and 50 

0.017, 0.1, 
0.8, 5 and 

50 

0.8, 5 
and 50 

0.8, 5 
and 50 

0.1, 0.8, 
5 and 50 

Liquid 
Alloy 
Superheat 
(K) 

200 200 200 
60, 100 
and 200 

200 200 200 

 

Figure 4-1 presents a schematic graphical representation of the experiment matrix with the 

independent parameters for the solidification experiments with a minimum initial liquid alloy 

temperature of 1093 K (820 ºC) and held for a minimum of two hours isothermally prior to 

solidification.  Figure 4-1 (a), (b) and (c) are for the Al-Si-Fe system and Figure 4-1 (d) is for the 

Al-Si-Fe-Sr system.  Each point shown in Figure 4-1 is a solidification experiment and there were 

at least two repetitions of the experiments shown in Figure 4-1 (b) to ensure repeatability and 

reproducibility of the results.  A total of 47 and 13 different solidification experiments were 

carried out for the Al-Si-Fe and Al-Si-Fe-Sr alloy systems, respectively. 
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(c) 

 

 (d) 

Figure 4-1:  Schematic representations of the experimental matrix with the independent 
parameters used in this study.  The initial alloy temperature was a minimum of 1093 K (820 
ºC) and held for a minimum of two hours isothermally prior to solidification. (a) plot of 
concentrations of Si vs. cooling rate during solidification for Al-xSi-0.25Fe system, (b) plot of 
concentration of Si vs. Fe concentrations in the Al-xSi-yFe system, (c) plot of concentration of 
Fe vs. cooling rate for a Al-7Si-yFe system, and (d) plot of concentration of Fe vs. cooling rate 
for a Al-7Si-yFe-0.02Sr system. 
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The dependant variables in the solidification experiments were the observations in the 

microscopes (optical and electron), composition of solidified phases measured with Energy 

Dispersive X-Ray Spectroscopy (EDX) in Scanning Electron Microscope (SEM), crystal structure 

of the phases by the techniques in a Transmission electron Microscope (TEM), and X-ray 

diffraction data obtained from Cu kh and high energy synchrotron radiation, respectively. 

A brief overview of a typical experiment and analysis is presented in Figure 4-2. 

 

 

Figure 4-2:  A Schematic of a typical solidification experiment and analysis. 

 

A detailed description of the techniques used for the analysis of dependant variable in the 
experiments will be presented in the next chapter of this dissertation.  
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CHAPTER 5. EXPERIMENTAL METHODOLOGY 

In this chapter, more details will be presented on the several items in the schematic of a typical 
solidification experiment procedure is presented in Figure 4-2. 

5.1 THERMODYNAMIC SIMULATION 

The thermodynamic simulations for phase diagrams and solidification were carried out using 

the PANDATÓ*, version 8.1, equipped with the PanAl8 database for aluminum alloys.  There 
are 182 phases for the Al alloy system and 33 phases used to evaluate the Al-Si-Fe-Sr alloy 
system.  The simulations were carried out for normal atmospheric pressure condition.  The scan 
lines for the simulation of 2-D phase diagrams were 0.01 units for both the temperature and 

composition.  PANDATÓ 8.1 uses the CALculation of PHAse Diagram (CALPHAD) [82,125] 
approach.  Both the equilibrium and Scheil-Gulliver conditions were used independently as 
assumptions in the thermodynamic simulations. 

5.2 RAW MATERIALS 

The purity of the elements and compositions of the master alloys used in the experiments are 
presented in Table 5-1. 

Table 5-1: Purity and/or composition of elements and master alloys used to prepare the 
alloys in this study. 

Elements  Composition 

Al 99 % for commercial and 99.999 % for high purity grade 

Si 99.9999 % high purity grade 

Fe Al-25 wt% Fe master alloy  with 0.3wt% Si, 0.2wt% Mn and 0.05wt% Cu 

Sr 
Al-10 wt% Sr master alloy with 1% Ti,0.2wt% B, 0.2wt% Si, 0.3wt% Fe and 
0.02wt% Ca 

 

5.3 ALLOY PREPARATION AND HEAT TREATMENT 

Electric resistance furnaces were used for alloy preparation from raw materials, melting and 
holding of liquid alloys, and heat treatment of the solidified alloy samples.  The liquid alloy in 
each experiment was prepared and held in a new high purity alumina crucible. 

                                                      

*
 PandatÓ version 8.1, Compu Therm LLC., Madison, WI, USA.  http://www.computherm.com 
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5.4 CASTING AND SOLIDIFICATION 

The solidification was carried out at five different average cooling rates of the liquid phase 
during solidification: about 0.017, 0.1, 0.8, 5 and 50 Ks-1. 

The cooling rate of 0.017 Ks-1 was achieved in an electric furnace equipped with a high precision 
controlled (±0.2K) for temperature ramp up and ramp down cycles.  The cooling rate of 0.1 Ks-1 
was attained when the liquid alloy was placed in a ceramic crucible in the electric furnace and 
allowed to cool down with a furnace shut down from a high holding temperature of 100 or 200 
K superheat above the liquidus of the alloy.  The cooling rate of 0.8 Ks-1 was achieved when the 
liquid alloy in a crucible was removed from the electric furnace at the prescribed superheat 
temperature and placed on an insulating plate to be solidified in normal atmospheric 
conditions.  A cooling rate of 5 Ks-1 was achieved by casting the alloy in a pre-heated (673 K 
(400 ºC)) steel mould equipped with three thermocouples.  The liquid alloy was poured into the 
steel mould with the ceramic crucible,.  The cooling rate of 50 Ks-1 was achieved by casting the 
alloy in the steel mould maintained at room temperature without any pre-heat. 

 

5.5 THERMAL DATA ACQUISITION 

The cooling rates were evaluated from the thermal data (T versus t) acquired during the 
solidification experiments with a K-type ungrounded thermocouple (open and/or exposed).  
The size of the thermocouple was about 1.6 mm.  The thermal data acquisition was carried out 
with the National InstrumentsϞ SCXI 1600 hardware module equipped with the SCXI 1303 
terminal block and coupled with the LabView 2010ϟ software at the rate of 100 data per 
second.  The liquid alloy temperature was also monitored by a similar thermocouple attached 
to a same temperature monitor.   

5.6 CHEMICAL COMPOSITION 

The composition of the prepared alloys and master alloys were evaluated using the Glow 
Discharge Optical Emission Spectroscopy (GDOES).  The GDOES unit was calibrated before each 
measurement procedure using several ASTM standard alloys. Precision of the measurements is 
±2% of the measured value. 

                                                      

Ϟ
 National Instruments Corporation 11500 N Mopac Expwy Austin, TX 78759-3504 
ϟ
 Product of National Instruments. 
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5.7 MICROSTRUCTURE ANALYSIS 

The microstructure of the solidified samples from preferred sectioned locations were analysed 
using both the light optical microscope and SEM.  Analyses of images from the optical and 
electron microscopes were carried out by the ImageJ§ software. 

5.7.1.1 Metallographic Sample Preparation 

The standard metallographic sample preparation techniques were used for the microstructure 
analysis of the solidified samples using both the light optical microscope and SEM: sample 
mounting using thermosetting Bakelite, coarse grinding using SiC papers of increasing grit, 
polishing using increasing grit levels of diamond polishing suspension and final polish using 
colloidal silica gel.  No chemical etching of any kind was used on the samples. 

5.7.1.2 Light Optical Microscope 

A Nikon Eclipse LV 100 light optical microscope equipped with the NIS-Elements software was 
used for image acquisition from the microstructure of the solidified samples. 

5.7.1.3 Scanning Electron Microscope 

A JEOL 7000 Scanning Electron Microscope (SEM) with a cold Field Emission Gun (FEG) and 
equipped with an Oxford instruments Energy Dispersive X-Ray Spectrometer (EDX) model 7558 
was used.  Both the secondary and back scattered electron detectors were used at two working 
distances of 6 and 10 mm to obtain microstructure images.  EDX spectrums were obtained at 
two accelerating voltages of 10 and 20 KeV and the working distance was maintained 10 mm. 

 

5.8 PHASE IDENTIFICATION 

The identification of the phases in the solidified microstructure was carried out by the SEM 
(EDX), TEM (EDX), TEM (electron diffraction) and X-Ray diffraction (Cu Kh and synchrotron beam 
source). 

5.8.1 TEM 

Two TEMs were used for this study: a Philips CM12 with accelerating voltage of 120 KeV 
equipped with digital and traditional film cameras, and EDX detector and JEOL 2010 High 
resolution TEM with accelerating voltage of 200 KeV equipped with 2 digital cameras for high 
resolution and regular imaging, Oxford Instruments Link Pentaflet EDX model 6494, STEM and 

                                                      

§
 Image Processing and Analysis in Java (ImageJ), National Institutes of Health, USA.  http://rsb.info.nih.gov/ij   

http://rsb.info.nih.gov/ij
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EELS detectors.  The samples for the TEM were prepared using the Focused Ion Beam (FIB) 
milling technique.   

5.8.1.1 FIB for TEM 

A LEO 1530 dual beam and cross-beam SEM equipped with a FIB milling machine was used to 
prepare the TEM samples in this study.  Using the FIB milling ensures that the TEM sample is 
taken from a specific place of interest in the microstructure.  Specific areas of interest on the 
microstructure identified in the SEM, protected by 1 to 2 ˃ m thick layer of platinum deposit, 
milled into thin foils (5 by 20 ˃m rectangle area and <100 nm thick) using a focussed high 
energy Ga ion beam.  The TEM sample foils were mounted on a holder compatible with the 
TEM.  Figure 5-1 and shows the process of making a TEM sample foil using a FIB. 

 

 

(a)   (b)    (c) 

 

(d)   (e)    (f) 

Figure 5-1: Micrographs showing the typical procedure for making Tem sample foils using the 
FIB milling technique. (a) selection of area of interest on an SEM image, (b) milling with a high 
energy GA ion beam and (c) to (f) final sample on the holder for further TEM studies. 
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5.8.1.2 EDX in TEM 

The JEOL 2010 High resolution TEM was equipped with an Oxford Instruments Link Pentaflet 
EDX model 6494 EDX system with INKA data acquisition and processing system.  

5.8.2 X-Ray Diffraction 

Two methods of X-Ray diffraction experiments were carried out in this study: one using the Cu 
Kh  beam source on powder alloy sample obtained by dissolution process to eliminate most of 
the primary Al phase that formed the matrix of the solidified sample and the other using the 
high energy Synchrotron beam source on polished surface of cast alloy samples (micro-
diffraction). 

5.8.2.1 Powder Diffraction (Cu Kh beam source) 

The Al matrix from the solidified alloy samples was preferentially eliminated using a dissolution 
technique.  The analysis of the powder also revealed that the Sr containing intermetallic phases 
were also dissolved along with the primary Al phase matrix. 

5.8.2.1.1 Preferential Dissolution of Al alloys 

Different dissolution techniques were reviewed in the Gupta et al [126] work with specific focus 
on suitability for Al-Si-Fe intermetallic phases extraction. Phenol dissolution technique was 
chosen as one providing reasonably fast dissolution times and preserving phases of interest. 
During dissolution reaction between phenol and Al gives soluble aluminum phenolate. 
Aluminum phenolate is removed by dissolution in benzyl alcohol plus toluene solvent mixture. 

5.8.2.1.2 Cu-anode X-Ray Diffraction (XRD) 

Conventional XRD experiments were carried out with a Bruker D8 diffractometer equipped with 
SMART6000 CCD detector and Cu anode generating the standard 0.1541 nm wavelength beam 
at 40 KeV.  The sample powder was mounted with a drop of distilled water on a polymer 
holder.  The goniometer detector was rotated between 10 and 90 degree angles with an 
angular least count of 0.3ºmin-1 

5.8.3 Synchrotron radiation experiments 

High Energy Synchrotron beam source at the Line D of Sector 2 [127] in the Advanced Photon 
Source (APS) at the Argonne National Labs, Argonne, IL, USA was used for the diffraction 
experiments in this study.  The energy of the beam was 10.1 KeV with a wavelength of 0.12275 
nm.  In addition to a goniometer with the sample, a CCD camera detector for the diffracted 
beam intensities, an X-Ray Fluorescence (XRF) detector was used to obtain elemental map from 
the microstructure of the solidified specimen surface.  The Figure 5-2 shows the photographs of 
the goniometer with the sample holder, CCD camera detector and XRF detector. 
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Cast samples were suitably sectioned and polished as for an SEM study.  Sample was placed on 
the sample holder in the goniometer such that the entire beam in entrained on the sample 
surface. 

 

 

Figure 5-2: Photographs of the diffraction experiment set-up at the Line D of Sector 2 at the 
APS, ANL, Argonne, IL, USA.  The rotating goniometer with the Al alloy sample, CCD camera 
detector and XRF detector are shown. 

 

An elemental XRF map of the microstructure was initially obtained by the XRF detector and this 
ǿŀǎ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǊŜƎƛƻƴ ƻŦ ƛƴǘŜǊŜǎǘ όн˃Ƴ ǎǉǳŀǊŜύ ǘƻ ƻōǘŀƛƴ ǘƘŜ ·-Ray diffraction data 
from.  The size of the incident X-Ray beam is about 50 nm in diameter. 

 

As an example, the XRF maps of Al and Si distribution on a region of the Al-7Si-0.25Fe-0.022Sr 
alloy sample solidified at 50 K s-1 from a superheat of 100 K above the liquidus temperature has 
been shown in Figure 5-3; wherein the scale of intensities is provided on the right side of each 
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image.  In Figure 5-3 (b) the regions that are blue are nearly devoid of any Si atoms and those 
that are green and red have higher Si atoms.  The entire region in Figure 5-3 is sub-divided into 
ǎǉǳŀǊŜ ƎǊƛŘǎ ƻŦ н ˃Ƴ ƭŜƴƎǘƘ ǎƛŘŜΦ  ¢ƘŜ //5 ŎŀƳŜǊŀ ŘŜǘŜŎǘƻǊ ƛǎ ŦƛǊǎǘ ǇƭŀŎŜŘ ŀǘ ŀƴ ŀƴƎƭŜ ƻŦ ну º to 
the incident beam and ǘƘŜ ŘƛŦŦǊŀŎǘƛƻƴ Řŀǘŀ ƛǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ ŜŀŎƘ ƻŦ ǘƘŜǎŜ н ˃Ƴ ǎǉǳŀǊŜ ƎǊƛŘ 
region.  The goniometer moves the sample surface such that each of these square grids comes 
in direct line of the incident X-Ray beam and the diffraction data is collected by the CCD camera 
as diffraction rings shown in In Figure 5-3 (c).  After collecting the data from all the grids in 
marked on the sample surface, the CCD camera is moved to an angle of 43 and 58 º to the 
incident beam, respectively and in each angular location of the camera, the diffraction data is 
obtained for all the grids in the region of interest.  The each of the three angular positions of 
the CCD camera detector (28, 43 and 58 º to the incident beam), the detector acquired 
diffraction data from -12 º to +12 º on either side of the angular position. 

An SDI application software was used to appropriately translate the intensity images obtained 
by the CCD camera detector into digitaƭ Řŀǘŀ ƻŦ ƛƴǘŜƴǎƛǘȅ ǾŜǊǎǳǎ ŀƴƎǳƭŀǊ Ǉƻǎƛǘƛƻƴ όL Ǿǎ нʻύ ŀǎ 
shown by a typical example in Figure 5-3 (c).  In addition, the CCD camera detector was placed 
at 0, 3, 6, 9, 12 and 15 º angles to the incident beam and images of the incident beam were 
obtained without any sample in the experiment to evaluate the location of the centre beam 
and the precise distance between the camera and sample surface. 
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(a)    (b) 

  

(c)     (d) 

Figure 5-3: A typical XRF element map of (a) Al and (b) Si obtained from the Al-7Si-0.25Fe-
0.022Sr alloy sample solidified at 50 K s-1 from a superheat of 100 K above the liquidus 
temperature. (c) typical X-Ray diffraction pattern obtained by the CCD camera from one 
location oƴ ǘƘŜ ƎǊƛŘ ǎƘƻǿƴ ƛƴ όŀύ ŀƴŘ όōύΣ ŀƴŘ όŘύ ǘƘŜ ŎƻƳōƛƴŜŘ LƴǘŜƴǎƛǘȅ ǾŜǊǎǳǎ нʻ Ǉƭƻǘǎ 
obtained from processing three images as in (c) for the three angles of the CCD camera 
detector, respectively. 
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CHAPTER 6. RESULTS AND DISCUSSION: INTERMETALLIC PHASES IN THE AL-SI-FE CAST 
ALLOYS 

The results and discussion section of this dissertation is covered in two chapters: CHAPTER 6 
presents the identification and evolution of the intermetallic phases in the Al-Si-Fe alloys and 
CHAPTER 7 presents the same in the Al-Si-Fe-Sr alloys.  The measured chemical compositions of 
the Al-Si-Fe alloys in this study are presented in a table in APPENDIX A of this dissertation. 

To enable a better clarity for the readers, the summary of the identification and evolution of 
the intermetallic phases in the Al-Si-Fe alloys is presented in the beginning of this chapter 
followed by evidences and discussion from the various experiment results and analyses to 
validate the summary. 

All the alloy compositions presented in this dissertation from this chapter are in weight 
percentage of the respective element.  However, all the results from the quantified EDX analysis 
of the phases are in atomic percentage of the respective elements. 

6.1 SUMMARY OF ANALYSIS OF RESULTS 

One of the critical results obtained in this study of the Al-Si-Fe alloys is that the Ű5 (Al-Fe-Si) 
intermetallic phase forms in all the compositions of Si and Fe shown in Table 4-1 for all the 
average cooling rates observed for the liquid phase during solidification of the alloys.  This 
result is contrary to the predictions of the thermodynamic solidification and phase diagram of 
this alloy system in both assumptions of equilibrium and Scheil-Gulliver conditions, respectively.  
All the thermodynamic phase simulation during solidification for the Al-Si-Fe alloys with 2 to 
12.5 wt% Si and 0 to 0.8 wt% Fe predicts the evolution only the Ű6 ς Al9Fe2Si2 phase and not the 
Ű5 ς Al8Fe2Si. 

Figure 6-1 shows typical isopleths from the equilibrium ternary phase diagram of the Al-Si-Fe 
system wherein within the compositional ranges of interest for this study the only intermetallic 
phase predicted to evolve during solidification is the Ű6 ς Al9Fe2Si2 phase. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 6-1:  Typical simulated phase diagrams for the Al-Si-Fe system. (a) Al-2Si with 
increasing Fe, (b) Al 7Si with increasing Fe (c) Al-12.5Si with increasing Fe and (d) Al-0.25Fe 
with increasing Si content. 

Although the terminal phase during άequilibriumέ solidification for any combination of the Al-
Si-Fe alloy in this study has been observed as the Ű6 ς Al9Fe2Si2 phase, the Ű5 ς Al8Fe2Si always 
evolves prior to the Ű6 ς Al9Fe2Si2 phase and undergoes a transformation through a peritectic 
reaction (L + Ű5 ς Al8Fe2Si Ą Ű6 ς Al9Fe2Si2) to enable the formation of the Ű6 phase.  In alloys 
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with cooling rates during solidification that are sufficiently high, the peritectic reaction is 
suppressed and the Ű5 ς Al8Fe2Si is retained in the solidified microstructure of the sample at 
room temperature.  The Ű5 ς Al8Fe2Si phase has a hexagonal crystal structure with a space group 
of P63/mmc, and lattice parameters of a = 1.2404 nm and c = 2.6234 nm.  The Ű6 ς Al9Fe2Si2 
phase has a monoclinic crystal structure with a space group of C2/c with a0.6161, b= 0.6175, c= 
нΦлумо ŀƴŘ ʲ Ґ флΦпнº. 

The schematic graph between cooling rate and Fe concentration in the alloy shown in Figure 
6-2 is a pictorial representation of the type of intermetallic phases that exist in the sample 
microstructure after solidification of the alloys from a temperature of about 1093 K (820 ºC).  It 
can be observed that the Ű5 phase is observed at higher cooling rates and lower Fe 
concentration, and the Ű6 phase is the terminal phase for higher Fe concentrations and lower 
cooling rates.  During solidification, when there is enough time given for the alloy in the two 
phase region (Liquid + Al) (dictated by the cooling rate), the peritectic reaction (L + Ű5 ς Al8Fe2Si 
Ą Ű6 ς Al9Fe2Si2) will yield the Ű6 as the terminal phase in the solidified sample.  Further, higher 
Fe concentrations in the alloy will enhance the kinetics of the peritectic reaction yielding the 
terminal Ű6 phase.  In Figure 6-2, certain transition cooling rates during solidification and Fe 
concentration of the alloy results in the presence of both the Ű5 and Ű6 phases in the 
microstructure; features such as the Ű5 being fully enveloped by the Ű6 phase όǎȅƳōƻƭ άtέ ƛƴ 
Figure 6-2) could also be observed in the microstructure presenting a direct evidence of the 
peritectic reaction.  Solution heat treatment of the solidified samples containing the Ű5 phase in 
the microstructure resulted in the transformation of all intermetallic phases to the terminal Ű6 
phase which shows that the type of intermetallic phase present in the solidified microstructure 
is an artifact of the kinetics of the solidification process. 

It is evident from Figure 6-2 that there is a band of critical cooling rate above which the Ű5 phase 
is retained as the stable phase during solidification and below which the peritectic reaction 
would be completed during solidification yielding the Ű6 phase in the solidified structure.  This 
band of critical cooling rate is a function of the Fe concentration and contains both the Ű5 and Ű6 
intermetallic phases in the solidified microstructure: caused either by the solidification arrest 
during the peritectic reaction or the evolution of an independent Ű6 phase prior to the eutectic 
temperature for the alloys with 0.5wt%Fe. 
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Figure 6-2:  Schematic graph of Cooling Rate vs. Fe concentration showing the type of 
intermetallic phase existing in the sample microstructure after solidification from a 
temperature of about 1093 K (820 ºC) after being held for two hours.  The band shown by 
dotted line presents the conditions in which both the Ű5 and Ű6 phases co-exist in the sample. 
¢ƘŜ ǎȅƳōƻƭ άtέ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ Ű5 phase surrounded by the Ű6 phase as arrested during the 
peritectic reaction: L + Ű5 Ą Ű6. 

 

The concentration of solute Si is also influences the nature of the intermetallic phase in a 
solidified structure.  The phase diagram in Figure 6-1 (d) presents the equilibrium isopleth for 
the alloys shown; where the compositions of 2 and 5 wt% Si creates a condition to form the Ű6 
phase prior to the eutectic temperature.  In addition, the freezing range in the two phase 
region for the compositions of 2 and 5 wt% Si is quite large compared to the others and it is our 
hypothesis that apart from the formation of the Ű6 phase and its subsequent transformation to 
the Ű5 phase by the peritectic reaction during solidification, the solute conditions ahead of the 
dendrites are favourable for the formation of the Ű5 phase as well prior to the eutectic reaction.  
Thus, in Figure 6-3, the maximum cooling rate at which the Ű5 phase is retained in the solidified 
microstructure is increasing for decreasing Si concentrations between 5 and 2 wt%.  Further, 
the critical band of cooling rate that differentiates the type of intermetallic phases in the 
solidified microstructure is nearly constant between 7 and 12.5 wt% Si as shown in Figure 6-3, 
because, in this range of Si, the Ű6 phase only appears with the eutectic phases in the 
equilibrium phase diagram shown in Figure 6-1 (d) and hence, the only intermetallic phase that 
forms between the liquidus and eutectic temperatures during solidification is the Ű5 phase 
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which may undergo a peritectic transformation at the slower cooling rates of about 0.8 and 0.1 
Ks-1.  It is noteworthy that the size of the Ű5 phase decreases with increasing Si concentration 
between 7 and 12.5 wt% Si in the alloy because of the decreasing freezing ranges of the alloy 
resulting in a decreasing growth of the Ű5 phase. 

 

Figure 6-3:  Schematic graph of Cooling Rate vs. Si concentration showing the type of 
intermetallic phase existing in the sample microstructure after solidification of Al-Si-0.25Fe 
alloys from a temperature of about 1093 K (820 ºC) after being held for two hours.  The band 
shown by dotted line presents the conditions in which both the Ű5 and Ű6 phases co-exist in 
the sample.  The grey shaded boxers are hypothesized because these experiments were not 
carried out. 

 

Alloys solidified from the lower temperature of about 993 K (720 ºC) shows the presence of 
several stable and metastable intermetallic phases and those solidified from a higher 
temperature of about 1093 K (820 ºC) only shows the presence of the Ű5 and/or Ű6 phases 
(depending on Fe content and cooling rate).  The presence of the binary -̒Al13Fe4 intermetallic 
phase in the commercial purity Al ingot and the Al-Fe master alloys shown in Table 5-1 does not 
completely dissolve in the liquid alloy maintained at a temperature of about 993 K (720 ºC) 
(about 100 K superheat) unless these alloys are maintained at the superheated temperature for 
prolonged periods of time to enable the dissolution of the binary phase through diffusion and 
peritectic reactions.  Hence, in alloy solidified from a temperature of about 993 K (720 ºC), the 
presence of solid ̒-Al13Fe4 phase particles will trigger alternate solidification paths resulting in 
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additional stable and metastable intermetallic phase formation during solidification.  These 
phases may include the ̒-Al13Fe4, Al6Fe, Ű7-Al3Fe2Si3, and several other metastable phases in 
addition to the Ű5 and/or Ű6 phases. 

The most critical question that needs to be answered in this summary is the reason for the 
evolution of the Ű5 phase in the microstructure which is contrary to all available thermodynamic 
model predictions. 

In the subsequent sub-sections of this chapter, evidences from the experiment results will be 
presented to validate the claims in the above mentioned summary and a discussion presented 
to hypothesize the anomalous observations.  

6.2 APPEARANCE AND CHARACTERISTICS OF THE Ű5 AND Ű6 PHASES 

The Figure 6-4 shows four magnifications of the light optical micrographs for the Al-7Si-0.25Fe 
alloy that was solidified form a temperature of about 1093 K (820 ºC) at a cooling rate of 0.8 
K/s-1.  The intermetallic phase observed in this condition is the Ű5 ς Al8Fe2Si phase which 
typically has an irregular script-like morphology in three dimensional space and commonly 
observed as a Chinese-script morphology in a two dimensional microstructure (pointed out in 
Figure 6-4 (d)). 
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(a)      (b) 

              

(c)       (d) 

Figure 6-4:  Typical microstructure obtained in a light optical microscope of the Al-7Si-0.25Fe 
solidified from about 1093 K (820 ºC) at a cooling rate of 0.8 K/s-1.  (a) to (d) shows increasing 
magnification images wherein the light grey phase is primary Al matrix, dark grey phase is the 
script-like Ű5 ς Al8Fe2Si phase and black phase is eutectic Si. 

 

The Figure 6-5 shows four magnifications of the light optical micrographs for the Al-7Si-0.25Fe 
alloy that was solidified form a temperature of about 1093 K (820 ºC) at a cooling rate of         
0.1 Ks-1.  The intermetallic phase observed in this condition is the Ű6 ς Al9Fe2Si2 phase which 
typically has a morphology of a plate in three dimensional space and commonly observed as an 
acicular morphology in a two dimensional microstructure (pointed out in Figure 6-5 (d)). 
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(a)      (b) 

   

(c)       (d) 

Figure 6-5:  Typical microstructure obtained in a light optical microscope of the Al-7Si-0.25Fe 
solidified from about 1093 K (820 ºC) at a cooling rate of 0.1 K/s-1.  (a) to (d) shows increasing 
magnification images wherein the light grey phase is primary Al matrix, dark grey phase is the 
plate-like Ű6 ς Al9Fe2Si2 phase and black phase is eutectic Si. 

 

Typical morphologies of the Ű5 and Ű6 phases observed in a SEM is shown in Figure 6-6 
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(a)       (b) 

Figure 6-6: Typical morphologies of the Ű5 and Ű6 phases observed in an SEM.  The alloy is Al-
7Si-0.25Fe solidified from about 1093 K (820 ºC) at a cooling rate of (a) 0.8 Ks-1 showing the Ű5 
ς Al8Fe2Si phase and (b) 0.1Ks-1 showing the Ű6 ς Al9Fe2Si2 phase. 

 

Figure 6-7 (a) and (b)  presents the typical quantified data from the EDX analysis of the Ű5 and Ű6 
phases, respectively, in the Al-7Si-0.25Fe alloy solidified from about 1093 K (820 ºC) at 0.8 Ks-1 
and 0.1 Ks-1, respectively.  The typical ratio of Fe:Si atoms in the Ű5 phase is 2:1 and that in the Ű6 
phase is 1:1. 
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(a)       (b) 

Figure 6-7:  Typical quantified data from the EDX analysis in the SEM for (a) Ű5 ς Al8Fe2Si phase 
and (b) Ű6 ς Al9Fe2Si2 phase obtained from the microstructures of AL-7Si-0.25Fe alloy shown in 
Figure 6-6.  The ratio of Fe:Si in Ű5 is nearly 2:1 and that in Ű6 is nearly 1:1. 

 

6.3 HOMOGENIZATION OF THE AL ALLOY LIQUID 

In the initial couple of years of this project, all the Al alloys in this study were melted at about 
993 K (720 ºC) and 953 K(680 ºC), and held at that temperature for an hour or two prior to the 
solidification.  It was later observed that the Fe bearing intermetallic phases that were present 
in the solid raw materials used for preparing the final alloy composition or present in the 
solidified alloy stock used for re-melting did not completely dissolve into the alloy liquid at 993 
K (720 ºC) in an hour or two.  It was observed that a critical stage in effecting a valid study of the 
phase evolving during solidification of the Al-Si-Fe alloys is the complete homogenization of the 
alloy melt at high temperature.  Hence, the study was carried out in alloys solidified from about 
1093 K (820 ºC) or more (held for at least 2 hours) to ensure complete compositional 
homogeneity in the liquid phase prior to solidification.  As an example, Figure 6-8 shows the 
typical difference between the observed intermetallic phases in the Al-7Si-0.25Fe alloy 
solidified at 0.8 Ks-1 from two different initial temperatures of the liquid alloy.  The alloy 
solidified from 953 K (680 ºC) has a multitude of metastable intermetallic phases in addition to 
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the stable Ű5 and Ű6 phases, as well (refer to Figure 6-8 (a)); the alloy solidified from 1093 K (820 
ºC) only showed the presence of the Ű5 intermetallic phase in the solidified microstructure, 

 

   

(a)       (b) 

Figure 6-8:  Typical microstructure of the Al-7Si-0.25Fe solidified at a cooling rate of 0.8 Ks-1 
from an initial liquid alloy temperature of (a) 953 K (680 ºC) showing several types of stable 
and metastable intermetallic phases and (b) 1093 (820 ºC) showing the existence of only the 
Ű5 phase.  The small white phase in (a) are the various metastable binary and ternary 
intermetallic phases in the Al-Fe-Si system.  Both the alloys were held for two hours in their 
respective melt temperatures. 

The aim of this research study is to enable a clear understanding of the intermetallic phases 
evolving during solidification of Al-Si-Fe pure and homogeneous liquid alloy and hence, the 
initial alloy temperature prior to solidification was maintained at greater than 1093 K (820 ºC) 
for a minimum of two hours. All the results from this point onwards in this dissertation are for 
alloys solidified from this temperature alone unless otherwise mentioned. 

6.4 EFFECT ON SI IN THE AL-SI-FE ALLOYS ON THE INTERMETALLIC PHASES 

There are two stable intermetallic phases, Ű5 and Ű6, that could evolve during the solidification 
of the Al-Si-Fe alloys with 2 to 12.5 wt% Si and 0 to 0.8 wt%Fe in them.  The effect of Si was 
studied for the Al alloys containing 0.25Fe at several cooling rates during solidification as shown 
in Figure 4-1 (a) and (b).  Figure 6-3, which shows the schematic of the observations of the 
intermetallic phases in the solidified microstructure has been presented again as Figure 6-9 to 
enable easy reading of this dissertation. 
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Figure 6-9:  Schematic graph of Cooling Rate vs. Si concentration showing the type of 
intermetallic phase existing in the sample microstructure after solidification of Al-Si-0.25Fe 
alloys from a temperature of about 1093 K (820 ºC) after being held for two hours.  The band 
shown by dotted line presents the conditions in which both the Ű5 and Ű6 phases co-exist in 
the sample. The grey shaded boxers are hypothesized because these experiments were not 
carried out. 

 

The results presented in this sub-section will be microstructure images of the solidified samples 
with cooling rate just above, within and below the critical band shown in the matrix presented 
in Figure 6-9..  Typical microstructures of the solidified Al-Fe-Si alloy showing the morphology of 
the critical solidification phases in both the SEM and light optical microscope are shown in 
Figure 6-10. 
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(a)      (b) 

 

(c)      (d) 

 

(e) 

Figure 6-10:  Typical morphology of the critical phases evolved during solidification of the Al-
Fe-Si alloy in the Al rich corner of the phase diagram. (a) SEM Backscatter Electron Image 
(BSEI), (b) SEM Secondary Electron Image (SEI), (c) and (d) light optical microscope images, 
and (e) nomenclature of the observed phases. 

In the results of the microstructure images shown in this chapter, a combination of light optical 
microscope, SEM/SEI and SEM/BSEI microstructure images will be presented and readers are 
advised to refer to Figure 6-10 as a typical example of identifying the images obtained by these 
individual microscopy techniques. 
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Figure 6-11 presents the SEM electron image of the Al-2Si-0.25Fe alloy solidified at 50K/s-1 
(Figure 6-11 (a) and (b)) and 5 Ks-1 (Figure 6-11 (c) and (d)); the presence of both the Ű5 and Ű6 
phases are observed in the 50 Ks-1 cooling rate whereas, only the Ű6 phase was observed in the 
lower 5 Ks-1 cooling rate during solidification.  Further, only the Ű6 phase was observed in the 
lower cooling rates of 0.8 and 0.1 Ks-1. 

 

   

(a)       (b) 

   

(c)       (d) 

Figure 6-11:  Typical microstructure images of Al-2Si-0.25Fe solidified at (a) and (b) 50K/s-1 
showing the presence of both the Ű5 and Ű6 phases; and (c) and (d) 5 K/s-1 showing the 
presence of only the Ű6 phase. 

 

Figure 6-12 presents the SEM images of the Al-4Si-0.25Fe alloy solidified at 50Ks-1 (Figure 6-12 
(a) and (b)) and 5 Ks-1 (Figure 6-12 (c) and (d)); the presence of only the Ű5 phase is observed in 
the 50 Ks-1 cooling rate whereas, only the Ű6 phase was observed in the lower 5 Ks-1 cooling rate 
during solidification.  Further, only the Ű6 phase was observed in the lower cooling rates of 0.8 
and 0.1 Ks-1, as well. 
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Figure 6-13 to Figure 6-17 show the typical microstructure images of the solidified samples of 
the Al-Si-0.25Fe alloys for the various Si levels of 5, 7, 9, 11.5 and 12.5 wt%, respectively.  In 
Figure 6-13 to Figure 6-17, the images (a) and (b) show the higher cooling rate at which only the 
Ű5 phase exists,; (c) and (d) show the intermediate cooling rate at which bot the Ű5 and Ű6 phases 
co-exist; and (e) and (f) show the lower cooling rate in which only the Ű6 phase exists in the 
solidified microstructure. 

   

(a)       (b) 

   

(c)       (d) 

Figure 6-12: Typical microstructure images of Al-4Si-0.25Fe solidified at (a) and (b) 50Ks-1 
showing the presence of only the Ű5 phases; and (c) and (d) 5 Ks-1 showing the presence of 
only the Ű6 phase. 
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(a)       (b) 

   

(c)       (d) 

  

 (e)       (f) 

Figure 6-13: Typical microstructure images of Al-5Si-0.25Fe solidified at (a) and (b) 50Ks-1 
showing the presence of only the Ű5 phases; (c) and (d) 5 Ks-1 showing the presence of both 
the Ű5 and Ű6 phase; and (e) and (f) Al-4.5 Si-025Fe 0.1 Ks-1 showing the presence of only the Ű6 
phase. 


















































































































































