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ABSTRACT

Aluminium alloys has seen recent increase usage in the automotive industry. This is due to
the global obligation towards carbon emission reduction and fuel efficiency in the transport
sector. The good strength-to-weight ratio offered by Al-Si-Cu alloys showed promising results

towards the compliance of these environmentally friendly criteria.

The enhanced mechanical properties is obtained when the alloy is subjected to the T6 heat
treatment process, which cause microstructural changes due to the evolution of intermetallic
phases. The process involves solution heat treatment, for dissolving soluble Cu- and Mg-
containing phases, the homogenization of alloying elements, and the spheroidisation of
eutectic Silicon. It is followed by quenching, for maximum precipitation hardening particle
retention in solution, and a further artificial ageing process with the aim to acquire a uniform

distribution of small precipitates, for strength improvement.

The heat treatment schedule applied in this study was conducted as follows: Solution heat
treatment at a temperature of 525°C for 6h Quenching in water of temperature 50°C; Artificial
ageing for 8h at a temperature of 175°C, and then after left inside furnace to cool down to
room temperature. This is higher than the 520°C, but shorter than the 8-12h, observed in
literature. Also, quenching is done at a lower temperature rather than 60°C, and artificial
ageing at a higher temperature, rather than the 155°C. This was done to be able to draw a
comparison between the MAGMASOFT® simulation, which has this non-adjustable schedule,

and the experimental results.

The simulated and experimental results were comparable and similar outcomes, but with some
discrepancies. Such as the porosity was far more visible and intense in the experimental, than
what was predicted by the software. The as-cast and heat treated microstructure revealed the
expected evolution of intermetallic particles, such as dissolving of the AlLCu and the
spheroidisation of the eutectic Si phases. Another phase that was identified was the insoluble
AlFeSi and other possible Fe-containing phases, which due to the higher solution heat

treatment temperature, showed partial fragmentation and dissolution.

The study provided practical data about the effect of heat treatment on microstructural
evolution and how it affects the properties of the Al-Si-Cu alloy. It also brought to the attention
and understanding of how critical pouring temperature is, as it affect the initial nucleation, and

cooling rate, and therefore the micro and macro properties.
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Nomenclature

Element concentration in liquid (%wt)

Initial concentration of element (%owt)
Diffusion coefficient in solid (m?/s)
Volumetric solid fraction

Solute element index (copper, silicon)
Equilibrium partition coefficient

Length scale of microsegregation domain
Slope of liquidus line (°C)

Local solidification time (s)

Liquidus temperature (°C)

Cooling rate (°C/s)

Melting temperature of pure aluminium (= 660.3°C)
Solidus temperature (°C)

Solid phases

Back-diffusion parameter

Fourier number of solute i

Fourier number accounting for coarsening
Extra back-diffusion from coarsening (= 0.1)
Secondary dendrite arm spacing (um)

Dimensionless X-coordinate

Dimensionless time



Glossary

FDM - Finite Difference Method (Euler method), a numerical technique for solving differential

equations

Friedel effect — Small and not too hard precipitates are normally sheared by moving

dislocations

GP zones — Guinier-Preston zones fine-scale metallurgical phenomenon, involving early stage

precipitation
HPDC — High Pressure Die Casting
MAGMASOFT® — a commercially available software for foundry casting simulations

Orowan mechanism —when the movement of dislocation bypasses the precipitates by bowing,

due to the precipitates being harder and bigger

Ostwald ripening — an occurrence in solid solutions or liquid sols (colloidal suspension of very
small solid particles) that describes the change of an inhomogeneous structure over time, i.e.,

small crystals or sol particles dissolve, and redeposit onto larger crystals or sol particles.
SDAS - Secondary Dendrite Arm Spacing

SEM — Scanning Electron Microscopy

SOLIDWORKS — 3D Computer Aided Draughting software by Dassault Systémes S.A.

STL — a stereolithography file format created by a CAD software that is supported by many

other software packages
TEM — Transmission Electron Microscopy
UTS — Ultimate Tensile Strength

wt% — mass fraction as a percentage or weight percentage, which is the compositional ratio

of a substance within a total mixture
YS - Yield Strength

XRD - X-ray Diffraction



Chapter 1. Introduction

1.1. Overview

The use of aluminium alloys has seen an upward trend in recent times especially in the
automotive industry. This is due to the need to use parts that are lightweight offering the
advantages of reduction in fuel consumption, performance improvements while maintaining
high safety requirements, and the need to adhere to governmental environment regulations
[1, 2, 3].

Despite the application of aluminium alloys in other parts of the vehicle, such as extrude sheet
metal for the body, engine blocks and cylinder heads, the heaviest components of the
automobile make use of aluminium cast alloys to meet the economic and ecological demands
[4, 5, 6]. This is because weight reduction can lead to smaller engines with the same
performance output, which enables the usage of reduced transmissions and smaller fuel
tanks. Itis estimated that 10% of vehicle mass decrease results in 8—10% of fuel consumption

improvement, which in turn means less emissions [1, 2].

Heat treatment is important for the improvement of the material properties of Al-Si-Cu alloys.
Many earlier studies into the thermal processing has been conducted, but emphasis only on
a particular feature of the whole procedure. A complete investigational study taking into
account all the stages of the thermal treatment is still required [7]. In the review of Sj6lander
and Seifeddine [8], they conclude the importance of considering the entire treatment process

to ensure the optimum material properties.

Furthermore, according to Mohamed and Samuel [7], model development for microstructure
prediction and changes in material property in aluminium alloys has been mostly concentrated
on wrought alloys. Integrated models for microstructural evolution during solution thermal

treatment and its effect on the ageing process have been disregarded.
1.2. Problem statement

Al-Si-Cu alloys presents opportunities for weight reduction in automotive applications, besides
other high-technology applications. This is partly due to enhanced mechanical properties

induced by Silicon and Copper.

For such components produced by sandcasting (or HPDC), there is a need to improve the

microstructure through heat treatment. This is to reduce the chemical inhomogeneity due to



microsegregation, which generally leads to a reduction in mechanical properties of the

material.
1.3. Research Objective

This study involves the investigation of the improvement in microstructure of Al-Si-Cu alloys
under varied heat treatment regimes. The analysis will be further corroborated through
numerical simulations using casting simulation software (MAGMASOFT®), with the aim of

developing thermo-mechanical-metallurgical properties for use in the simulation process.

This study will lead to a general know-how of heat treatment of non-ferrous alloys and their
associated microstructural evolution, as well as the numerical modeling of microsegregation

in Al-Si-Cu alloys.
1.4. Facilities

The Foundry Technology Research Group in the Faculty of Engineering at CPUT is a relatively
new development. Together with the Product Lifecycle Management Competency Centre
(PLMCQ), it provides a full design through simulation capability using design tools such as
CATIA and MAGMASOFT for simulation of casting processes.

The Faculty of Foundry Engineering, at the AGH University of Science and Technology, in
Krakow, Poland, has facilities for sand casting, and a heat treatment furnace that is able to
dissolve and homogenize aluminium alloys. The Faculty has a laboratory for metrology and
microstructural analysis (optical and scanning electron microscopy), and the capability to
conduct Differential Scanning Calorimetry. They also have several software packages, with
full licenses, to determine metallurgical properties such as Thermo-Calc for the development

of phase diagrams.



Chapter 2. Literature Review

2.1. Application of Al-Si-Cu alloys

The aluminium-silicon (Al-Si) alloys, which also contains copper (and/or magnesium), are
commercially known as A319.0 (ISO: AISi6Cu4). It is a popular alloy for various applications
such as automotive cylinder heads, internal combustion engine crankcases, and applications
where good casting characteristics, pressure tightness and moderate strength are required.
This is due to the combination of exceptional properties such as low coefficient of thermal
expansion, fluidity, high wear resistance, good corrosion resistance, high strength to weight

ratio and good machinability in foundry products [3, 4].

Table 2.1: Thermal Properties of Alloy 319.0 [4]

Property Temperature (°C)
Liquidus 605

Solidus 515

Melting 675 to 815
Casting (Sand) | 675to 790

2.2. Composition, microstructure and effects of alloying element

The element composition, with percentage ranges and limits, of a 319.0 type alloy comprises
silicon (5.5-6.5%), copper (3.0-4.0%), magnesium (0.1% maximum), iron (1.0% maximum),
manganese (0.5% maximum), zinc (1.0% maximum), titanium (0.25% maximum), nickel

(0.35% maximum), other (0.5% maximum), and the balance being aluminium [4, 9].

The coarseness of the microstructure is a function of the solidification rate, which also affects
the fraction, size and distribution of intermetallic phases, as well as the segregation profiles of
solute in the a-Al phase. This minimizes and allows for even distribution of the dendritic arm

spacing. Thus, permitting the best properties for an alloy to be obtained. [7]



Silicon affects the alloy by improving the casting characteristics, such as improved fluidity,
resistance to hot tear, and feeding characteristics. As an example, increasing the Si content

improves fluidity for filling thin walls and intricate designs and shapes [4, 10, 11].

According to Mohamed and Samuel [7], the main phases that originate in the as-cast
microstructure of Al-Si alloys are primary a-Al, coarse primary Si, needle like eutectic Si, and
other undesirable intermetallic phases.

The second most abundant alloy element, copper (Cu), improves strength and machinability,
promotes age hardening and increases interdendritic shrinkage potential. However, it
negatively affects the alloys castability, ductility, thermal conductivity, hot tear and corrosion
resistance [4, 10, 11, 12]. When combined with nickel, it enhances strength and hardness at

elevated temperature [11].

The AlLCu phase can exist as dense blocky particles, lamellae eutectic (Al-Al.Cu) phase, or
as a mixture of both, in the as-cast microstructure [13, 14]. This is due to the intermetallic
phase that copper forms with Al which precipitates during solidification, and which can be
located within the interdendritic regions [13, 14, 15]. During the last stage of solidification,
Al,Cu phases nucleate on coarse eutectic Si particles or on B-AlsFeSi plates [13, 16, 17].
According to Samuel et al [13], individual fine Al,Cu particles can also precipitate on top of
eutectic Si particles, and presence of nucleation sites, such as AlsFeSi platelets [7]. It is also
stated in [13, 17] that eutectic (Al-Al.Cu) phases are promoted by high solidification rates [7],
while the blocky Al,Cu phase fraction is increased by Strontium modification [13, 14, 16, 17].

Li et al [16] indicates that if iron is present during solidification, other Cu-containing

intermetallics develop, such as AlCusFe or Quaternary-AlsCu,MgsSis.

Magnesium (Mg) can improve the strength and hardness, by allowing hardened through heat
treatment. The Mg,Si phase has a solubility limit of about 0.70% Mg, which beyond no
additional strengthening takes place or softening of the matrix occur [4, 10]. The formation of

guaternary compound such as Cu;MgsSisAls is also possible with other elements in the alloy

[71.

Iron (Fe) is fundamentally an impurity, and an increase in its content is accompanied by a
decrease in ductility. It forms numerous insoluble intermetallic phases, of which FeAls,
FeMnAls, and AlFeSi, are the most common. Responsible for strength improvement, at

elevated temperature, but also causes microstructural embrittlement. Feeding characteristics



are affected negatively with the increase of insoluble phases with respect to iron increase [4,
8, 9].

Caceres et al. [18] conducted a comparative study to examine the effects of Si, Cu, Mg, Fe,
and Mn (manganese), and solidification rate on the material properties of Al-Si-Cu-Mg alloys.
They witnessed that the strength is proportional to the content increase of Cu and Mg and
reduction in ductility. The increase of Fe also decreased the strength and ductility of low-Si
dramatically.

Titanium (Ti) is widely used for grain refinement of aluminium casting alloys, often in
combination with smaller amounts of boron [9]. Good grain refiners, such as TiAl; and TiB>
[7], are necessary for effective grain refinement, but also concentrations greater than those
required for the grain refinement is added to reduce hot cracking tendencies [4, 8]. Also, a
new family of grain-refiners, based on the Zn-Ti (zinc-titanium) system, showed hopeful

alternatives to the conventional AlTisB and AlTizCo.15 refiners [19, 20].
2.3. Microsegregation

Segregation is defined as the non-uniform distribution of the chemical composition that arise
during the solidification process [21, 22, 23]. When it occurs at the cell and dendritic level, it is
referred to as microsegregation, which results from accumulation of rejected solute between
the growing crystals and its failure, due to either inadequate time or to a physical barrier of

solid, to diffuse or mix into the main body of residual liquid [23, 24].

Ghosh [22] states that during solidification, three regions exist, namely solid, liquid and solid—
liquid mixture. The solid-liquid region comprises of dendrites and interdendritic liquid, called
the mushy zone. Campbell [21] explains that microsegregation occurs when solute is rejected
from the solidified dendrites into the liquid interdendritic space, and concentrates in the small
regions. This happens due to the dendrite growing into the melt, and as the secondary arms
branch from the primary dendrite, the solute is effectively being pushed aside to concentrate
in the tiny regions surrounded by the secondary dendrite arms. Elements with the higher
melting points are concentrated in the dendrites, and the interdendritic regions have high

concentrations of the lower melting point element [25].

Won and Thomas [26] states that the microsegregation stems from the thermodynamic
equilibrium solubility differences between the alloying elements that exist in the mushy zone

in different phases during solidification.



Microsegregation affects and has implications on the properties of the final casting, and is
therefore of technical importance. The formation of brittle non-equilibrium phases can be
deleterious to the mechanical properties, poor fatigue behaviour can occur due to
concentration variations from an inhomogeneous precipitation distribution after a heat
treatment, and corrosion resistance can be affected. Therefore, predictions of
microsegregation and microstructure in metallic alloys are very important [26, 27].

2.3.1.Microsegregation models

Stefanescu [28] defines a microsegregation model as a comprehensive theoretical treatment

of interface morphology that requires accurate tracking of the solute field during solidification.

Won and Thomas [26] states that most simple microsegregation models assume a relationship
between alloy concentration and solid fraction, and a one-dimensional composition profile can
be evaluated from this relationship between adjacent dendrite arms (Figure 2.1a). This is due
to the complicated dendrite geometry [28].

a) "plate" dendrite b) "columnar" dendrite ¢) "equiaxed" dendrite

Figure 2.1: Detailed illustration of microsegregation models. (a) One dimensional “Plate” dendrite, (b) 2D columnar
dendrite, (¢) 3D equiaxed dendrite [28].

The solidification model, called the equilibrium Lever-rule, assumes complete solid-liquid
diffusion of all alloying elements:
Co,i 1)

Cc,, =—
BT -k)f

where C, ; is the liquid concentration of the dissolved element at the solid-liquid interface, Cy;

is the original ith solute element concentration in the liquid at the interface, k; is the partition

coefficient of the dissolved element, and the volumetric solid fraction is denoted as f;.



Inaccuracy in the model becomes evident, later during solidification, due to very slow solid

phases diffusion, particularly for larger atoms of the solute [26].

Another model, which was first proposed by Gulliver [29], and then later by Scheil [30], known
as the Gulliver-Scheil Model, assumes complete liquid diffusion, no solid diffusion, and
equilibrium at the solid-liquid boundary (x*) as the interface progress along the secondary
dendritic arm spacing (4,), as illustrated in figure 2.2, and mathematically described as [26,
28, 31]:

_ Co,i (2)
‘L T e
A l
Cpi 1
—| |— d1" T
///_ CS,i dCL L
| | T
z* Ny /2
Solid I Liquid

Figure 2.2: A construct demonstrating the partitioning of liquid from the interface [31].

The equation does not adequately estimate the final solute concentration, because atf; = 1,
C,; = o [26, 31]. When diffusivity in the solid phase is small, it can be used to calculate
microsegregation; however, as stated by Stefanescu [28], that towards the completion of
solidification, diffusion of the dissolved matter into the solid phase can influence the

microsegregation.

The Brody-Flemings Model [32], which assumes complete diffusion and incomplete back-

diffusion in liquid and solid phase, respectively, has the following general form:

This introduces a back-diffusion parameter g;, which researchers [32, 33, 34] have measured

Cri = Coi(1 + fo(Bik; — 1))~/ (Biki~1) (3)

in different ways, but the original Brody—Flemings model for a plate dendrite [32],



Bi=2a; , 4)

where « ; is the Fourier number for the dissolved elementi (note that Dantzig and Rappaz

[31] uses the symbol Fo to depict the Fourier number, not to it confuse with that of « -phase):

_ Dsity (5)

where Dg; is the diffusion coefficient of the dissolved elementi in the solid, the local
solidification time, tf, and L represents the domain length of microsegregation, which is equal

to half the SADS (1,), see Figure 2.3 [26, 28, 31]:

A2 (6)

Figure 2.3: (Left) a micrograph of a directionally solidified succinonitrile-acetone alloy. (Right) An idealized
segment, displaying a periodic arrangement of secondary dendrite arms. [31]

Assuming the known ¢ history, Equations (3) through (6) are solved to predict C; ; and related
microstructure parameters. When D ; approaches zero (f; = 0) in Equation (3), the Brody—
Flemings model reduce to the Gulliver-Scheil equation, and simplifies to the Lever rule when
infinitely fast diffusion into the solid phase occurs (8; = 1); but when «; is large and j; exceeds

1, it becomes not physically reasonable, because there is no conservation of mass [26, 31].

Clyne and Kurz [33] proposed an alteration to ensure the Brody—Flemings model (0 < §; < 1)
maintain mass conservation, by substituting Equation (4) as follows:

_1 L (7)
Bi=2a;|1—e %|—e 2

Voller and Beckermann [24] added an additional value to the Fourier number. This was to

account for the coarsening effect, and was applied as:



af =a; +at . (8)

With this addition, extra back-diffusion could be accounted for, due the actual dendrite arm
spacing being smaller before coarsening [26]. It was also shown by Voller and Beckermann
[24] that by adopting a constant value of a¢ = 1, the model is able to forecast the coarsening,

for a range of cooling conditions.

Won and Thomas [26] and Stefanescu [28] discuss other models, which can be used for
columnar and equiaxed dendrites (Figure 6.1 b and c), and indicate that these models have
been implemented into the commercial packages Thermo-Calc [35], IDS [36], and MAGMA
[37]. Unfortunately, these models are very computationally intensive. There are also equations
such as those proposed by Wotczynski [38] that is a modification of the analogous equation

of the Brody-Flemings theory.

Won and Thomas also presents a simple microsegregation model in [16] that resolves
Equations (3), (5), and (6) centred on assessing the Clyne—Kurz Model for each dissolved
component, as proposed by Ohnaka [34]. This model can be adjusted to change from one
dimensional to two dimensional dendrites and, to allow for coarsening as proposed by Voller

and Beckermann [24], can be termed as:
1 1
B = 2a;} <1 - e_?> —e 24} ©
l

where af = 2(a; + a®) and a® = 0.1 .

They [26] also assume for their simple semi-empirical analytical model;

o complete liquid phase diffusion,
¢ local equilibrium at the solid-liquid interface,
e a constant equilibrium partition coefficient, throughout solidification,

e negligible nucleation undercooling effects, and negligible fluid-flow effects

2.3.2.Secondary Dendrite Arm Spacing (SDAS), Diffusion coefficient,

Equilibrium partition coefficient, Local solidification time

Dantzig and Rappaz [31] states that over a range of solidification time, 0.1s < t; < 107s, a

fairly accurate estimation forA, for Aluminium alloys can be given by: 4, =



(10‘5m s‘1/3) tf1/3 , Where the local solidification time (tf) is obtained, for the assumed

constant cooling ( Ty;q) [26]:

(9)

(10)

where Tp,yre ,pure aluminium melting temperature (933 K) and m; is the liquidus line gradient

of the individual dissolved components in the Al-phase diagram, shown in Table 2.2 [39].

Ronté and Rodész [40] indicated that copper composition variations, for the Al-Cu-Si alloys,

have greater influence on the A, only when the silicon composition is beyond 0.5%. They

proposed an equation with greater accuracy to calculate 4,, that incorporates the collective

influence of the local solidification time, t; cooling rate at liquidus temperature, an copper

composition, C¢, and silicon composition Cg;:

Table 2.2: Physical properties of alloys relevant to solidification [39]

/12 — 349 . Ccu—0.333 . CSi—0.145 . tf0208

A, = 77.09 - Ccu—1.989 . CSL_—O.O78 . Tliq

—0.252

Solutes Liquid Solid diffusion | Partition Liquidus
diffusion coefficient coefficient slope
coefficient Dg,(m?/s)

DL,(mZ/S) k _mL’(K)

Copper (Cu) | 4.9 x10° 1.95 x 102 0.14 260

Silicon (Si) 4 x 10° 5x 1012 0.13 600

(11)

(12)
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2.4. Heat Treatment

According to Sjolander and Seifeddine [41], alloy compaosition and casting process parameters
have a major influence on the mechanical properties of cast Al-Si—Cu—Mg alloys, and that
through thermal treatment, further enhancement of these properties can occur. They also state
that the thermal treatment cycles (temperatures and duration) is dependent on the foundry

method, the alloy content and the desired material properties.

The standard heat treatment for Al-Si-Cu alloys, also known as a T6 heat treatment process,
is a three-step process. For sand casting the process, as describe by Brooks [42] in the ASM
handbook, starts with solution heat treatment at about 505°C (x6°C) for a 12h duration,
followed by water quenching at about 65-100 °C. Finally, an aging treatment at a temperature
of 155°C for about 2-5h. The tensile yield strength and hardness of a 319.0 alloy is increased
from 125MPa to 165MPa and 70HB to 80HB, respectively. All other mechanical properties
improves except the elongation, which remains constant, an indication of the ductility of the
alloy [4, 43].

Mohamed and Samuel [7] indicates that the improvement of mechanical properties after heat
treatment is mainly due to the development of non-equilibrium precipitates within primary
dendrites during aging and the Si particles appearances that change from the solution
treatment. They also state that Al-Si-Cu alloys have a slow and low age-hardening response

as determined by the fraction size, dispersion and consistency of precipitates formed.

2.4.1.Solution heat treatment

In Sjélander and Seifeddine [41, 42] on the study of heat treatment optimisation [8], they stated
that solution heat treatment is done at temperatures near to the eutectic temperature, with the
aim to dissolve the Cu and Mg containing phases, promote homogeneity in the matrix by the

added elements, and spheroidisation of the Si particles.

The rate of the abovementioned processes is proportional to the increase of solution
treatment temperature, according to Sjélander and Seifeddine, in their heat treatment review
[41]. They also explained that this affects the strength that can be acquired after ageing, due
to the increase of solubility of solute into the matrix, because of the higher temperature. They
further stated that the maximum solution treatment temperature is dependent on the
concentrations of Cu and Mg in the alloy, due to the limitation by incipient melting of phases
formed in the interdendritic regions, which is rich in the dissolved elements due to segregation.

This causes mechanical properties to reduce due to the resulting distortion caused by the
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localised melting. According to Samuel [44], during incipient melting, Cu-containing phases
begin to melt at 519°C in an A319 alloy with low-Mg, while for 0.5 wt.% Mg, melting starts at
505°C, due to the presence of Q-AlsMgsSisCu» phase. The ideal temperatures, before melting
occurs, is dependent on the casting solidification rate, which affects the volume fraction, size,
morphology and type of Cu-containing phases, and the heating rate to the solution treatment
temperature, which affects the time available for dissolution of Cu-containing phases during
heating [41].

Han et al [45] states that blocky Al,Cu phase is difficult to dissolve during solution heat
treatment than the eutectic (Al-Al,Cu) phase, and that fine Al,Cu phase particles can dissolve
within 2h of solid solution heat treatment [7]. Eutectic (Al-Al,Cu) phase dissolves due to the
AlL,Cu particles disintegrating into smaller fragments that can spheroidise, whereby the Cu
atoms can dissolve by radial diffusion into the surrounding matrix [16, 45]. Chaudhury and
Apelian [46] indicated that the reason for the difficulty in the dissolution of the block-like Al,Cu
phase is because of the lower interfacial area with the matrix and particles elongated uniform
profile, and that, according to Han et al [45], takes longer due to it not disintegrating, but

dissolving through spheroidisation and diffusion.

According to Moustafa et al. [47], phases like the 1T-AlsMgsFeSis and Q-AlsCu>MgsSis particles
do not dissolve. Crowell and Shivkumar [48] states that Fe-containing phases are difficult to
dissolve, like the a-Alis(Fe,Mn)sSi; script phase. Although, phases like the B-AlsFeSi platelets
do undergo fragmentation and slow dissolution, but only when subjected to higher

temperatures and longer time periods.

In the review of Sjolander and Seifeddine [41], homogenous solid solutions are formed when
atoms disconnect from coarser intermetallic phases, and diffuses through the matrix to reduce
the concentration gradient. The review also indicates that the time required for
homogenisation is dependent on the diffusion rate and the diffusing distance, measured by

the secondary dendrite arm spacing (SDAS) [41].

When the solution treatment is too short, not all alloying elements will dissolved, and when it
is too long, unnecessary energy usage occurs, as well as remaining Cu-containing particles
being affected negatively on the fracture elongation, and Si particles that coarsen, as describe
in [8]. This study also indicates that an effective solution heat treatment is determined by the
degree of Si spheroidisation, volume fraction, distribution, morphology and composition of
phases in the as-cast microstructure, with respect to the solution heat treatment temperature

and time selected.
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The above study [8] concluded that the coarseness of the microstructure, is a major factor
that determines the duration required for solution treatment. The coarser the microstructure

the longer the treatment period.

According to Samuel et al. [44] for a 319.2 alloy with SDAS of 22um, 8h at 515°C or 24h at
505°C was required to dissolve two thirds of the Al,Cu phase. Dons [49] reported that during
solution heat treatment, the B-Fe phase changes into Al-FeCu. phase when a high Cu
concentration is present, indicating a loss in Cu in the solid solution to the Al;FeCuz phase.

From the study by Samuel [44], no strength increase was observed by Mg additions to an Al—
Si—Cu alloy for solution heat treatment temperature at 480°C, but a 50°C increased reported
proportional strength improvement. A two stage solution treatment was investigated by
Sokolowski et al. [50], which followed an initial stage at 495°C for 8h, to allow dissolving of
the Cu-containing particles, and then proceeded at 520°C for 2h, to allow the alloying

elements to homogenise. Increases in strength and ductility were experienced.

According to [41], in an unmodified alloy, Si exists as big brittle fragments, which are
responsible for crack formation and have a detrimental effect on alloy ductility, hence the need
to spheroidise the eutectic silicon particles. Spheroidisation can occur through long exposure
at high temperature, or by additions of Strontium (Sr) to the melt, or both. Eutectic Si particles
first fragment, followed by transforming into spheroid and then coarsen, during solution
treatment. With additions of Sr, the eutectic Si transform to fibrous, which can be fragment
with ease and spheroidise during solution treatment, thus reducing the process time. Required
spheroidisation time is dependent on the temperature of solution treatment and the as-cast
eutectic Si particles’ morphology and size. Crowell and Shivkumar [48] suggested an 8-16h
period at 495°C for a 319.1 alloy with Sr additions.

2.4.2.Quenching

The purpose of quenching is to form a low temperature supersaturated solid solution by
holding onto the maximum precipitation strengthening elements, while suppressing

precipitation; and to retaining an atomic lattice structure with high vacancies [51, 52].

The quench rate is very important for Al-Si alloys, due to the quick formation of precipitates.
This is because of the higher supersaturation level and diffusion rate. Between 450°C and
200°C, is the critical temperature range for an effective quench rate [41]. Supersaturation is
too low at higher temperatures, and a too low diffusion rate occurs at lower temperatures for
critical precipitation [7]. Sj6lander and Seifeddine [41] and others [52, 53, 54] observed that a
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limiting quench rate of 4°C/s was satisfactory. Exceeding this produce a marginally increase

in the yield strength.

According to Mohamed and Samuel [7], an ideal quenching rate is essential to maintain
maximum vacancy concentration and reduce part distortion after quenching. Faster rates
retain higher vacancy concentration, allowing higher element mobility in the primary Al phase
during ageing, but causes higher residual stresses and distortion. A slow rate produces less
residual stresses and distortion; however, this causes precipitation that have detrimental
effects such as localised over-ageing, grain boundary reduction, higher corrosion tendencies

and a reduced response to ageing treatment [55, 56].

Emadi et al. [57] state that fast quenching produce the best balance of strength and ductility.
The study further states that the quench medium and interval has an effects on the
effectiveness of quenching. They report that the properties of the A356 alloy, exposed to the
T6 heat treatment and quenched in water, affected the sensitivity of the Ultimate Tensile
Strength and Yield Strength more than ductility, when the water temperature surpassed 60-
70°C. Detailed microscopy investigations on A356 alloy, reported by Zhang and Zheng [52],
discovered that the B"-Mg.Si precipitates’ density decreased with slight increases in size with

raised water quench temperature from 25°C to 60°C, and a rise in fine Si precipitates.

Quenching in air produce completely different precipitation feature. The material cools down
slower, which causes an increase in the Si and Mg diffusion. Thus, a higher density of fine 3"-

Mg.Si precipitates, but also an increase in rougher rod-like p-Mg.Si [52].
2.4.3.Ageing

The aim of aging is to acquire uniform distribution of the strengthening precipitates retained
during quenching. This leads to a better homogenous material properties and improvements.
Ageing can be done at room temperature called natural ageing or at an elevated temperature

known as artificial ageing [41].
2.4.3.1. Natural ageing

At room temperature, the formation of Guinier-Preston (GP) zones occurs rapidly. These are
groups of high concentrations of very small precipitates or solute atoms that are finely
dispersed in a supersaturated metallic solid solution, because diffusion is limited at room
temperature. The GP zones and the stress field around them hinder dislocation motion,

resulting in an increase in strength [41]. Also, the hardening of Mg-containing phases happens
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very quickly, and can be observed after about 1h. After about 100h no further increase in
hardness occurs [58, 59]. The hardness is dependent on the Mg concentration in the alloy; a
higher weight percentage (<0.7 wt.%) gives a greater hardness. Cu-containing phases has a
slow response to hardness at room temperature, but minor additions of Mg cause hardness

reaction to increase by natural ageing [60].
2.4.3.2. Artificial ageing

At an elevated temperature (150-210°C), particles can travel over greater spaces and the

precipitates that develop are generally larger than the GP zones [41].
2.4.3.3. Precipitation sequence

The formation of the GP zones are the first process in the precipitation sequence, which is
followed by the formation of the either coherent or semi-coherent metastable precipitates to
the matrix. If these precipitates reach a critical size it may nucleate on the GP zones, or
homogeneously in the matrix, or heterogeneously on dislocations or other lattice defects. The
metastable precipitates grow on further ageing by diffusion of atoms from the supersaturated
solid solution to the precipitates. As the supersaturation decreases, the precipitates continue

to grow in accordance with Ostwald ripening [7].

The process is driven by a reduction in surface energy, so that the larger precipitates coarsen
as the smaller ones dissolve. As the precipitates grow the coherency strain increases until
interfacial bond strength is exceeded and the precipitates become non-coherent. Last to form
in the precipitation sequence is the non-coherent equilibrium phase. The precipitation
procedure does not necessarily follow the above sequence - it can also start at an
intermediate stage, depending on the thermal history of the material (natural ageing, artificial

ageing temperature, heating rate, etc.) [41].
2.4.3.4. Hardening mechanisms

The strength of an alloy is characterised by the precipitates capability to prevent dislocations
from moving freely, which is dependent on the precipitates size and distribution and by the
consistency with the matrix. The Friedel effect and the Orowan mechanism can by utilised to
describe the interaction between the precipitates and dislocations. The Friedel effect occurs
when the movement of dislocations shear small precipitates with intermediate hardness, see
Figure 2.4 a. When the moving dislocations pass over bigger and harder precipitates, a

bowing effect occurs, this is known as the Orowan mechanism, see Figure 2.4 b. The
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precipitates strength is proportional to its size, on the condition that it is sheared by dislocation
(Friedel effect). If the precipitates size is too large, that it prevents shearing to take place, thus
causing the Orowan mechanism to occur, can lead to strength reduction, see Figure 2.4 c.
The maximum strength is achieved when an equivalent chance for the dislocations to pass
the precipitates by both shearing and bowing [41].

Strength

Particle radius

Figure 2.4: Dislocations pass precipitates by (a) shearing or (b) bypassing [61]. (c) Relationship between
precipitate radius and strength of the particles to resist shearing or bypassing by dislocations [11].

For Al-Si-Cu alloys, dense areas of Cu atoms with diameters between 3-5nm make up the
GP zones formed at room temperature. Temperature increases above 100°C cause
dissolution of these GP zones [62], which is replaces by 6" phases (occasionally stated as
GP2). Before the formation of the 68" phase noticeable strength reductions can be observed.
Extended ageing causes the 8" phase to change into the metastable 6', which is partially
coherent with the matrix. The formation of the stable incoherent equilibrium phase 6 (Al.Cu)
is formed during the last stage of ageing. Strength is proportional to the fraction of 6" phase

is present, thus the maximum strength accomplished with the highest number [62].

Al-Si-Cu alloys takes longer to obtain optimum hardness than for Al-Si—-Mg and Al-Si—Cu—
Mg alloys. Kang et al. [63] reported that hardness peak at 160°C for about 120h at and 15h
at 200°C. An increase distribution of peak hardness are observed when the ageing time
increase from 30h up to 120h [63, 64, 65, 66]. This is due to the Mg that greatly influence

response to the ageing process [41].

16



2.4.4.Heat treatment modelling

Models can assist in the design of new alloys that requires to meet a certain criteria or
specification and help in gaining knowledge about the microstructural influence on the
properties of alloys [7]. Shercliff and Ashby [67] developed the first model that coupled the
yield strength to the microstructural evolution during artificial ageing. It mathematically took in
to consideration the process variables (e.g. alloy composition, heat treatment temperature and
time), and how it affected the mechanical properties (e.g. yield strength, hardness), with
respect to the physical principles (e.g. thermodynamics, kinetics of precipitation, strengthening

mechanisms etc.).
2.4.4.1. Solution heat treatment modelling

According to Sj6lander and Seifeddine [8], one can model the solution heat treatment based
on diffusion, whereby assuming spherical particles with a spherical diffusion field produce
experimental results with good outcomes. They state that by making use of a measured
distance between the Al,Cu phases to calculate the diffusion field gives a slower dissolution
and homogenisation rate compared to the experimental results. Decreasing the interparticle
distance, so that it includes only the a-Al phase, and assuming a high diffusion coefficient in

the Si eutectic, gives good agreement with the experimental results.

The basic model (Figure 2.5) is similar to the 1-D models at the scale of the dendrite arms.
The initial condition reflects the segregation profile produced by solidification, and in particular
the volume fraction of the primary a-phase given by g&. The fraction of eutectic formed is
thus g..: = 1 — g~-. The heat treatment takes place at a temperature between the solvus
temperature for the alloy and the eutectic temperature, shown as the dashed line in Figure
2.5a. It is assumed that the eutectic region is at local equilibrium, which implies that the
composition of the a-phase at the eutectic region is given by the solvus value C, and the
composition of the a-phase in the eutectic region is given by Cz. The volume fraction of S-
phase is designated as gg, and the volume fraction of a-phase in the a + f region thus
becomes 1 — gh — gp- The composition of the a-phase in the eutectic is assumed to remain
constant, even as the f-phase dissolves. This is a reasonable assumption when gz is small.

[31]
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Figure 2.5: A schematic view of (a) the phase diagram and (b) initial condition for solution treatment analysis [31]

The governing equation and boundary conditions for this problem under the stated
assumptions are

9Cs; 4Dyt 02C,

< éE<
9Csi _ £=0 (15)
at
Cs,i = Cq =P (16)

The solution can be written in as a Fourier cosine series

- 2Zm—1)n
Cs,i(fr T) =C, + Z A, cos <g> e—(ZTn—l)znzr/Zga
m=1 29a

17)
An initial condition is required to evaluate the coefficient A4,,. From experience, the initial

condition quickly disappears, thus it is quite reasonable to choose an approximate initial
condition of the form

s
Cs;i(&,7) = Cy + Ap cos (2—6)

a

(18)

18



Note that, with this simple form, it is not possible to choose a single constant 4, that satisfies
the boundary condition on C;; até = 0 and ¢ = g,, and to enforce a total solute balance all at
the same time. It will be demonstrated, however, that the exact choice of 4, is unimportant for
the analysis, and thus choose 4, to ensure that the total solute content is equal to C,. With
this choice of the initial condition, only the leading term in the series has a non-zero coefficient,

and the solution is given by
¢ -m?t/4g%
Cs,i(fl T) = Ca + AO COoS g e a (19)
a

Next, a solute balance over the domain at T = 0 is performed:
a

f Coi(€,0) A€ + Co(1— g% — g9) + 9%Cs = Co (20)
0

where gg is the fraction of B-phase att = 0. Substituting Equation (14) into the above and
after manipulation,
a
mé _ 0
Ay cos g d§ = —(Cq = Co) —(Cp = Ca) 9p - (21)

a
0

Computing a similar solute balance at time t yields

Ia

[ [ vcos () ag oo/t =~y = o)~ (G5~ G 6 22)
a

0

Dividing Equation (18) by Equation (17) provides a relation between the volume fraction of (3-

phase and time

9p + (Ca - Co,i)/(CB - Ca) - e—nzr/4g§, ]
93+ Co— Co)/(Cp — Ca)

(23)

Note that Equation (19) takes a particularly simple form when the heat treatment is done at

the solvus temperature of the alloy, where C, = C, ;. Thus, simplifying to the Scheil equation.
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2.5. Metal Casting Software

MAGMASOFT employs the finite difference method to solve the heat and mass transfer on a
rectangular grid. It is a useful tool for simulating molten metal flow. It is a comprehensive
simulation tool featuring capabilities that show mould filling, solidification, mechanical
properties, thermal stresses and distortions, both for ferrous and non-ferrous alloys. Itis widely
used in the metal casting industry, particularly in foundry applications, for modelling the molten

metal flow and solidification in dies [68].
2.5.1.Finite Difference Method

The goal of discretisation is to find a set of cut points to partition the range into a small number
of intervals that have good class coherence, which is usually measured by an evaluation
function. In addition to the maximisation of interdependence between class labels and attribute
values; an ideal discretisation method should have a secondary goal to minimise the number

of intervals without significant loss of class attribute mutual dependence [69].

The finite difference method, also known as the Euler method, is a numerical technique for
solving differential equations. Numerical techniques only find approximate solutions, but are
much easier to solve than techniques for finding exact solutions or formulae for exact solutions
[70, 71]. It involves replacing the derivative in the differential equation with algebraic equations
to get approximated solutions. The domain is partitioned in space and time, and
approximations of the solution are computed at the space or time points. The error between
the numerical solution and the exact solution is determined by the error that is committed by
going from a differential operator to an algebraic operator. This error is called the discretisation
error or truncation error [72]. Thus, an awareness of the error is necessary in order to set

appropriate discretisation intervals.

By definition of a derivative [71, 73]:

fae+a) —fe) _ . fO) — flx—Ax)

lim

F1e =

Ax Ax—0 Ax (24)
o flx+Ax) — f(x — Ax)
= lim
Ax—0 2Ax
and Taylor series expansion:
Ax? Ax3
fl+80) = £00) +8x f'00) + 5 £ () + = f D) + -, (25)

or
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Ax? Ax3

fx = 83) = () = 8 () + = £ () = 5= fO@ + -, (26)

Rearranging equation (25) gives an approximation for equation (24), known as the forward

difference approximation:

flx+Ax) — f(x)
Ax

flx) = =f'(x) + 0(Ax) (27)
2

where 0(Ax) = AZ—"Cf”(x) - A%f@)(x) + ---, known as the truncation error, and means ‘of order

Ax’, which leads the expression to read that the derivative of f at x, and has an error of size Ax;

the approximation is said to be first order accurate [70, 73].

Rearranging Eq. (26) gives an approximation for Eq. (24), known as the backward difference

approximation:

)~ fx - 80)

A =f'(x)+0(x) , (28)

f')

which is also first order accurate, since the error is of order Ax. Subtracting Eq. (26) from Eq.

(25) gives the centred difference approximation:

f(x+ Ax) — f(x — Ax)
2Ax

flx) = =f'(x) + 0(Ax)? (29)

which is second order accurate since the error is of order (Ax)2.

Knowing that the order is very important, as the higher the order the more accurate the
solution, the centred difference scheme therefore gives a better approximation [72, 73].
However the higher order schemes need more algebraic operations, and hence requires

greater computational time.

From Mochnacki and Suchy [70], the differential approximation for the second order derivative

is given by:

N flx+Ax) —2f(x) + f(x — Ax)
- Ax?

(30)

f") =f"(x) + 0(ax)*
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After applying FDM, the left hand side of equation (14) can be rewritten as a set of algebraic

equation:

(31)

f f f f f
Cioa =G _ ADsity (Ciyy — 267 +Ciy
At A2 (A&)2

where Cif = C(t5, x;) is a given element concentration at ith point of discrete grid at fth layer of

time.
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Chapter 3. Experimental Procedure and Analysis

3.1. Obijective

The aim of the empirical investigation is to compare the simulated solutions with the actual
experimental results. This will occur by comparing the microstructure of the samples from both
the as-cast and heat treated castings. The goal will be to observe the evolution or changes in
the intermetallic phases as mentioned in the literature review. Since the heat treatment
process is being conducted at a higher temperature than prescribed by literature, there might
be the possibility to observe the dissolution of hard to dissolved phases. This can have
beneficial outcomes, as these phases can aid as improvement to the mechanical properties
of the alloy. If this can be achieved, it can assist in understanding the alloy’s behavior, whereby

conclusions can be drawn for future studies and improvement.
3.2. Computer Simulation and Setup

MAGMASOFT®, is a powerful software for simulating and to provide better knowledge of
mould filling, solidification and cooling, and allows for measureable expectation of mechanical

properties, thermal stresses and distortions of the final castings.

The newest release, MAGMAS, contains additional modules, such as MAGMAnNonferrous,
which is a material-specific module that allows for predicting the microstructures and
properties of nonferrous alloys. There is also the MAGMA HT thermal and MAGMASstress
modules that allow simulation of heat treatment and the deformation of the part (internal stress

field calculation) after casting respectively.

The simulation also produces results for the prediction of possible microstructural phases for
the casting from the MAGMAnNonferrous, with the Micro Modelling Aluminium add-on. This is
for aluminium alloys with recommended ranges for Si (6.5-12.5wt%); Fe (0-0.6wt%); Mg (O-
0.6wt%); Cu (0-3.5wt%); Mn (0-0.4wt%); other (<2wt%). It is important that composition is set

within the ranges to avoid possible errors.

It also simulates and produces results for the material properties, and even though heat
treatment schedules is user-defined and the setup is manually entered, the results obtained
for the microstructural phases is based on a standard T6 heat treatment process with a
solution heat treatment schedule of 6h at 495°C for composition containing 1-3wt% Cu, or 6h

at 525°C when containing Mg. This is followed by water quenched at 50°C, natural aging for
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24h, and finally artificial aging for 8h at 175°C. The MAGMA HT thermal results are only

thermal profiles and stresses bases on the temperature and cooling rates.
3.2.1.Computer Aided Design

The design of the experimental casting is a basic square (figure 3.1) with a gating system to
reduce turbulent flow. This is to minimize surface expose to air, due to aluminium’s ability to
quickly form oxide layers, which can be detrimental to the materials properties when solidified.
Three different section sizes (10, 12.5, 15mm) were simulated to identify and compare the

cooling rates with respect to the thicknesses.

The computer aided drawings were generated using SOLIDWORKS, saved as an STL file and
imported into MAGMASOFT®.

Figure 3.1: 3D model of a casting (blue) including gating system (red).

3.3. Mould Preparation

The preparation for the mould commenced with first 3D printing the shapes (figure 3.2) of the
different gating system components using a UP! 3D printer and acrylonitrile butadiene styrene

(ABS) as the model material.
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Figure 3.2: 3D print of gating system

Green sand was utilised for the mould (figure 3.3) with thermocouples placed inside the mould,
at the centre, and one within the casting cavity, to measure the temperature during the casting

process (see figure 3.4).

SRS

Figure 3.3: Sand mould.
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Figure 3.4: Assembled mould with thermocouples (1 — casting cavity; 2 — centre of inside mould)

3.4. Alloy, Equipment and Casting

The aluminium alloy, AK-64, is a name allocated to the alloy grade in Poland (PN-76/H-88027),
and is similar to the Aluminum Association (AA) 319.0. The difference in composition is
captured in Table 3.1. It was supplied as ingots from the Institute of Non-Ferrous Metals, Light

Metals Division in Skawina, Poland.

The ingots were melted in an induction furnace (Czylok PT 40/1300), at a temperature of
750°C, and after achieving a complete molten state, the melt was poured into the mould (figure
3.4). An Agilent 34970A Data Acquisition Switch unit with K-type thermocouples was used to

register the temperature change during cooling.

After cooling to room temperature, the castings were removed from the mould and cleaned,
to remove any visible sand burn and/or additional unwanted material (figure 3.5). Six plates of
three different thicknesses were cast- two plates of each thickness: 10 mm, 12.5 mm and 15

mm.
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Table 3.1: Element compositional comparison

Element AK 64 ingot *wt% | AK 64 (PN-76/H- | A319.0 [2], wt%
88027), wt%
Silicon 6.07 5.0-7.0 5.5-6.5
Copper 3.75 3.0-5.0 3.0-4.0
Iron 0.59 Lp Lk Lc 1.0 max
1.0 1.2 14
Manganese | 0.45 0.3-0.6 0.5 max
Magnesium | 0.23 0.5 0.1 max
Zinc 0.11 2 1.0 max
Titanium 0.05 0.15 0.25 max
Nickel - 0.5 0.35 max
Other 4.0 4.2 4.4 0.5
(impurities)

Figure 3.5: Casting (including gating system).

! Composition was measured in supplier’s laboratory, and certificate issued.
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3.5. Heat Treatment

The heat treatment schedule that was selected for the experiment was the same as the one
used in the MAGMASOFT® heat treatment module. This was to have a correlation and to

allow comparison between the numerical and experimental results.
It follows a T6 heat treatment process with the following steps:

1. Solution heat treatment for 6 hours at 525°C due to the magnesium content;
2. Water quenched at 50°C;
3. Atrtificial ageing at 175°C for a duration of 8 hours;

4. And then the samples is allowed to cool down within the heat treatment furnace to
room temperature

The heat treatment process was conducted using a Czylok PT 12/1300 induction furnace.

3.6. Metallography

3.6.1.Specimen preparation

Specimens were sectioned from the casting according to the depiction in Figure 3.7, and was
carried out mechanically by means of sawing. The aim was to obtain specimens as close as
possible to the thermocouple, relate to the thermal history, and to avoid the porosity as
predicted in MAGMASOFT®.
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Figure 3.6: Indication of obtaining samples from casting. Numbers 1 to 5 indicate sample numbers.

The specimens were cold mounted in an acrylic resin, making use of the VersoCit-2 Kit. After

the specimens were cured, grinding and polishing was carried out in the following order:

1. Wet grinding with water on a silicon carbide (SiC) foil with grain size 46um, to remove
the resin layer and for surface levelling;

2. Wet grinding with water on a SiC foil with grain size 22um, to remove porosity from the
upper surface;
Wet grinding with water on a SiC foil with grain size 15um, to remove scratches;
Wet grinding with water on a SiC foil with grain size 5um to remove scratches;
Fine grinding with water-based diamond suspension fluid (DiaPro) on a MD-Largo disk
with grain size 9 um for material removal;

6. Polishing on MD-Mol disk with grain size 3um with water-based diamond suspension
fluid (DiaPro); and

7. Final polishing on MD-Chem (porous neoprene) with OP-U suspension (colloidal silica

suspension) with grain size 1um.
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After polishing of the specimens, etching is required to reveal the microstructure and for the
identification of intermetallic phases. The Keller etchant was utilised to reveal the

microstructures and phases. Specimens were submerged for 60 and 90 seconds.
3.6.2.Microstructural Analysis

Six specimens from each of the castings were send for X-ray diffraction (XRD) for the
identification of the primary, eutectic and intermetallic phases. Optical Microscopy was used
for the analysis of the specimens that were etched. An additional Scanning Electron
Microscopy (SEM) analysis was conducted to precisely identify phases and compositions that

could not be observed through the other aforementioned techniques.
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Chapter 4. Results and Discussion

4.1. Simulation Results

It was observed from the MAGMASOFT® results that porosity occurred at almost the same regions
in all three casting samples (Figures 4.1 - 4.3), with minor differences in the percentage or degree
of occurrence. This can be attributed to the cooling (solidification) rate (Figures 4.4 - 4.6), as
throughout literature it is well known that faster cooling or solidification of a casting affects the
microstructure, causing smaller pores or less porosity to appear. This is also a function of the section
thickness, as thicker sizes have more mass to solidify and therefore cools down slower. It can also
be justified by the SDAS (Figures 4.7-4.9), that increases with slower cooling rates. The solidification
time (liquidus to solidus) and cooling rate for the 10mm, 12.5mm and 15mm castings are about 155s,
185s and 218s, and 15.3°C/s, 9.83°C/s and 4.967°C/s, respectively as calculated by
MAGMASOFT®.

Total Porosity

\ mASmn

Figure 4.1: Total porosity in the casting, 10mm thickness
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Figure 4.2: Total porosity in the casting, 12.5mm thickness
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Figure 4.3: Total porosity in the casting, 15mm thickness




Figure 4.4: Cooling rate (°C/s) in the casting for 10mm thickness

Figure 4.5: Cooling rate (°C/s) in the casting for 12.5mm thickness
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Figure 4.6: Cooling rate (°C/s) in the casting for 15mm thickness
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Figure 4.7: Secondary Dendrite Arm Spacing (SDAS) in the casting for 10mm thickness

34



Secondary Dendrite
Arm Spacing
pm

T Empty

4170
41.28
40.86
40.43
4001

39.5%
3817
3875
38.33
3
37.48
3101
36.65
36.23
35.81

Z

'\’\/,x
Mﬁﬂl

Figure 4.8: Secondary Dendrite Arm Spacing (SDAS) in the casting for 12.5mm thickness
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Figure 4.9: Secondary Dendrite Arm Spacing (SDAS) in the casting for 15mm thickness
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The projected fractions of phases for the Al,Cu phase for all sections was about 4.3% (figures 4.10-

4.12), concentrated higher in the centre, and increasing with section thickness.

Figure 4.10: Fraction of Al2Cu phase in the casting for section thickness 10mm
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Figure 4.11: Fraction of Al2Cu phase in the casting for section thickness 12.5mm
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Fraction of Al2Cu

Figure 4.12: Fraction of AlCu phase in the casting for section thickness 15mm
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Figure 4.13: Fraction of AlFeSi in the casting for section thickness 10mm
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Figure 4.14: Fraction of AlFeSi in the casting for section thickness 12.5mm

Figure 4.15: Fraction of AlFeSi in the casting for section thickness 15mm
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The fractions of AlFeSi phases for all sections was just over 2% (figures 4.13-4.15), with higher
concentrations around the centre, and increasing with section thickness. The reason for the
concentration being higher around the centre can be ascribed to the higher melting temperature of

Fe and Si, therefore solidifying first.

The results also produced the dispersion of other phases that are present within the casting, namely
the eutectic, primary and Mg»Si phases, but the first two are of little relevance, and the latter just a
forecast due to the small composition, and could even be identified during the metallographic

analysis, which will be discussed later.

The next set of results is the probable material properties, based upon the as-cast and T6 heat
treatment, with respect to the elongation, tensile and yield strength (Figures 4.16 - 4.24). As can be
observed, the elongation is the same for sections in the as-cast state, but decrease with heat
treatment as the material becomes slightly harder and less ductile. The strengths increase as

expected with heat treatment, but is below 250MPa as stated in literature.
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Figure 4.16: Elongation of the As-cast (F) and T6 heat treated castings for section thickness 10mm
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Figure 4.17: Elongation of the As-cast (F) and T6 heat treated castings for section thickness 12.5mm
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Figure 4.18: Elongation of the As-cast (F) and T6 heat treated castings for section thickness 15mm
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Figure 4.19: Tensile Strength of the As-cast (F) and T6 heat treated casting for section thickness 10mm
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Figure 4.20: Tensile Strength of the As-cast (F) and T6 heat treated casting for section thickness 12.5mm
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Figure 4.21: Tensile Strength of the As-cast (F) and T6 heat treated casting for section thickness 15mm
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Figure 4.22: Yield Strength of the As-cast (F) and T6 heat treated casting for section thickness 10mm
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Figure 4.23: Yield Strength of the As-cast (F) and T6 heat treated casting for section thickness 12.5mm
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Figure 4.24: Yield Strength of the As-cast (F) and T6 heat treated casting for section thickness 15mm
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4.2. Experimental Results

Porosity was very severe in the casting as can be observed on the surface of samples after final
polishing (Figure 4.25). During the casting of the samples, it can be observed from the cooling curves
(Figures 4.26 - 4.28), that the time required for cooling is longer as the section thickness increases.
This definitely has an effect on the microstructure and porosity, as previously indicated. It was
observed that the faster cooling rate 10mm casting had less porosity than the other castings with

slower cooling.

Other important temperature values obtained from the first derivative of the cooling curve were the

following (as numbered on the graphs, (Figures 4.26 - 4.28) :

1. Nucleation of Al dendrite networks at about 598°C
2. Nucleation of Al-Si eutectic at about 553°C
3. Nucleation of Cu-rich phases at about 496°C

It should be noted, that after a meticulous study of the temperature data per casting, it was found
that the temperature in the centre of the mould ranged between 650-710°C during pouring. This
temperature increased with section size, as it is obvious that more molten metal will be around the
thermocouple. With the exception of the first 20mm casting, all other castings showed extreme
porosity. The highest temperature registered for this first casting was about 606°C, which leads to

the conclusion that for sections thicker than 10mm, the pouring temperature needs to be low enough

to allow for a faster cooling in order to reduce the porosity.

Figure 4.25: Visible porosity cavities on surfaces of samples from the 13mm (right) and 15mm casting (left), and from the
samples 1 and 4, respectively, as indicated in figure 3.6.
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Figure 4.26: Cooling curve (black line) and cooling rate curve (blue line) registered at the centre of 10mm casting; points
1, 2 and 3 indicate nucleation of Al dendrite network, Al-Si eutectic and Cu-rich phases, respectively
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Figure 4.27: Cooling curve (black line) and cooling rate curve (blue line) registered at the centre of 12.5mm casting; points
1, 2 and 3 indicate nucleation of Al dendrite network, Al-Si eutectic and Cu-rich phases, respectively
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Figure 4.28: Cooling curve (black line) and cooling rate curve (blue line) registered at the centre of 15mm casting; points
1, 2 and 3 indicate nucleation of Al dendrite network, Al-Si eutectic and Cu-rich phases, respectively

4.3. Microstructural Analysis

Six samples of each of the section sizes, including the heat treated specimens, were sent for X-ray
diffraction for the identification of phases (Figure 4.29). From the analysis, the solid solution a-
Aluminium matrix, the eutectic Silicon, the intermetallic Al.Cu and FeSi phases were identified from
the XRAYAN software’s database. It should be noted that the FeSi phase was observed very close
to some high Al peak. It can be assumed that this is the AlFeSi phase that is mentioned in literature.
The intensity of the phases can be attributed to the low element composition and length of the XRD

test.

Further analysis was done under an optical microscope, after samples had been etched in a Keller
etchant. Observational comparisons were made with literature, for the identification of phases. The
as-cast microstructure (Figure 4.30), clearly shows the detrimental needle-like Si phase, as well as
the Al,Cu phase, but the AlFeSi phase was difficult to identify, due to the lack of literature. The

“Chinese-script” Fe-rich phases were identified, although with some ambiguity (Figure 4.31).
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The heat treated samples (Figure 4.32) had the textbook spheroidise Si present. The Al,Cu phase

was not observed at all, and it can only be assumed that it had dissolved into the matrix. The difficulty

to dissolved possible Fe-rich phases was identified. This was observed by Tillova et al. [74], and

showed the fragmentation of this phase, which can be due to the higher solution heat treatment

temperature. In Figure 4.33, another possible phase Al-Al,Cu-Si was noticed, which had also been

described and depicted by Tillova et al [74]. This phase was described in literature as to nucleate on

small eutectic Si-particles. This can be identified as the Oswald ripening phenomena.

Other phases, such as Mg2Si, the insoluble FeAl; or FeMnAls, were not observed in the as-cast or

the heat treated micrographs or by XRD analysis.
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Figure 4.29: X-ray Diffraction analysis of specimens
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Figure 4.30: As-cast microstructure showing 1) a-Al; 2) Needle-like Silicon; 3) AlzCu phase; 4) AlFeSi phase. (Sample
etched for 90seconds; right micrograph: x20 magnification; left micrograph: x50 magnification).

Figure 4.31: As-cast microstructure showing "Chinese-script" Fe-rich phase (x50 magnification.)
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Figure 4.32: Microstructure of heat treated sample showing 1) Spheroidise Silicon; 2) Fragmentation, segmentation and
dissolution of Fe-rich phases. (Sample etched for 60seconds; x20 magnification).

Figure 4.33: Microstructure of heat treated sample showing 1) Spheroidise Silicon; 2) Possible Al-Al2Cu-Si phase with
homogeneous shape; possible dissolution of Mg2Si phase. (Sample etched for 90seconds; x50 magnification).
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The SEM spot analysis (Figure 4.34 and Table 4.1), revealed the Mg-containing phases, which
seems to appear near Al,Cu particles. The analysis also indicated complex particles such as spots
2 and 4, appearing as lamellae. A line analysis (figure 4.35) showed a spike, which can be a possible
Mg.Si phase, on an Al,Cu phase. An additional area and spot analysis on another particle (figure
4.36 and table 4.1) strengthens this assumption.

Figure 4.35: SEM micrograph of the as-cast microstructure, indicating the region (left) for line analysis (right)
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Figure 4.36: SEM micrograph of the as-cast microstructure, indicating the regions (left) for area analysis, and spot analysis
(right) on the Selected Area 1 (left).

The SEM analysis on the heat treated sample (Figure 4.37), showed the presence of the
strengthening Al.Cu phase (Spot 1), the complex Fe-rich intermetallic phases (Spot 2 and 3), and
the spheroidised Si (Spot 4). An area analysis (Selected Area 1) exposed the assumed Oswald
ripening phenomenon, with the Mg-Si phase embedded on the Al-Cu intermetallic. A closer analysis
(Figure 4.38), strengthens the notion, but is indicative of a much richer phase with Al-Cu-Si as the

main elements. The above analysis is supported in Table 4.1.

Figure 4.37: SEM micrograph of the heat treated microstructure, indicating the region (left) for spot and area analysis
(right).
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Figure 4.38: SEM micrograph of the heat treated microstructure, indicating the region (left) for spot analysis (right).

Further analysis of the heat treated microstructure also exposed the “Chinese-script” Fe rich phases,
as depicted in Figure 4.39 (analysis in Table 4.1), but also rich in Mn. A lead (Pb) impurity was also
detected by the analysis (Spot 2).

A line analysis (Figure 4.40) shows the close packing of elements around the Fe-particle, indicating

the complexity, which leads to the difficult insolubility of these phases.

Figure 4.39: SEM micrograph of the heat treated microstructure, indicating the region (left) for spot analysis (right).
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Figure 4.40: SEM micrograph of the heat treated microstructure, indicating the region (left) for line analysis (right)

The final analysis was conducted on an Al-Fe-Mn-Si-Cu phase (Figure 4.41) with an Al-Mg-Cu-Fe-
Si-Mn particle on edge (Spot 1). This is an intriguing particle, as the Mg wt% is higher than the Cu,
which can be described as the Al,Cu phase.

Figure 4.41: SEM micrograph of the heat treated microstructure, indicating the region (left) for spot analysis (right).
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Table 4.1: Compositional analysis from SEM

Element (wt%) Al Cu Fe Mg Mn @) Si
Figure4.34 |Spotl |53.35 |45.65 |- - - 0.15 | 0.85
Spot2 |[54.16 |11.13 |13.35 |1.18 5.01 - 15.16
Spot3 |52.63 |145 - 15.62 | - - 17.25
Spot4 | 60.97 |10.89 | 1.02 11.7 - - 15.42
Spot5 [29.5 |37 - 0.78 - - 66.05
(]
>
S |Figure4.36 | Areal |53.42 |40.65 |0.63 2.7 - - 2.61
2
o Area2 |96.21 |1.1 - 0.77 - - 1.92
€
7 Spotl |55.54 |39.44 |0.57 224 |- - 2.22
5
< Spot2 |52.24 |41.2 054 |3.26 - - 2.76
Figure 4.37 | Areal 68.22 | 21.88 |- 1.55 - - 8.34
Area 2 95.15 | 2.86 - 0.77 - - 1.22
Spot1l |[53.2 41.1 0.68 |- - - 4.3
Spot2 |56.62 | 4.98 17.43 | - 11.75 | - 9.22
Spot3 | 57.9 3572 |15 0.39 0.89 0.1 3.51
Spot4 | 2.17 0.52 - - - - 97.3
Figure4.38 |Spotl |61.14 |21.3 0.56 1.11 0.28 - 15.61
Spot2 |60.76 |29.92 |0.8 1.98 0.42 - 6.12
o
Z | Figure4.39 |Spotl |56.38 |4.65 16.54 | - 13 - 9.43
>
S Spot2 | 60.1 7.63 6.85 |0.84 |[5.01 - 7.69
(&)
E Spot3 |[56.74 |4.4 1752 | - 12.06 | - 9.28
]
$
= | Figure4.41 |Spotl |88.16 |3.09 1.94 | 431 1.2 - 1.3
g
T Spot2 |56.51 |4.75 17.16 | - 12.3 - 9.27
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Chapter 5. Conclusion and Future Work

Computer simulation software is a very powerful tool for the foundry industry, in that it allows
for educated decisions to be made, for example in terms of improving the gating system of a

casting to reduce porosity, which in turn improves the material properties.

The simulated results from MAGAMSOFT® predicted porosity to be in the area where
specimens were taken from, and after polishing, the large open cavities were clearly visible to
the naked eye. This can be attributed to the lack of a proper feeding system, which adversely
causes shrinkage and macrosegregation. The cooling of the first casting is significantly faster
than the others, which greatly affected the microstructure, as no visible porosity could be seen

with the naked eye. Thus, it can be concluded that section size is proportional to porosity.

The metallographic study produced interesting results, both before and after heat treatment.
The needle-like silicon phases were clearly visible, and after heat treatment the transformation
to a spheroidal shape was observed. The higher solution heat treatment temperature of 525°C,
as opposed to 520°C as recommended by literature, showed that Cu containing phases did
dissolve. It was also observed that the Fe-rich phases were in the process of fragmenting and
dissolving, from which can be determined that this higher temperature was beneficial, and that

an extended period would have dissolved it completely.

The SEM analysis produced and revealed interesting results. More complex intermetallic
phases were observed, which are rich in Fe and Mn. Also, it was found that Mg-containing
phases manifest upon or near to Cu-rich or Fe-rich phases. Area analysis of the selected
areas in Figures 4.36 and 4.37 (Table 4.1, area 2) indicated that dissolution of Cu occurred
after heat treatment, as the Al-matrix contained an increased wt% of the element, while Mg

remained constant.

The simulated material properties produced by MAGMASOFT®, could not be verified, as no
mechanical testing was done. This can be a future study, as it would complete the cycle in
understanding the effects of this applied heat treatment schedule on the material properties.
The microstructural analysis through SEM can then possibly reveal the Friedel effect and/or

Orowan mechanisms.

It can be finally concluded that to improve the microstructure, and to reduce defects, a better
gating and feeding system needs to be designed. Also, great care should be taken in

controlling the cooling rate, and therefore the external environment requires monitoring.
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