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Abstract 

In the last forty years, most of researches in casting fields especially in semi-solid metal 
state were dedicated to find new ways to enable near net shaped casting of Al alloys to 
improve the product properties and decreases the product cost. The thixoforming and 
rheocasting processes are presented as a ways by which the microstructure of the alloys 
can be changed to non-dendritic microstructure leading to improve the mechanical 
properties by mitigating the defect associated with the dendritic microstructure. 
Unfortunately, these processes have proved to be capital cost prohibitive and complicated 
for commercial production. Further, near net shaped casting of Al wrought alloys along 
with the superior properties and performance of these alloys have been a challenge for 
conventional casting routes due to the main disadvantage of hot tearing or hot cracking 
during solidification, which renders the cast component ineffective. To overcome the 
disadvantages of thixoforming and rheocasting processes, Controlled diffusion 
solidification (CDS) process was innovated to enable casting aluminum alloys with a 
non-dendritic morphology of the primary Al phase in the resultant cast microstructure 
and thus alleviating the problem of hot tearing and obtaining a cost effective product with 
improved mechanical properties. The CDS is a simple process involving mixing of two 
precursor alloys of different thermal masses (temperature and solute) and subsequently 
cast the resultant mixture of the desired solute composition and temperature as a near net 
shaped cast product. The process lends itself to easy commercialization with a marginal 
capital cost required for set up such as the addition of an extra holding furnace. Further, 
the CDS process would prove itself to be unique in its ability to cast Al based wrought 
alloys into near net shaped components without additional processes and cost. 

The CDS process has been proven to yield a cast product with a non-dendritic Al phase 
morphology and this dissertation presents the in-depth details and analysis of the various 
events occurring during the process to obtain a successful cast part. The process involves 
various inter-related events such as mixing, re-distribution of thermal field, re
distribution of solute field, three types of nucleation events and growth of these different 
nuclei. Further the dissertation aims to present a study of the critical parameters such as 
temperatures of the two pre-cursor alloys, initial mass ratio of these alloys and the rate of 
mixing them on the effectiveness of the CDS process. 

The results from this study shows that mixing two precursor alloys to form the final 
desired alloy presents a natural environment for copious nucleation events aided by 
distribution of these nuclei by forced convection followed by the formation of unique 
cells in the resultant mixture (micro-scale) with significant thermal and solute gradients. 
The solidification in the CDS process is unique and different from conventional casting 
process in that initial growth of the nuclei takes place with the solute diffusing towards 
and temperature diffusing away from the solid/liquid interface which presents a favorable 
environment for a stable unperturbed growth of the solid/liquid interface resulting in a 
non-dendritic morphology of the primary AI phase. 

The proposed events in the CDS process has been verified with a few Al based wrought 
alloys and organic alloy systems. 
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CHAPTER 1. INTRODUCTION 

Casting is a commercially important field in which a large numbers of investigators 
have been dedicated in research and development for more than a century. Techniques 
such as sand, gravity permanent mould, high and low pressure die casting and squeeze 
casting have been developed to improve the mechanical properties and reduce the 
product cost of the metallic alloys. Aluminum alloys have high strength to weight ratio 
compared to steel and copper alloys and they are classified as light metals and widely 
used in automotive, domestic and aerospace applications [1,2,3]. Various compositions 
of alloying elements such as copper, silicon, magnesium and manganese are usually 
added to AI to obtain a wide variety of mechanical and performance properties, and 
castability. AI alloys can be broadly classified as cast and wrought alloys depending on 
the chemical composition and processing route. figure 1-1 shows a schematic binary 
phase diagram of a generic AI alloy consisting of AI and another alloying element B; 
wherein, a and pare primary solid solutions of AI and B, respectively. Most AI alloys 
used in casting typically form a eutectic phase with the major alloying element as 
shown in Figure 1-1; wherein, the alloys with compositions past the solid solubility 
limits of a and close to the eutectic composition are termed cast alloys because of the 
ability to shape cast these alloys into near net shaped components due to the short 
freezing range and short residence tiine in the two phase of semi-solid region. 

Figure 1-1 

AI 

Wrought 
Alloy 

Concentration of B B 

Schematic diagram for phase diagram of binary alloys representing 
limited solubility case. 

1 



Alloys with compositions less than the maximum solid solubility of a are termed 
wrought alloys because of the inability to shape cast these alloys due to the large 
freezing range inducing casting defects such as hot tearing. Wrought alloys would 
have to be cast into billets or rods and further transformed into net shaped products via 
solid state transformation processes such as rolling, extrusion, forging and stamping 
[4]. Casting processes such as sand, gravity permanent mould, low and high pressure 
die casting are typically used commercially to cast Al cast alloys. Al-Si hypoeutectic 
alloy is one of the most widely used Al cast alloy due to its high fluidity/castability 
and high strength to weight ratio. Table 1-1 shows the notations for identifying 
various families of Al cast and wrought alloys. 

Table 1-1. Notations for various families of AI cast and wrought alloys. 

Recently, casting processes could be broadly classified into two groups, conventional 
casting and semi-solid metal (SSM) casting. In conventional casting such as sand 
casting , gravity and pressure diecasting, the molten alloy at a high superheat 
temperature is poured into the mould cavity and solidified to obtain the near net 
shaped component [5]. Typically the primary Al phase morphology in the cast 
microstructure is that of a dendritic network. A simple schematic of such a dendritic 
network is shown in Figure 1-2. During solidification of these alloys, the liquid 
continuously feeds the dendritic network to compensate for the volumetric shrinkage 
associated with solidification. The size of the dendritic arms and the complexity of the 
network is inversely proportional to the solidification rate of the alloy during the 
casting process. In processing with a slow solidification rates such as a thick walled 
casting in sand or gravity permanent mould casting, the feedability in the base of the 
dendritic network close to the solid interface becomes increasingly difficult due to the 
large complexity of the network in these regions. Such situations lead to shrinkage 
porosity and high localized strains in these regions leading to hot tearing as shown in 
Figure 1-2. Typically these defects occur in the two phase region at solid fractions 
greater than 0.82 [6]. 
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Figure 1-2 Schematic diagram of the microstructure of the primary phase as a 
dendritic network [6). 

To overcome the porosity and hot tearing defects in the dendritic microstructure, semi-solid 
metal (SSM) casting processes were innovated during the last forty years. Broadly, in the 
SSM process, the alloys is brought to the two phase semi-solid region and subsequently 
cast into a shaped component with a pressure assisted casting process such as squeeze 
casting. The primary phase in the microstructure of the products in SSM casting are 
typically non-dendriti'c due to the breakdown of the solidifying dendrites with the 
application of an external force [7]. SSM processes are broadly classified as 
thixoforming/thixocasting and rheocasting process. Figure 1-3 (a) and (b) show schematics 
of temperature-time graphs for typical rheocasting and thixocasting processes, respectively. 
In, the rheocasting process route (Figure 1-3(a)) the liquid alloy of a desired composition is 
brought to the semi-solid region (fraction solid of about 0.15 to 0.25) by continuously 
applying an external force such as mechanical, magneto hydro dynamic or electromagnetic 
force on the cooling liquid to induce forced convection coupled with copious nucleation of 
the primary solidifying phase in the liquid. Further, the semi-solid slurry in maintained in 
an isothermal environment in an induction furnace for a few minutes to enable thermal 
homogenization and stable/homogenous growth of a non-dendritic primary phase. The 
slurry is subsequently cast into a shaped component via a pressure assisted casting process. 
In thixocasting/thixoforming (Figure 1-3(b)), the alloy melt of a desired composition is 
initially solidified as billets or rods with a highly grain refined primary phase caused by 
means of rapid solidification, grain refinement and/or stirring. These billets are further 
sectioned into slugs to the required dimensions and weight as dictated by the final shaped 
component. The slugs are then heated and maintained in an isothermal environment of an 
induction furnace at a temperature in the semi-solid region as dictated by a fraction solid of 
about 0.15 to 0.25 in the alloy phase diagram; after which they are cast into shaped 
components by a pressure assisted casting process [8,9]. 
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Rheocastin~ Thixocasting 
Uqllld 

(a) (b) 

Figure 1-3 Schematic process plots of the temperature versus time for (a) 
rheocasting and (b) thixocasting[8]. 

The thixocasting/thixoforming processes have been cost prohibitive due to the additional 
stages of billet casting and re-heating. Hence, these processes are being phased out 
commercially. Most of the rheocasting processes have been under research and 
development for the past thirty years except the New Rheocasting Process (NRC) [1 0]; 
because of the high capital cost and the inability to overcome inclusions and casting 
defects in most processes. The NRC has had limited commercial success [11]. 

The controlled diffusion solidification (CDS) was innovated to enable casting Al based 
cast and wrought alloys into near net shaped components with a non-dendritic 
morphology of the primary Al phase in the cast microstructure. The novelty of the CDS 
technology circumvented the problems associated with shaped casting Al wrought alloys 
such as hot tearing and enabled successful shaped casting of alloys such as the 2xxx, 
3xxx, 4xxx, 5xxx and 7xxx Al alloy series [12]. Figure 1-4 shows a comparative 
example of a product cast in a ring mould with the Al 2014 wrought alloy and cast via 
conventional and CDS processes, respectively. The conventional process generate 
significant hot tearing in the cast part (Figure 1-4(a)) and the CDS process presented a 
defect free casting (Figure 1-4(b)) [ 13]. 
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(a) (b) 

Figure 1-4 Ring mould test of Al2014 wrought alloy made by (a) .conventional 
casting and (b) CDS process.[13] 

A schematic ofthe CDS process is shown in Figure 1-5; wherein two precursor alloys of 
specific temperature and composition are mixed and subsequently cast as a shaped 
component in a process that may or may not be pressure assisted. In the CDS process, 
the mixing of the two alloys induces both the forced convection and copious nucleation 
of the primary AI phase which establishes a favorable initial condition to obtain a non
dendritic phase morphology. 

Mix Cast 

Nuclei 

Figure 1-5 Stages in a typical Controlled Diffusion Solidification (CDS) process. 

The CDS process presents a promising and viable casting process to enable high integrity 
shaped casting of AI wrought and cast alloys with a non-dendritic morphology along with 
the associated advantages of high mechanical and performance properties. 
Understanding the mechanism of the solidification in a CDS process is critical to identify 
and optimize the critical process and alloy parameters. 
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The following features distinguish the CDS process over other SSM processes 
(Thixoforming and Rheocasting). 

1. Less Process Time: Lack of any isothermal holding time ( -1 0 min for other 
SSM processes) at the semi-solid temperature. 

2. Flexibility of Casting Process: Ability to cast with and without a pressure 
assisted casting process. 

3. Simplicity: The simplicity of the process lies in the minimal additional 
processing steps over SSM casting processes. The additional steps involve 
mixing a two precursor alloys at controlled 'temperature and alloy 
compositions before casting the mixed slurry in a mould. 

4. Low Capital Cost: The simplicity of the CDS process results in a low 
capital cost for coinmercial processing. The only additional cost would be 
that of an additional melting and holding furnace. 

5. Low Production Cost: Since the CDS process involves minimum 
additional processing steps over the conventional process, the cost 
increase in part production would be marginal as compared to the fairly 
high cost of manufacturing with other SSM processes [12,9,14] 

6. Non dendritic microstructure: The cast part using the CDS process results 
would have a non dendritic primary phase in the solidified microstructure 
without any entrapped liquid phase or any extraneous phases entrapped 
during the semi-solid processing.[12,9,14,15] . 

7. Shape Cast AI wrought alloys: The CDS process would uniquely be able 
to shape cast Al based wrought alloys which would present commercial 
possibilities of producing parts with superior mechanical and performance 
properties. 

Canada is one of the global players in Aluminum industry and one of the pnonty 
mandates for the government is to focus on the research and development of innovative, 
environmentally friendly and economic casting processes to enable manufacturing of net 
shaped structural components of Al alloys with superior mechanical and performance 
properties. A thrust area for research has been identified as developing novel techniques 
such as semisolid casting to improve the properties and the performance of the casting 
and increases the efficiency of the process [16]. Thus, commercial development of the 
CDS would be valuable and understanding the mechanism of solidification in this 
technology would be the first steps in the commercial development. 
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CHAPTER 2. NOMENCLATURE 

The nomenclature used in the dissertation to define the various alloys and parameters are 
given below: 

Text Notation 
A 
Alloy I 
Alloy2 
Alloy3 
c 
D 
G 

L 
c 
L 
m 
mr 
k 
N 
R 
r 
S/L 
T 
t 
v 
X 
u 

J.J. 
y 
K 
a 

a 
L\T 

Subscript 
Notation 
1,2,3 

Description 
Area 
Precursor alloy with higher thermal mass (higher temperature and higher mass). 
Precursor alloy with lower thermal mass. 
Resultant desired alloy. 
Solute Concentration 
Solute Diffusion Coefficient 
Temperature gradient 
Molar Gibbs free energy 
Latent heat of fusion 
Specific heat capacity at constant pressure 
Characteristic length 
slope ofthe Liquidus 

Equilibrium partition ratio 
Number 
Radius of the Nucleus 
Critical radius calculated from nucleation theory 
Solid -liquid interface 
Temperature 
Time 
Growth rate 
Spatial dimension 
Veloci 
Transient position of extent intersection of temperature and concentration 
curve. 
Density 
Dynamic viscosity 
Interfacial surface energy. 
Thermal conductivity coefficient 
Thermal diffusivity 
Perturbation amplitude 
Frequency of sinusoidal perturbation 
Surface tension 
Undercooling below alloy liquidus temperatures. 

Description 

Represents Alloyl, Alloy2 and Alloy3 respectively 
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A Element A 
actual Actual temperature in the cells morphology in Area2 
B Element B 
c Critical radius 
cu Co er 
Initial condition Initial condition of the temperature in Area2 
L Li uid 
Ll ,.L2, L3 Liquidus temperatures of Alloyl, Alloy2 and Alloy3 , respectively 

liquidus Instantaneous liquidus temperature 
m Melting point temperature 
0 Pre-exponential factor, resultant alloy solute. 
Pe Peclet number 
quench Quenching process 
s Solid 
T Total length 
v Latent heat of fusion 
We Weber Number 

Bulk condition 
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CHAPTER 3. OBJECTIVES AND THESIS PLAN 

This chapter presents the objectives of this project and the project plan adopted to 
successfully address the objectives. 

3.1. OBJECTIVES 

The following are the main objectives of this project. 

• Develop an in-depth quantitative understanding of the sequence of events 
occurring in the CDS process, specifically the mixing of the two precursor alloys, 
thermal and solute field homogenization and solidification. 

• Identify, describe, quantify and optimize the critical alloy and process parameters 
that affect the sequence of events in the CDS process. 
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CHAPTER 4. REVIEW OF PRIOR ART 

In this chapter an in-depth review of the prior-art in the following areas related to this 
project would be presented: 

• Review of the CDS art 
• Semi-Solid Metal Processing of Al alloys 
• Mixing of two Fluids 
• Solidification of Alloys 

4.l.REVIEW OF CDS d.!1I 

Controlled diffusion solidification (CDS) was innovated to cast Aluminum cast and 
wrought alloys into near net shape components with a non-dendritic morphology of the 
primary Al phase. The process was developed to mitigate the inter-dendritic shrinkage 
and significantly reduce the network forming tendencies of the dendrites to decrease hot 
tearing in wrought alloys during solidification. The concept of diffusion solidification 
was first developed and patented by Goetz} and Ellis[17] in 1952 for casting steel. Later 
the process was further investigated and developed by Langford and Cunningham [18] 
and Langford and Apelian [12,19]. In diffusion solidification, as shown in Figure 4-1, 
solid particles with solute composition C1 is introduced into the liquid with solute 
composition of CL and the mixture is held isothermally to attain a final homogeneous 
solute composition of C2 in the resultant solid as shown in Figure 4-1. In conventional 
casting a liquid with solute composition of Cz is directly cast in to a mould from a 
sufficient superheated temperature above the respective liquidus (Figure 4-1 ). In 
diffusion solidification, the solidification strongly depends on the rate of solute diffusion 
between the solid particles and liquid and the solidification time is independent of the 
size of the casting while in the conventional solidification; it strongly depends on heat 
extracted from the melt and dependent on the size of the casting. 
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a) PHASE IJ/A.GRAM 

Ct • COMPOSITIDtJ OF Pm:t:XISTING SOl.lO 

C~:; AVERAGE COMPOSITIO~ OF THE 
Ml>c:TURE OF SOLID AND LIQUID 

Cs:: SOLUTE· CONCENTRATION. AT 
SOL.ID/ LlQUJO INTERFACE 

Ct.. • COMPOSITrCN OF UQUIO 

TiC"T1 = TEMPERATURE R1SE OUE TO THE 

HEAT OF SOUOIFICATION 

b) MECHANISM: SOLID AND 1../()UlO MIXED INSTANTANEOUSLY 
IN A REFRACTORY VESSEL 

START AT TE:MP[RATURE Tt 

NO .D1FFUS.lOJJ HAS TAKEN PLACE 

PARTIALLY SOUDIFIED; HEAT IS 
EVDLVEO AT THE SOUD/UQUID 
INTERFACE AS 0 DIFFUSES INTO 

THE SOLID; Cl DECREASES 

COMPLETELY SOU DlFIEO; ENTIRE PRODUCT 
HAS BEEN HEATSD TO Tz. IF HELD 
SUFFICIENTLY LONG , HEAT WILL BE 
DISSIPATED AND THE PRODUCT WILL 

. RETURN TO TEMPERATURE T 1.; SOLID IS 
HOMOGENEOUS WITH RESPECT TO B 

Figure 4-1: Mechanism of diffusion Solidification (a) binary alloy phase diagram 
and (b) mechanism of diffusion solidification [18]. 
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In the CDS process, as shown in Figure 4-2, two precursor liquids, Alloy! and Alloy2 of 
specific solute compositions of C1 and C2, respectively and temperatures T1 and T2, 
respectively are mixed such that the a resultant alloy, Alloy3 is obtained with a solute 
composition of C3. The Alloy! with a higher thermal mass (temperature and mass) is 
mixed into the Alloy2 with a lower thermal mass to obtain a homogeneous mixture of 
Alloy3 and the forced convection during the mixing of alloys coupled with the copious 
nucleation of primary AI phase from Alloy! mixed into Alloy2 would establish 
favourable conditions for a non-dendritic morphology of the primary AI phase in the 
resultant solidified structure of Alloy3. 

c2 
Concentration of B B 

Figure 4-2: A typical binary phase diagram showing the CDS process technology. 

Saha et al [ 12] have demonstrated the proof of concept of the CDS process by producing 
a solidified part of Al-4.4wt% Cu by mixing a higher thermal mass ofpure AI at 665 oc 
into a l9wer thermal mass of Al-33wt%Cu eutectic alloy at 550°C. The optical 
micrographs shown in Figure 4-3 reveal the non-dendritic microstructure of the primary 
AI phase in the CDS process compared with the predominantly dendritic AI phase 
morphology in the conventional cast structure ofthe Al-4.4wt%Cu alloy. The 2014 Al
Cu wrought alloy was cast into a wedge shaped steel mould via CDS process and 
conventional process [12]. Figure 4-4 shows the results of this study wherein the 
dendritic microstructure dominate in all conventional castings at various cooling rate and 
different initial superheat temperature while a non-dendritic structure was obtained in the 
CDS process for all cooling rates. In the CDS process, the globularization of the primary 
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phase was inversely proportional to the cooling rate of solidification as shown in Figure 
4-4 (a) and (d). 

(a) (b) 

Figure 4-3: Microstructure images of Al-4.4wt%Cu wrought alloy (a) CDS 
process and (b) conventional casting [12]. 

(a) (b) (c) (d) 

Figure 4-4: A microstructure of 2014 alloy for different cooling rate cast into 
wedge mould via CDS and conventionally, (a) schematic of the wedge mould and 
cooling rate obtained at different depth, (b) conventional casting poured at 50°C 

superheat temperature, (c) conventional casti~g poured at 5°C superheat 
temperature and (d) CDS process [12]. 

Saha et al [12, 20] further demonstrated the CDS process by casting the 2014, 4145, 5056 
and 7050 AI wrought alloys, and 222 and 319 AI cast alloys (as shown in Table 4-1) with 
a non-dendritic primary phase morphology. They found out that in all these experiments, 
the morphology of the primary AI phase became more dendritic as the superheat of the 
Alloy1 increased. 
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The commercial viability of the CDS process was amply demonstrated by the sound and 
defect free shaped castings of an automotive ABS housing by gravity tilt pour permanent 
mould casting process (Figure 4-5(a)) and a plate casting sand casting process (Figure 
4-5(b)) by Shankar [21]. 

Table 4-1: wrought alloys and cast alloys used by [12]. 

Alloy Comml'rcinl 
Pl'4.'c,ursor Alloy #1 Pa·pcurs()l' Alloy #2 

System Alloy c ("'i, %) T (°C) \V C (wt. %) T(°C) 

2xx.-x 2024 lOOAl 665 0.86 
67Al-33Cu-

552 1.5Mg 
4xxx 4145 87 .3Al-12. 7Si 585 0.85 67Al-33Cu 552 
5xx:x 5056 lOOAl 665 0.86 65Al-35NI~ 458 

7xx:x 7050 
90.9Al-6.4Zn-

640 0.89 78Al-22Cn 593 
2.7Mg 

2xx.x 222.0 lOOAl 665 0.73 67A.l-33Cn 552 
3xx.x 319.0 93Al-7Si 620 0.88 67Al-33Cn 552 

(a) (b) 

Figure 4-5: Sample products made via CDS process (a) Automotive Automatic 
Breaking System housing by tilt pour permanent mould casting and (b) plate by 

sand casting [21] 

Apelian et al [22] laid out a theoretical framework consisting of three salient 
conditions for a successful CDS process with a non-dendritic microstructure, as 
illustrated below: 

~ Thermodynamic consideration: the Gibbs free energy of two liquids before 
mixing process must be less than that of the resultant alloy at its liquidus 
temperature. Equation 4-1 [22,23,24] presents the total Gibbs free energy per 
mole after mixing two elements (A and B). However Figure 4-6 clearly shows 
that there is difference between the Gibbs free energy of the mixture obtained by 
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CDS and the alloy of the same composition in a conventional solidification. 
Accordingly; it was suggested that the temperatures of the two precursor alloys 
should be closer to their respective liquidus temperatures so as to make a mixture 
with a lower Gibbs free energy. 

Equation 4-1 

Where R is the gas constant, T is absolute temperature, a is the regular solution 
constant, XA and Xs are the mole fractions of A and B respectively and ex and 
cg are the molar Gibbs free energies of the pure elements A and B in the binary . 
solution. · 

-37650 

-GL 

--GL+5 

-38150 . 

c1 
,--.. 

-38650 ...... 
'-" 
>. 
bl) ... 
v 
c:: 

-39150 . ' · ~ 
Cl) ' · v ... 
~ 

-39650 

c, 
-40150 . 

0 5 10 15 20 25 30 

wt% Copper 

Figure 4-6: Gibbs free energy of Al-Cu alloy as a function of Cur content at 
liquidus temperature (Giiquidus) and at 5°C superheat (Giiquidus+5) [22] 

>- Liquid mixing consideration: when two liquid at different thermal mass mix, a 
pockets of undercooled liquid form in the mixture. Since the temperature 
equilibrates faster than the solute, fluctuation in concentration can provide 
favorable sites to forms nucleation in the resultant mixture [25]. 

>- Solidification consideration: during the mixing process the nuclei of the 
primary Al phase would be exposed to turbulence and initially grow with a 
rosette shaped morphology which changes to a globular morphology with 
increases turbulence [26,27]. 
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The work by Apelian et al [22] presents a general overview of the necessary conditions 
for a successful CDS process. However, specific events during the various stages of 
the process have not been identified nor the critical process parameters optimized. 
These would form the principle objectives of this dissertation. 

Symeonidis et al [13] had used Al-Cu system to study the mechanism of the CDS 
process; Pure AI was mixed into Al-33wt% Cu to make. Al-4.5 wt%Cu as the resultant 
alloy. The mechanism proposed was broken down into three steps , mixing, nucleation 
and growth as shown in Figure 4-7 (a), (b) and (c) respectively. 

Mixing Nucleation Growth a. Stability 

em mm !Jffi 

(a) (b) (c) 

Figure 4-7 Three steps of CDS mechanism proposed by [13], (a) mixing, (b) 
nucleation and (c) growth. 

The three steps of the mechanism were illustrated below; 

1) Mixing step: the total energy of the resultant mixture equals to the sum of 
the energies of the two mixed alloys plus a small amount of heat of 
mixing. The two mixed liquids form striations of each other in the 
resultant mixture followed by the solute diffusion from the eutectic alloy 
towards pure AI. Figure 4-8 shows the striations form at the interface 
between pure AI and Al-Cu eutectic alloy. The solute diffusion equation 
and the heat diffusion equation have been solved numerically to study the 
evaluation of undercooling between pure Al and eutectic alloy 
morphology in the striation. The numerical results show that the thermal 
equilibrium across the AI striation_ takes place after 0.05s whereas the 
solute equilibrium occurs after 0.5s. The difference was due to the thermal 

. diffusivity much faster from solute diffusivity. 
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Figure 4-8 striation forming during mixing of pure AI into eutectic alloy.[13] 

2) Nucleation step: Figure 4-7(b) shows a schematic diagram for the 
observation for the nucleation taking place in the CDS process. It was 
proposed that the nucleation occurs from pure liquid (AI) due to the heat 
extraction by eutectiC Al-33wt%Cu alloy. The prediGted undercooling of 
the pure AI in the eutectic alloy could be in the range of 20°C to 60°C 
during mixing. When the pure AI come together with Al-Cu eutectic 
alloy, the pure AI nucleates before the final mixture becomes 
compositionally homogeneous due to the heat transfer being faster than 
the solute transport. Figure 4-9 drawn from numerical data of solving the 
heat and solute equations shows that that the nucleation takes place from 
pure AI due to being exposed to a high degree of undercooling. However 
facilitating of nucleation from pure AI in the striation occurs in the centre 
of the striation (x=O) more than that in x=0.55 due to bigger undercooling 
existing in the centre of the striation. 
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Figure 4-9: Actual and numerical thermal date in AI striation at x=O (centre) and 
x=0.55 (periphery) drawn with the respective liquidus temperature showing the 

undercooling of pure AI [13]. 

Symeonidis et al [13] showed that the primary AI phase nucleates from the 
pure AI and not from the bulk mixture after mixing by adding grain refiners for 
the primary phase in the pure AI before mixing. The grain refiners resulted in a 
refinement of the primary AI phase grains. When the grain refiners were added 
to the Al-33wt%cu alloy before mixing, no refinement of the primary AI grains 
were obtained in the final solidified alloy. Figure 4-10 (a),(b) and (c) shows 
the micrographs from the study with the grain refiners. 

(a) (b) (c) 

Figure 4-10 Typical microstructure from adding grain refiner adding during the 
CDS process (a) adding to pure AI, (b) adding to eutectic alloy and (c) adding to Al-

4.5%Cu form conventionally[13]. 
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3) Growth step: the nuclei formed from pure liquid will exist in a solute rich 
and undercooled liquid. This condition will prevent the constitutional 
undercooling and hence, leading to the formation non- dendritic 
microstructure 

The work by Symeonidis et al [13] is qualitative and no efforts were made to identify, 
quantify and optimize the process parameters for a successful CDS process. Further, 
in the mixing stage, it was claimed that the Alloy 1 would mix into Alloy2 in form of 
striations. Although, striations would be formed in the first instant of mixing, they 
would soon break up due to the turbulence dissipation energy and the continuity of the 
mixing stream from Alloyl would break down into segments. Further, the nucleation 
was proposed to form in the centre of the striations of Alloyl and was hypothesized 
with no experimental evidence. The results of experiments presented in this 
dissertation contradict the proposed nucleation mechanism [13] during the initial 
stages of mixing. The outer regions of the striations of Alloy 1 would be at a lower 
temperature in contact with the striations of Alloy2 and hence, these outer regions 
would be more prone to have the nucleation events. However, the. proposal that the 
first nucleation in the mixture is the primary Al phase from Alloyl was an accurate 
assessment. The reasons for the stable growth of the S/L interface in the final stages of 
CDS 'are speculative and no experiment evidences were presented to substantiate the 
stability of the S/L interface during the growth stage. 

Along with this doctoral dissertation, there were two researchers working alongside in 
tandem to develop the optimum CDS process conditions for commercial applications. 
Peyman et al [28) have studied the effect of alloy composition and superheat of the 
Alloy 1 on the microstructure of the resultant casting by the CDS process. They had 
cast AI wrought alloys such as 2024, 7005 and 7075 via the CDS process by using the 
mechanism proposed in this dissertation as published by Khalaf et al [29, 30]. The 
,optimum process conditions were briefly outlined as below: 

1. The difference between the liquidus temperature of the precursor alloys before 
mixing should be more than 80°C for the alloys being investigated 

2. The maximum temperature attained during mixing of the two alloys should 
preferably be more than the liquidus temperature of the resultant alloy to 
facilitate complete filling of the casting mould. 

3. The mass ratio between the two precursor alloys should be equal to or more 
than 3. 

Birsan et al[31] have used the mechanism proposed in this dissertation and presented 
by Khalaf [29,30] to cast the 2024, 6082 and 7075 Al wrought alloys via CDS process 
into near net shaped components by the tilt pour permanent mould casting process. 
The wrought alloys 2024, 6082 and 7075 have been made by mixing two precursor 

20 



alloys which had been chosen in a way such that the different temperature between the 
precursors alloys before mixing were more than 60°C. The investigators have 
optimized the parameters for the three wrought alloys for the CDS process. Figure 
4-11 (a), (b) and (c) shows the results ofthis study with the 2024 alloy, wherein the 
globular non-dendritic morphology of the primary phase ih the microstructure 
dominates at low superheat temperature of the Alloy1 (2°C) and it changes to a rosette 
like non-dendritic morphology at a superheat of 15°C for Alloy1 and the morphology 
becomes fully dendritic at a superheat of 25°C for Alloy 1. The results validate the 
mechanism proposed in this dissertation. Figure 4.:.12 (a) and (b) shows the results of 
this study for the 6082 and 7075 alloys, respectively at optimum process conditions; 
wherein the non-dendritic morphology were obtained by the CDS process. 

Subsequently Birsan et al [31] developed the methodology to cast the 2024, 6082 and 
7075 Al wrought alloys into near net shaped components by the tilt pour gravity 
casting process. A steel mould was pre-heated to 350°C along with a pouring cup 
which was preheated as well. The mixing process was carried out in the pouring cup 
and the tilt of the machine poured the resultant alloy mixture into the die cavity 
enabling a solidified shaped casting. The castings were further heat treated to various 
temper levels and mechanical properties were determined. Figure 4-13 (a) shows 
typical scanning electron microscopy (SEM) images for fracture surface taken from 
the cross sec~ion of a typical tensile test sample of the 7075 alloy casting,. The fracture 
surface of a CDS casting is compact with non-dendritic microstructure with no visible 
casting defects, whereas that of a conventional casting had no integrity or strength in 
the dendritic microstructure which was filled with voids and shrinkage cavities from 
the hot cracking phenomenon (Figure 4-13(b)). Figure 4-14 shows comparative 
photographs of the as cast samples of the 2024 wrought alloy, showing hot cracking 
defects in the conventional process (Figure 4-14(a)) and no defects (sound casting) in 
the CDS (Figure 4-14(b)). Table 4-2 shows the results of the tensile testing for the 
three alloys showing that the CDS process produced good castings with reasonable 
integrity as compared to the bad casting with no integrity produced by the 
conventional casting process. 

(a) (b) (c) 

Figure 4-11 Microstructure images for 2024 wrought alloy made by CDS mixed at 
different superheat of first precursor alloy, a) 2°C, b) 15°C and c) 25°C [31] 
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(a) (b) 

Figure 4-12 Microstructure image for 6082 and 7075 wrought alloys mixed by CDS 
process a) rosette grains mixed with equiaxed (6082) and b) fully globular (7075) 

[31]. 

(a) (b) 

Figure 4-13 Typical scanning electron Microscopy (SEM) images for 7075 wrought 
alloy shows fracture surface of the tensile bar cross section a) CDS and b) as cast 

[31]. 
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(a) (b) 

Figure 4-14 Photograph of cast parts produced in tilt pour casting equipment for 
2024 AI alloy a) as cast showing cracking on the casting surface, b) CDS (sound cast) 

[31] 

Table 4-2 Tensile properties of the alloys cast in the tilt pour casting by CDS [31]. 

UTS YS Elongation 
Alloy Temper 

(MPa) (MPa) % 

As cast 217.6 152.5 1.04 

2024 T4 212.8 142.9 1.09 

T6 212.5 151.4 0.9 

As cast 184.9 99 3.24 

6082 T4 208.19 106 3.64 

T6 287.9 230.13 2.34 

·As cast 162.3 109.6 1.08 

7075 T4 221.57 97.3 9.37 

T6 324 301.12 0.79 
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The review of the limited background literature for the CDS process shows that it is a 
viable process to produce sound shaped castings of both the Al wrought and casting 
alloys by commercial processes. However, there is a lack of understanding of the 
mechanisms involved in the various stages of the CDS process and such an understanding 
is imperative to develop optimum and lucrative commercial processes to shape cast AI 
alloys with superior mechanical and performance properties. The work carried out in this 
dissertation is devoted to enabling such an in-depth understanding of the mechanisms of 
the CDS process. 

4.2. SEMI-SOLID PROCESSING OF AL ALLOYS 

Semi-Solid Metal (SSM) processing is a viable casting process for Al cast alloys wherein 
a non-dendritic morphology of the primary Al phase could be obtained in the cast 
microstructure. Since, CDS also aims to obtain a non-dendritic cast microstructure, a 
thorough literature review of the SSM processing of Al alloys was carried out in this 
project to better understand the mechanism and circumstances of such processes. 

In 1971 Spencer et al [32], applied shear stress on . Sn-15% WtPb alloy during the 
solidification process to study the hot tearing of steel alloys. The result of applying shear 
stress was a change in the primary phase morphology in the microstructure from a 
dendritic to non-dendritic [7, 33,] as shown in Figure 4-15. Since then, a significant 
opportunity was introduced to develop casting processes enabling non-dendritic primary 
phase morphology in the cast microstructure along with the benefits offered by such a 
microstructure. Hence, SSM processing routes of thixoforming/thixocasting and 
rheocasting was developed. 

(a) (b) 

Figure 4-15Microstructure of Sn-15%Pb alloy,(a) before applied shear stress and 
(b) After applied shear stress [33]. 
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In SSM processing, when the solid fraction is less than 0.25, the alloy behaves as a 
liquid-like and called slurry whereas, when the solid fraction becomes more than 0.6, 
the alloy behaves as a solid-like and the alloy is called a mush. Generally, when the 
solid fraction is less than 0.5, the solid are not inter-connected in the alloy contrary to 
the case at which the solid fraction becomes more than 0.5 as shown in Figure 4-16 
[34,35]. 

Figure 4-16: A semi solid state with fraction solid more than 0.5 showing a solid
like (thixotropic behaviour) mush [35]. 

The SSM is strongly affected by rheological properties. Rheology can be defined as 
the science of flow and deformation of materials. The advantages of using SSM in the 
casting processes are illustrated below [35]. 

1. The alloy can completely fill the mould cavity to obtain a near-net shaped final 
product. 

2. Since the SSM temperature is less than the liquidus temperature of the alloys, 
the thermal shock is reduced and hence the mould life increases 

3. The products quality improves due to lower amount of dissolved gases in the 
melt which is at a lower temperature. 

4. The required energy for the SSM process is lower as compared to the 
conventional casting processes [35,36]. 

5. Smooth (near-laminar flow) filling of the die cavity enables casting of complex 
shape and thin wall products. 

6. SSM castings are heat-treatable as compared to the high pressure die casting 
products. 
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7. Fine grain size with non-dendritic microstructure formed in the SSM process 
improves the mechanical properties of the alloys. 

Although many scientist and companies, globally have spent a lot of their time and 
money to investigate in SSM state during the last three decades, there has only been 
one successful commercial SSM process in NRP [11] due to the following 
disadvantage [35,36]: 

1. SSM process requires high capital cost and maintenance cost. 
2. There are many difficulties to control the SSM temperature especially with the 

alloys which have narrow solidification range. 
3. There are difficulties to control the SSM casting temperature leading to 

difficulties controlling the homogeneity of the solid fraction in the SSM slug. 

A non- dendritic microstructure (especially the globular. one) formed in SSM casting 
strongly improves the mechanical properties of the products. It enhances the feeding of 
the final solidifying liquid and hence, the hot tearing extensively mitigated [35,37,38]. 
Further, the finer non dendritic grains leads to better machinability, better surface 
finish, higher toughness and better castability when compared to conventional casting 
routes [39,40]. · 

4.2.1 Thixocasting/Thixoforming 

The process is called thixoforming when an open die is used to make the product, 
while it is called thixocasting when the product is made by a closed die [4]. Since, we 
are dealing with closed die processes in shaped casting, we shall, henceforth, only 
address thixocasting. The thixocasting process was designed to make either a slurry or 
mush with a fine grain morphology. The main steps in the thixocasting process are 
illustrated bellow: 

1. Making a billet having a medium or fine grain size: in this step, the molten alloy 
is heated a few degrees above the respective liquidus temperature and cast as 
billets by a direct-chill (DC) casting process into a permanent mould. There are 
different techniques can be used to make billets having fine grains. These 
techniques were illustrated below. 

A. Cooling slope (CS) : An Inclined plate shown in the Figure 4-17(a) is used 
to facilitate copious nucleation events coupled with forced convection 
during making the billet from the molten alloy. The main parameters by 
which the grain size can be controlled are the superheat of the molten 
alloy, plate temperature, plate length and plate slope [41 ,42,43]. Figure 
4-17(b) shows fine non-dendritic grains of AI A357 alloy formed in the 
billet by the cooling slope process whereas bigger dendritic grains shown 
in the Figure 4-17( c) form in conventional casting process. 
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(a) (b) (c) 

Figure 4-17 Cooling slope process and microstructure for AI A357 alloy to make 
thixocasting billets. (a) Cooling slope process, (b) typical microstructure of A357 

Aluminum alloy from the process in (a) and (c) typical microstructure of A357 alloy 
from conventional casting ingots [41]. 

B. Lowering superheat of molten alloy: the molten alloy is heated a few 
degrees above its respective liquidus temperature and directly poured into 
an ingot mould. The superheat between (8-1 0)°C was reported to be 
sufficient to form refined equiaxed grains of the primary phase [44]. 

C. Grains Pre-Deformation: the molten alloy is poured directly into a 
permanent mould to make a billet which is then preheated to between 
200°C to 280°C and a compression load is applied to deform the grains 
morphology. The deformation ratio depends on the difference between the 
billet height before deformation (HO) to that after deformation (H) as 
indicated in Figure 4-18 [ 45,46 ,4 7 ,48 ,49 ,50]. 

H 

Figure 4-18 Pre-Deformation of a billet to decrease the grain size of the primary 
phase [46]. 

D. Grain Refining (GR): Ti and B elements are usually added to the Al alloys 
to refine the grain morphology in the melt during the §Olidification process 
[51]. In SSM thixocasting processes, the Sr is added as a modifier in 
addition to the Ti and B to improve the rheological properties of Al-Si 
alloys. Nafisi et al[52] have investigated the effect of added Ti and B as 
well as Sr for A356 Aluminum alloy in the semisolid state. The apparent 
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viscosity of a Sr treated alloy was lowest compared to the non-treated 
alloy, further, the surface tension was reduced due to add the Sr leading to 
improved deformability of the slurry. Jun Du et al[53] added 0.2wt%C 
and 0.5wt% Sr to refine the grains morphology of Mg-3%Al alloy. Figure 
4-19 (a), (b) and (c) show that the grain size of the alloy was reduced by 
adding C alone and further reduced by added a combination of C and Sr. 

(a) (b) (c) 

Figure 4-19 Typical microstructure ofMg-3Al alloy a) without any additional 
elements, b) addition of0.2%C and c) with addition of0.2%C and 0.5% Sr [53]. 

2. Reheating the billet: the billet is reheated to the required SSM temperature. 
Equation 4-2 (modified Scheil equation [54]) can be used to predict the liquid 
fraction in SSM state and predicting the required SSM temperature for a specific 
fraction solid. 

Where, F L is the liquid fraction in SSM state, T M is the melting temperature of 
the pure metal, T L is the liquidus temperature for the alloy, T is SSM 
temperature and k is the partition ratio. 

3. Isothermal holding: when the billet temperature reaches the SSM temperature, 
the billet is held isothermally for a precisely chosen time. In this step, the billet is 
kept inside an induction furnace or immersed in a pre-heated salt bath. In 
thixocasting process, the grain morphology strongly depends on the isothermal 
holding time and temperature. The holding time could be anywhere between 1 0 
and 60 minutes depending on the size of the billet. A more globular 
microstructure can be formed at higher holding times [41-50]. 

4. Shaped Casting: cast the homogenized billet into near net shaped components by 
a pressure assisted process such as squeeze casting or forging process. 

28 



The advantages of the thixoforming process are increased life of the die tool, non
dendritic microstructure, minimized inter-dendritic shrinkage, reduced hot tearing and 
improved mechanical properties. Further, the ability of the alloy to fill the complex 
moulds is enhanced [35,55]. 

On the other hand, the thixocasting process has many disadvantages which have 
strongly limited the commercial use of this process. The product cost increases due to 
the multi steps energy intensive process starting from molten alloy to the final cast 
product. The oxidation of the billet adversely affects the flow characteristics of the 
alloys, thereby increasing the casting defects and dbcreasing the quality of the cast 
product. Further, the isothermal holding time is usually very long making the process 
less economically favorable [56]. Finally, some liquid would always be entrapped 
inside the primary grains during the grain growth occurring at the isothermal holding 
period. Figure 4-20 shows that the amount of the entrapped liquid increases with 
increasing holding temperatures. The entrapped liquid cannot be compensated from 
the liquid existing outside the grains. Thus, the inter-dendritic shrinkage takes place 
inside the growing grains. As a result, the mechanical properties decrease. These 
disadvantages limit the industrial applications of the thixocasting process [35,56,57]. 

Figure 4-20 Typical microstructure of thixocasting process of AZ91D alloy 
isothermally hold at (a) 550°C, b) 560°C, c) 570°C and d) 580°C [50]. 
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4.2.2 Rheocasting 

To overcome the disadvantages of the thixocasting process, the rheocasting process was 
innovated as a SSM technique to form non-dendritic microstructure, improve the 
mechanical properties of the product and reduce the cost by eliminating the extra steps in 
the thixocasting process [58]. The main steps of the rheocasting process are illustrated 
below. 

1. Cooling a molten alloy from liquid state to SSM state (slurry): copious 
nucleation of the primary Al phase coupled with a forced convection in the 
liquid to continuously re-distribute the nuclei in the bulk melt is critical to 
obtaining a non-dendritic primary phase morphology in the rheocasting 
process. Maximizing the nucleation rate significantly reduces the size of 
the grains in the SSM temperature and the final cast product [59,60,61]. 
Various rheocasting processing routes have been developed to achieve the 
favorable conditions of copious nucleation of the primary phase coupled 
with forced convection in the liquid. Figure 4-21 (a) to (d) shows the four 
of the more popular rheocasting technologies in New Rheocasting Process 
(NRP), Continuous · Rheoconversion Process (CRP), Semi-Solid 
Rheocasting (SSR) process and Rheo Die-Casting (RDC) process, 
respectively [62]. To attain copious nucleation coupled with forced 
convection, in the NRP process, the molten alloy with a low superheat 
temperature is poured on slant face of a steel crucible, in the CRP process, 
the molten alloy with a low superheat temperature is poured through a 
complex copper mould in a reactor, in the SSR process, a copper or 
graphite rod is dipped in the molten alloy with low superheat and stirred at 
high speeds, and in the RDC process, the molten alloy with a low 
superheat is passed through a metallic screw before being collected in the 
shot sleeve of a high pressure die casting machine [62]. 
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Figure 4-21 Schematic diagram of different rheocasting processes [64]. 

2. Dendritic microstructure Fragmentation: the dendrites initially formed at 
the heat extraction interface. during the nucleation event of a rheocasting 
process [63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79] 
grow on two locations: the container wall (Crucible) and/or the stirrer as 
shown in Figure 4-22. The shearing force applied on the slurry during 
forced convection of the liquid around the dendrites breaks the dendrites. 
The degree of dendrite fragmentation is directly proportional to the 
intensity of the forced convection. Many techniques have been innovated 
to improve the intensity of the forced convection of the liquid and increase 
dendrite fragmentation. Figure 4-23 (a), (b), (c) and (d) show some of the 
popular techniques such as magneto-hydro-dynamic (MHD) or electro
magnetic stirring [35,64,80], mechanical stirring by impeller [35,66,70], 
mechanical stirring by screw [65,69] and sWirling [67], respectively. 
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Figure 4-22 Schematic diagram of the mechanism of fragmentation of the 
dendrites by the intensity of the forced convection of the liquid around the dendrites 

in the rheocasting process [68] 
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~ 
Swirling 

(c) (d) 

Figure 4-23 Some ofthe popular methods of stirring in the rheocasting process, a) 
electromagnetic stirrer, b) mechanical stirrer, c) screw slurry maker and d) by 

swirling. 
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3. Shaped Casting: casting of the slurry into near net shaped components by 
a pressure assisted casting process such as squeeze casting. 

The rheocasting process did not solve all the disadvantages of the thixocasting process and 
conventional casting processes but it decreases the extra steps in the thixocasting process 
and enables a non-dendritic microstructure without any entrapped liquid in the primary 
phase morphology as shown in Figure 4-24. 

Figure 4-24 Typical microstructure of MHD rheocasting process of A356 Al-Si alloy 
. after 15h of isothermal holding [81). 

The disadvantages of rheocasting process are illustrated below. 

~ There are difficulties in bringing the molten alloy to the desirable SSM 
temperature in a short time and controlled manner. 

~ The stirrer need special treatment to prevent the erosion by molten AI alloy and 
inclusion of erosion products into the alloy melt and casting. The surface 
treatments to maintain the stirrer surface and mitigate erosion are cost intensive 
[35]. 

~ Both rheocasting and thixocasting processes are more complicated than the 
conventional casting. Figure 4-25 is a schematic diagram showing the multi steps 
in these two processes. 
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Figure 4-25 Schematic diagram of the steps.in the rheocasting and thixocasting 
processes. [55). 

4.3. CONVECTIVE CELLS AND CONVECTIVE FLOW 

The first step in the CDS process is mixing of the two precursor alloys with different 
thermal masses to enable copious nucleation coupled with forced convection in the 
resultant mixture. Hence, a comprehensive literature review was carried out to understand 
the prior art in the mixing of two liquids. 

Okubo et al [82] mixed black tea with cream in a plain pan (two different densities). 
Convectional patterns were formed from irregular circulation when they exposed the 
bottom pan to a heat source. After a while, hexagonal Bernard cells formed between the 
tea and the cream that formed plate-like colloidal particles inside the tea. Three 
interdependent factors were identified as mandatory for the formation of these Bernard 
cells: difference in temperature, difference in surface tension and convective flow in the 
mixture [82]. 

Further, when a thin layer of a fluid is enclosed between two horizontal surfaces which 
are at different temperature, the lower surface at higher temperature, the natural 
convection in the enclosure caused by the density gradient between the bottom and top 
surfaces would result in the formation of the Benard cells in the fluid as shown in Figure 
4-26 [83-84-85]. 
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Figure 4-26 Hexagonal Benard cell [84] 

As would be presented in the results section of this dissertation, cells similar to Bernard 
cells were obtained at the end of mixing and prior to solidification in the CDS process. 
Further, these cells were in the order of micrometers in dimension. Hence, a literature 
review was carried out to understand the transport phenomena in the micrometer 
dimensions. 

The analysis of heat transferred in micro-scale dimension has been a popular topic of 
research in the last twenty five years and it has been found that the transport phenomena 
laws are different in the micro-scale dimensions as compared to the conventional macro
scale.[86]. The surface to volume ratio increases when the length scale decreases; thus, 
the parameters related to surface area such as surface roughness begin to play a more 
dominant role in determining the flow of mass, momentum and heat in the micro-scale 
dimensions. For example, the limitation of Reynolds number in the laminar-turbulence 
transition zone in conventional flow is between 1000 to 3000 while it was less than 650 
in tube of diameter between 50 to 254 J.tm [87 ,88]. Stephan et al [89] have evaluate 
theoretically and experimentally the heat and mass transfer phenomena of nucleate 
boiling in microscale and macroscale dimensions of pure material and mixture. They 
found that the mass transfer is significantly affected by capillarity forces in the micro
scale. The concentration of the mixture also changes the nucleate boiling point and that 
strongly changes the diffusivity of heat. Nishimura et al [90] had studied the mixing of 
two layer of salt forming a stratified system (the difference in concentration between 0.2-
0.8 wt%) in rectangular enclosure made of 15 mm thickness of an acrylic resin placed 
between two lateral Cu plates (5mm thickness each) and one of them being exposed to a 
higher temperature than the other. After 3s, a boundary layer and shear flow separated by 
interface were clearly observed between the hot and cold Cu plates. The interface started 
to tilt as the time progressed because of the horizontal temperature gradient. Figure 4-27 
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(b) and (c) clearly shows the stream of the convective flow between the layers. The 
results shown in Figure 4-28(a) and (b) indicate the following: 

• The mixing time increases as the size of enclosure increases. 
• The mixing time increases as the concentration between the layers increases. 
• The mixing time decreases as the temperature difference between the hot plate 

and the cold plate increases . 
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Figure 4-27 Flow stream of salt layers (a) a schematic diagram shows the location of 
the images, (b) image representing area A of colder copper plate after 7 4 min and 

(c) image representing area C after 120 s [90). 
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Figure 4-28 Experimental data ofmixingtime with(a) different in salt concentration 
and b)temperature difference between the two copper plate [90]. 
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Tanny et al [91] had experimentally investigated the effect oflayer depth ratio on mixing 
of aqueous salt (NaCl) with water forming stratified flow when contained between two 
lateral stainless steel walls with a specific temperature difference. A convective flow was 
induced due to the temperature difference across the interface of the layers leading to the 
formation of vortices between the two layers as shown in Figure 4-29. The formation of 
vortices accelerated the mixing process. The deduced result shows that when one layer is 
deeper than the other, the mixing time was reduced. 

Figure 4-29 Typical image of stratified flow between aqueous salt (NaCl) and water 
shows the vortices at interface taking place by convection[91]. 

Lamsaadi et al [92] Have studied the effect of non-Newtonian behavior of fluids on the 
characteristics of heat transfer and fluid flow. They had solved the Navier-stocks 
equations, continuity equation and heat equation theoretically and numerically to predict 
the temperature and velocity distribution in a fluid moving as laminar flow due to natural 
convective. The fluid was placed in a rectangular box insulated from upper and lower 
sides and exposed to uniform heat flux from other lateral sides. The results show that the 
heat transfer and fluid flow characteristics are sensitive to non-Newtonian power index 
(n). The transport phenomena is significantly different for fluids with 0 < n <1 (shear 
thinning) when compared to n=1 (Newtonian) and to n>1 (shear thickening). The 
intensity of the flow and vortices would be the highest for shear thinning fluids, followed 
by that for Newtonian and minimum for the shear thickening fluids. 

In the CDS process, during mixing, we have a situation where an alloy with a higher 
thermal mass (temperature and mass) is mixing with that of a lower thermal mass. The 
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literature review shows that the process of mixing would be controlled by the difference 
in the two initial thermal masses which would determine the level of convection, time of 
mixing and type of mixing (vortices and Bernard cells). Further, it was recently proposed 
(93] that liquid metals and alloys exhibit a non-Newtonian flow behavior with a shear 
thinning characteristics which would further enhance the intensity of the convection 
currents, turbulence and vortices during mixing in the CDS process. 

4.4. SOLIDIFICATION OF ALLOYS 

The literature on the stability criteria for the S/L interface of growing nucleus for pure 
materials and alloys were reviewed and presented in this section. 

4.4.1 Stability Criteria for Solidifying Interface 

The interface stability was initially analyzed by Rutter and Chalmers [94] and they 
developed the basic criteria presented in Equation 4-3 for the stability of the S/L interface 
during growth. The extent of constitutional undercooling ahead of the solid liquid 
interface during growth was used to evaluate the stability of the interface. 

Equation 4-3 

(Stability) 
l 

Mullins and Sekerka (95] expanded the older criterion by introduCing infinitely small 
sinusoidal perturbation into the morphology of the planer interface. The modified 
criterion was called Mullins and Sekerka criterion (MS) and it depended on the dynamic 
movement of the sinusoidal amplitude assumed in planer solid liquid interface. The 
interface was deemed unstable if any of these sinusoidal perturbations grew and was 
deemed stable if none of the perturbation grew. The comprehensive expression to 
quantify the perturbation of the solid-liquid interface during solidification of pure metal 
and binary metallic alloys was proposed as presented in Equation 4-4 (a) by [95]; and the 
terms In Equation 4-4 (a) are described in Equation 4-4 (b) to (f). 

Equation 4-4 

~do _ Vw[-2TmFw 2 {w*-(V /D)P}-(G 1 +G){w*-(V /D)P}+2mGc{w*-(V /D)}) 

o dt (G 1 -G){w*-(V /D)P}+2wmGc 

1 

w* = (V /2D) + [(V /2D) 2 + w 2 ]2 

G' = (K5 /K')Gs 

G = (KL/K')GL 

(a) 

(b) 

(c) 

(d) 
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(e) 

P=l-k (f) 

Equation 4-5 presents a simplified version of Equation 4-4 (a) as applied to solidification 
ofpure metals. 

Equation 4-5 

1 d8 - (Ks+KL) [ T n 2 KsGs+KLGL] --- W- M W -~....;:;..._-=-~ 

8dt ~ ~+~ 

There were certain critical assumptions presented in proposing Equation 4-4 (a): 

1. Local equilibrium at the S/L interface. 
2. Isotropy in bulk and interface surface parameters. 
3. Steady state ofthe thermal-solutal field. The solute transfer in the liquid ahead of 

the S/L interface is purely by diffusion. The boundary condition of the solute 
concentration in the liquid ahead and adjacent to the S/L interface are (Cac!k) at 
the S/L interface and CX) past the diffuse boundary ahead of the S/L interface as 
determined by DJV. 

The above assumptions have severely limited the validation of the Equation 4-4 (a) by 
experiment data from solidification of metals, specifically due to the lack of a purely 
steady state solidification scenario in experiments. Further, at the end of the 
solidification, the amplitude of the sinusoidal becomes bigger as it was quantified 
experimentally by Mullins and Sekerka [95]. Based on the above-mentioned 
assumptions, certain specific criteria were developed from the expression in Equation 4-4 
(a) to evaluate the stability of the solid-liquid interface during solidification. These 
criteria were based on the values of the parameters such as thermal gradient, solute 
gradient, capillarity effect and the latent heat of fusion. The criteria are presented in 
Equation 4-6 to Equation 4-9. 

Equation 4-6 represents the instability criterion during the growth of a single component 
material (pure) during solidification. The criterion depends on the thermal gradient at the 
S/L interface wherein the interface could be unstable when it is growing into an 
undercooled liquid with a negative GL. 

Equation 4-6 

G* 
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The oriterion shown in Equation 4-7 indicates the effect of the capillarity coupled with 
thermal gradient on the instability of S/L interface. The term, (T Mr) is always positive 
and hence, the Equation 4-7 depends only on the thermal gradient existing in the solid 
and in the liquid to define G*, as shown in Equation 4-6 [96]. In Equation 4-7, ro00 

represents the frequency at which~ do = 0, as defined in Equation 4-4 (a). Figure 4-30 
0 dt ' 

shows a schematic of the inequality in Equation 4-7; wherein the SIL interface is stable 

for all cases when ~ ~~ < 0, and when ~ ~~ > 0, ffi00 would exist and the interface 
instability is governed by Equation 4-7. In Figure 4-30, the S/L interface in the 
solidification case shown by a is always stable and that shown by b is stable only when 
ro>ro00• Further, for the case b in Figure 4-30, the maximum amplitude rate during an 

unstable growth occurs at the maximum frequency ( ro0 ) which is equals to ( ~) [96]. 

Ogasawara et al [97] had investigated the effect of the curvature of the S/L interface on 
its instability and found that when the curvature increases, the temperature gradient in the 
liquid in~reases thereby decreasing the growth rate under a positive temperature gradient 
resulting in a more stable S/L interface. As a result, according to Equation 4-7, the solid 
liquid interface for pure metals in unidirectional solidification is always stable due to 
positive thermal gradient in the liquid and hence G*>O whereas for cases when the 
solidification is not uni-direction, the SIL interface of equiaxed grains would always be 
unstable and grow as dendrites due to the negative thermal gradient ahead of S/L 
interface and hence, G*<O. 

Equation 4-7 

(instability) 

(I/ 6) ( dfJ 1 dt) wo 

b 

a. 

Figure 4-30 Amplitude growth rate as a function of frequency for two cases, a) 
stable and b) unstable.[96] 
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The S/L interface instability for a binary alloy solidification is shown in Equation 4-8 
which is also called the modified constitutional undercooling criterion that is dependent 
on the thermal gradient i~ the solid and liquid in addition to the solute gradient in the 
liquid. In Equation 4-8, the term in the right hand side of the inequality represents the 
constitutional undercooling ahead of the growing SIL interface and the term could also be 
represented as (-mLGc), where Gc is the solute gradient ahead of the growing S/L 
interface. The criterion for pure metal solidification, in Equation 4-7 was modified by 
neglecting the capillarity effects and adding the effect of constitutional undei:cooling to 
obtain Equation 4-8. By Equation 4-8, the SIL interface could be unstable even for a 
positive value ofthermal gradient in the liquid [96,98,99,100]. 

Equation 4-8 

(instability) 

Equation 4-9 was derived from Equation 4-8 to include the latent heat of fusion evolved 
at the S/L interface during solidification; specifically, by replacing the term (KsGs) by 
(HV+KLGL) from the heat balance at the S/L interface and neglecting the effect of 
thermal gradient in the solid; leading to the instability criteria for the SIL interface in 
binary alloy, presented in Equation 4-9. 

Equation 4-9 

(instability) 

Equation 4-9 is the simplified instability criterion for the S/L interface in a binary alloy 
solidification condition as derived from Equation 4-4 (a). When, according to Equation 
4-9, the interface instability condition is satisfied, Equation 4-4 (a) would be used to 
characterize the unstable interface with perturbations. Although, Equation 4-9 and 
Equation 4-4 (a) are for a steady state solidification condition and that solidification 
experiments of binary alloys are seldom steady state, we currently do not have an 
alternate instability theory to utilize and these equations are our best resource to predict 
stability of the S/L interface. 

The solute boundary layer ahead of S/L interface was theoretically evaluated and 
quantified experimentally by Holmes ahd Catos [101]. The result indicates that the 
experimental data was ten orders of magnitude larger than the theoretical evaluation. This 
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difference was mainly due to the steady state assumption in the theoretical evaluations 
and the lack of it in the experiments. 

Mullins and Sekerka[1 02] had deduced that the growing sphere could grow stably when 
the sphere radius is less than the value of a critical radius which is seven times the critical 
radius (r*) derived in the theory of nucleation shown in Equation 4-10. 

2 YslT m 
r * = L 11T 

v 

Equation 4-10 

The stability of non-dendritic microstructure exposed to a shear stress caused by stirring 
was studied by many investigators. Das et al [26] had simulated the solidification of the 
inter-dendritic structure under forced fluid flow which was turbulent at high applied shear 
rates. They found that when the turbulent flow penetrates the inter-dendritic region, the 
solute ahead of the S/L interface is moved into the bulk liquid thus reducing the extent of 
constitutional undercooling ahead of the interface, as shown in Figure 4-31. This 
condition would lead to the growth of a more stable S/L interface [26]. In rheocasting, 
the intensity of the forced convection in the liquid during solidification is critical to the 
stability of the S/L interface and obtaining a non-dendritic morphology of the primary 
phase. 

Dhindaw et al [1 03] had studied the effect of the shear rate and the solute redistribution 
on the stability of S/L interface by casting Al-6.2% Cu alloy and Al-7 .3% Si alloy in 
rheocasting process. They found that the microstructure changes to rosettes and spheroid 
when they had applied low shear rate. Further, the stirring step significantly increases the 
solid fraction due to fragmentation of the dendrites morphology during rheocasting steps. 

Melt interface 

·r~ 2 is tlte melt temperature profile 

T- f is the liqujdus profile . 
C-T ts the stagnant layer next 10 tl1e solid tip 

Undercooling~ = Because of she-<~rin g. 

Undercooling• 

Figure 4-31 Schematic diagram of constitutional undercooling in rheocasting and 
conventional casting [103] 

Martinez et al [104] had numerically solved the diffusion equation for a growing 
spherical phase particle in the rheocasting process and compared the numerical results 
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with experimental data for the solidification of the Al-4.5wt% Cu alloy. The amplitude 
rate equation of linear perturbation on an initial flat and stable S/L interface had been 
derived and the results show that the amplitude rate increases with increasing growth rate 
(V) and decreasing curvature ofthe S/L interface as shown in Equation 4-11 . Further, the 
effect of the cooling rate and solid fraction on the stability of the growing phase had been 
studied. Figure 4-32 show that the higher cooling rate will break down the planer S/L 
interface leading to an unstable growth. Accordingly, a higher solid fraction with lower 
cooling rate would be favored · for a stable growth. The typical microstructures shown in 
Figure 4-33 (a) and (b) confirm the results in which the low cooling rate of 1.1 °C/s leads 
to a stable S/L interface, whereas, increasing the cooling rate· to 2.8 °C/s led to the 
breakdown of a planer S/L interface. The investigators had deduced that, in SSM 
processes, high density of nuclei, higher solid fraction and low cooling rate are favorable 
for stable growth of the S/L interface leading to a non-dendritic microstructure. 

Equation 4-11 

• Stable Q:,S j' 
o .s. .a Unstm le 
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Figure 4-32 Comparison between experimental data and calculated data for 
rheocasting process of Al-4.5wt% Cu.[104] 
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(a) (b) 

Figure 4-33 Microstructure of Al-4.5wt% Cu alloy reheated to 0.25 solid fraction 
and cast by rheocasting process at a) 1.1 °C/s and b) 2.8 °C/s [104]. 

Equation 4-12 represents a new criterion proposed by Qian [105] to predict a critical 
radius (Rc) up to which a phase particle in a rheocasting process would grow with a stable 
interface. This criterion shows that the critical radius, Rc of growing nucleus morphology 
is much bigger than that in conventional casting (Rc =7r *). The Rc is very sensitive to the 
alloy undercooling (~T=Tm- Too) as shown in Figure 4-34. Equation 4-12 was proposed 
by using the Mg-3 .8wt% Zn-2.2wt% Ca alloy with 2.5wt% Zr as a grain refiner and 
solidified at various cooling rates. In Figure 4-34, the undercooling, ~ T is directly 
proportional to the cooling rate experienced by the liquid during solidification. Hence, 
lower cooling rates would result in a higher value of Rc, leading to a stable S/L interface 
for a longer time period during the growth stage. 

Equation 4-12 
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Figure 4-34 Critical radius for spherical growth in SME state of Magnesium alloy as 
a function of undercooling [105]. 

Hitchcock et al [ 1 06] proposed Equation 4-13 by modifying Equation 4-12 to evaluate 
the Rc for AI alloys. The theoretical evaluation of Rc had been compared the 
experimental data from rheocasting of the Al-7Si-0.6Mg alloy. The results indicate that 
the theoretical value of Rc evaluated by Equation 4-13 was between 5.12- 10.24 Jlm in 
diameter for a range of undercooling between (1-2 K) whereas the average measured 
diameter in experiments was 7.8 Jlm. The criterion shows a good agreement between the 
theoretical and experiment data. 

Equation 4-13 

5.12 
Rc = l:lT (Jlm) 

The literature review has shown that a low cooling rate coupled with either a longer 
isothermal holding time (thixocasting) or a short holding time with high agitation 
(stirring) (rheocasting) would enable the thermal solute to redistribute and reduce ahead 
of the S/L interface and enable the growth of a stable and unperturbed interface leading to 
a non-dendritic morphology. 
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The stability of the S/L interface during growth in the CDS process was observed by 
Symeonidis [13] and a schematic for the thermo-solutal fields ahead of the growing 
S/L interface was presented as shown in Figure 4-35 (b). The thermo-solutal 
conditions ahead of the SIL interface in a conventional casting are shown in Figure 
4-35 (a) . The solute distribution in Figure 4-35 (b) suggests that contrary to the 
solidification in a conventional casting process, the solute diffusion is towards the S/L 
interface in the CDS process during solidification; as also proposed by Khalaf et al 
[29,30]. However, the nature of the curve for solute distribution hypothesized in 
Figure 4-35 (b) was found to be erroneous from the experimental and theoretical 
analysis in presented in the results of this dissertation. Figure 4-35, show that the 
constitutional undercooling ahead of S/L interface in the CDS process was much less 
compared to that in the conventional casting process, leading to a stable interface in 
the former process. Figure 4-36 (a), (b) and (c) show that a globular microstructure 
could form in the CDS process at low superheat of Alloyl and it gradually becomes 
more dendritic at higher superheat temperatures. The nature of results shown in Figure 
4-36 was also proposed by Khalaf et al [30]. 

0 0 

Conventional CDS 

(a) (b) 

Figure 4-35 Comparison of the temperature and solute distribution ahead of S/L 
interface for (a) conventional casting and (b) CDS [13]. 
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(a) (b) (c) 

Figure 4-36 Microstructure changing from Non-dendritic to dendritic obtained by 
CDS process of AI Cu system under different superheat, a) 2°C (non-dendritic), b) 

l2°C (non-dendritic) and c) 22°C (dendritic) [13]. 

The extensive review of the prior-art has enable the identification of the m1ssmg 
information in the science of the CDS process, specifically the in-depth understanding of 
the various events in the various stages of the CDS process starting from the mixing of the 
two alloys to the final solidification, and the identification, quantification and optimization 
of the critical process and alloy parameters to effect a successful CDS process with a non
dendritic morphology of the primary Al phase in the solidified microstructure. 
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CHAPTER 5. EXPERIMENTS AND ANALYSIS PROCEDURES 

In this chapter the laboratory and numerical experiments carried out in this study along 
with the methodology of the data analyses are presented in the following sub-section: 

• Laboratory CDS experiments 
• Interrupted quenched experiments. 
• Numerical simulation experiments. 
• Organics alloys system experiments. 
• Microstructure analysis 

5.1. LABORATORY CDS EXPERIMENTS 

Controlled experiments in the laboratory were carried out to elucidate the details of the 
events in the various stages of the CDS process: mixing of the two alloys, homogenization 
of the thermal and solute fields and solidification. A variety of liquids such as water, 
milk, organic alloys and AI alloys were used in these experiments in various capacities. 
Each experiment was precisely designed and set up to explore, understand · and verify the 
specific events occurring in each step of the CDS process. 

5.1.1 Water-Water and Water-milk systems 

The CDS starts with the mixing of two precursor alloys of different thermal masses to 
enable a favorable environment for copious nucleation of the primary solidifying phase and 
forced convection in the mixture. To better understand and visualize the mixing process 
between two liquids water (transparent) was used along with water and milk. The 
temperature and mass of the two mixing fluids were maintained as different both 
independently and together to better understand the controlling parameters for an efficient 
m1xmg process. The dependent parameter in these experiments was the visual 
interpretation of the mixing process. 

5.1.1 .1 Water-Water mixing 

In these experiments, two thermal mass of water were taken in clean beakers and mixed 
together by directly pouring one of the liquid into the other and by pouring the same with 
the funnel wherein the mixing was initiated from the bottom of the lower thermal mass 
fluid. The experiments were repeated such that the higher thermal mass was poured into 
the lower and vice-versa using a funnel to maintain nearly the same mixing rate among 
experiments. To enable better visualize of the flow stream of the liquid with the higher 
thermal mass, a blue ink was added to the same. The objective of these experiments is to 
visualize the mixing processes and optimize the same for minimum bubble formation and 
expeditious equalization of the thermal and solute fields in the resultant mixture after the 
mixing process. The formation of bubbles during mixing would have to be minimized 
because in metallic AI alloy systems bubble would induce defects in the mixture such as 
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oxides and dissolved hydrogen which are detrimental to the final cast product. 150m! of 
warm water (~40-45°C) was mixed with 25ml of water at room temperature (-18-20°C). 
A video camera is used to take a digital video of the mixing process and time dependent 
image snap shots were extracted from this video. The mass ratio between the liquids was 
maintained at six. 

Figure 5-l shows the schematic of the experiment setup. There were k-type four 
thermocouples (Chl to Ch4) in the experiments such that one thermocouple was in the 
liquid which was poured and there were three in that which received the pour to quantify 
the thermal field homogenization process during mixing. The experiments were repeated 
several times with and without the thermocouples to understand the repeatability of the 
process. In Figure 5-1, Chl, Ch2 and Ch3 were installed in the container which received 
the pour at the depths of 8, 24 and 56mm from the bottom of the container, respectively; 
such that at least Chl was already in the liquid while the others could initially be in air. 

Temperature 
. Scale 

Computer 

Figure 5-1: A typical schematic diagram for water-water experiments where the 
warm water was poured into the cold one. The beakers would be interchanged in 

experiments were the cold water was poured into the warm one. 

5.1.1.2 Water- Milk Mixing 

In the experiments with water-water mixture, the density difference between the two 
thermal masses was marginal and to accentuate the effect of a significant density difference 
between the two fluids, experiments were carried out with water and milk. Further, the 
results from the previous experiments as presented in the next chapter of this dissertation 
showed that the use of a funnel presented a more favorable mixing process. Hence, 150ml 
of warm water ( 40°C) was poured through the funnel into 25ml of cold milk ( ~ l5°C) and 
vice versa. The mass ratio of the two liquids was maintained at 5.8 such that the water was 
the higher mass. 
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5.1.2 AI-Cu Alloy System 

In this study, Al-Cu system was chosen as the metallic alloy system to study the various 
events in the CDS process for reasons illustrated bellow: 

• The solidification of this alloy system by all of conventional, SSM and CDS 
processes is well researched and documented [ 107, 108 , 19] 

• The system presents a favorable temperature and compositional range of 
liquidus temperature such as from 660 oc for pure Al to 547 °C for the Al-
33wt%Cu eutectic composition; and this enables the flexibility to choose a 
variety of compositions with significant difference in liquidus temperatures in 
the hypoeutectic alloy regime. 

• The system were widely used in domestic and industrial application especially 
the most of 2xxx Al wrought alloys have the Al-4.5wt% Cu alloy as the basic 
composition. Further, these alloys have a wide range of mechanical property 
for various heat treatment temper conditions. 
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Figure 5-2: Binary phase diagram of AI-Cu alloys system with Al-33wt%Cu as the 
eutectic composition and 547 °C as the eutectic temperature [107]. 

In this study, a pure commercial Al was used as the first precursor alloy (Alloy1) the Al-
33wt% Cu was the second precursor alloy (Alloy2) (Figure 5-2). Figure 5-3 (a) and (b) 
represent the cooling curve during solidification of Alloy 1 and Alloy2 showing that the 
liquidus temperatures of Alloyl and Alloy2 being measured as 660°C and 545.3°C, 
respectively. 
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Figure 5-3 Cooling curve for a) pure AI and b) Al-33wt%Cu. 

5.1.2.1. CDS Experiments 

0.6 

0.4 

0.2 

0.0 --o 

-0.2 ~ 
-0.4 

-Q.6 

Figure 5-4 (a) and (b) shows a schematic and photograph of the experimental setting-up 
for the laboratory CDS process, respectively, wherein the Alloyl was taken in a crucible 
with a hole (9 mm diameter) at the bottom to which a furuiel (9 mm diameter) was 
attached with a stopper blocking the hole from the inside; and Alloy 2 was taken in a 
second crucible which was placed directly under the funnel in the first crucible. The 
temperatures of Alloyl and Alloy2 are controlled and monitored continuously by three 
exposed K-type thermocouples (0.62mm diameter) connected to a data acquisition 
system (SCXI-1100 by National Instrument1). When the desirable temperatures of T1 

and T2 are reached, the stopper in the top crucible was lifted to enable Alloyl to mix into 
Alloy2 in the bottom crucible. 

I National Instruments, sex 1100, USA 
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(a) (b) 

Figure 5-4: Setup of laboratory experiments for the CDS process, (a) schematic and 
(b) photograph. Also shown are the locations of three thermocouples to control and 

monitor the temperatures during the process. 

Two electric resistance furnaces were used to melt Alloy1 and Alloy2. Alloy2 was taken 
out from the furnace at a superheat of about 50°C above its liquidus temperature and the 
two thermocouples T u and T L were inserted in their respective location. The funnel and 
stopper were heated along with Alloy1, as well. The funnel and stopper were removed 
from the furnace and installed in their respective locations and the thermocouple T 1 was 
fitted as well as in Figure 5-4. Alloy1 was taken out of its furnace and poured in the top 
crucible and consequently the stopper lifted when temperature T 1 was reached for 
Alloy1 to mix into Alloy2. The temperatures were continuously recorded until the end 
of the process. The experiment was repeated several times to ensure repeatability and 
for two mass ratio, mr of 6 and 3 between Alloy 1 and Alloy2, respectively, to obtain two 
respective compositions of 4.7 wt%Cu and 8 wt%Cu in Alloy3. Two mixing rates of 
167 gs·1 and 113 gs·1 for the Alloy1 were employed using funnels of two different 
diameters of 9 mm and 6 mm, respectively. The independent variables in these 
experiments were T1, T2, mr and rate of mixing. Table 5-l presents the design of 
experiments including the independent parameters and constants. The dependent 
parameters in these experiments were the morphology of the primary Al phase in the 
solidified microstructure. The mixture in these experiments was allowed to solidify in 
the bottom crucible without disturbing the experiment set up. A few solidified samples 
from the experiments in Table 5-1 were re-melted in a crucible and allowed to solidify 
to evaluate the liquidus temperature ofthe resultant alloy, Alloy3. Further in Table 5-1, 
the experiment designated as CONV 1 was carried out by re-melting the resultant 
solidified alloy from experiment designated CDS2, and heated to 663 °C in the top 
crucible of Figure 5-4 and poured into an empty bottom crucible maintained at 555 oc 
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(Figure 5-4) and allowed to solidify to study the microstructure of a conventional 
solidification sample. Figure 5-5 (a), (b), (c) and (d) show curves of typical thermal data 
(temperature versus time) extracted from the three thermocouples shown in Figure 5-4, 
for experiments with mr = 6, mr6. Figure 5-5 (a) shows the events such as the start of 
mixing and end of solidification. A detailed analysis of the various events between the 
start of mixing and end of solidification as derived from these thermal curves would 'be 
presented in the following chapter on results. 

Table 5-1: Experiment Design with independent parameters and constants for the 
laboratory CDS experiments. 

Alloy 1 Alloy 2 
Rate of 

Designation Mass Tt Tu Mass T2 TL2 Mr mixing Repetitions 

(g) (OC) (°C) (g) (oC) (oC) 
(gs-t) 

CDS1 291.4 662 47.2 555.4 2 

CDS3 293 670 47.3 554 167 3 

CDS5 683 6 

CDS7 293 47.5 554 

I 660 545 
~ t 

CDS9 291.1 687 47.7 553 

CDSll 256 666 
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Figure 5-5 Typical thermal data of mr6 collected from lower(T L) and upper (T u) 

thermocouple of experiments shown in Table 5-1 (a) CDS2, (b) CDS3, (c) CDS4 and 
(d) CDS5. 

Figure 5-6 (a) and (b) show the typical thermal data with the liquidus temperatures 
during solidification of the re-melted Alloys3 in both the mr6 and mr3 experiments, 
respectively. The two liquidus temperatures shown in Figure 5-6 (a) and (b) correspond 
to the equilibrium liquidus temperatures of Al-4.7wt%Cu and Al-8wt%Cu, respectively, 
obtained from the binary alloy phase diagram, thus confirming the validity of the design 
of experiments and the viability of the CDS process. 
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Figure 5-6: Typical thermal data with liquidus temperature during solidification 

of the re-melted alloys in Table S-1. (a) from experiments with mr6 aiming for Al-
4. 7wt%Cu as Alloy3, and (b) from experiments with mr3 aiming for Al-8wt%Cu as 

Alloy3. 

5.2. INTERRUPTED QUENCHING EXPERIMENTS 

In addition to the results obtained from the laboratory CDS experiments as presented in 
the following chapter of this dissertation, experiments were required to understand and 
provide evidence for the nucleation events and solute re-distribution during the initial 
stages of the CDS process. Quenching the samples by interrupting the CDS process at 
various initial stages was necessary and since the kinetics of the process was rapid, high 
quenching rates were required to successfully arrest the CDS process at various initial 
stages. Two types of interrupted quenching experiments were carried out as below: 

• Rapid Quenching: Ribbon casting process for high quenching rates of over 104 

Ks-1 [109] 
• Moderate Quenching: Quenching the mixture in a solution of antifreeze liquid 

and dry ice, maintained at ( -18 °C) for nominal quenching rates of about 102 Ks- 1 

[11 0]. 

5.2.1 Rapid Quenching 

The Ribbon casting process equipment shown in Figure 5-7 was used in this study to 
quench the CDS mixture at very high quenching rate of over 1 04 K/s. A few 
modifications to an existing ribbon casting equipment were carried out to enable the 
quenching of a mixture from the CDS process. The experimental sets up with the 
modifications are explained below: 
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1. The copper wheel shown in the Figure 5-7(b) is used to quench the 
mixture. The wheel was rotated at 1100 r.p.m. in all the quenching 
experiments. 

2. A long Steel tube(423mm) of21.12mm inner diameter was fixed with one 
end at about 3 mm above the copper wheel and the other coming out at the 
top of the chamber as shown in Figure 5-7(b ). The end of the tube closest 
to the Cu wheel was closed with steel a 5mm diameter orifice was drilled 
in centre to enable the flow of the mixture onto the wheel. A ceramic 
funnel with a 7 mm diameter of outlet orifice was fitted on the top end of 
the steel tube as shown in Figure 5-7( c) and the mixture was poured into 
this funnel. The total time between pouring the mixture into the funnel to 
the first liquid in contact with the wheel is about 0.3 s. 

3. Induction copper coil shown in Figure 5-7(b) was used to heat the bottom 
of the steel tube to 700°C for all the quenching CDS experiments to 
prevent the effect of contact the solid steel with the mixture. 

Two electric furnaces were used to melt Alloy1 and Alloy2. The funnel was heated with 
Alloy 1 and it was first removed from the furnace and fitted in its respective location 
shown in Figure 5-7( c). Alloy1 and Alloy2 were taken out of their respective furnaces; 
and Alloy1 was mixed into Alloy2 and consequently the mi~ture was poured into the 
funnel after various time durations to enable arresting the process at various stages of 
mixing. The experiments were repeated several times and two mass rations in mr6 and 
mr3 were independently investigated with a variety of values for T1 in each case. Table 
5-2 presents design of the experiments along with the independent parameters and 
constants for all the interrupted quenching experiment (CDSQ1 to CDSQ10) with the 
ribbon casting process. The solidified samples in the form of small broken ribbons were 
collected in the long sealed chamber shown in Figure 5-7(a). Further, a few ribbon 
samples were cast with the resultant Alloy3 at a 5 °C superheat temperature above the 
liquidus, for both the case ofmr6 (Al-4.7wt%Cu) and mr3 (Al-8wt%Cu) as shown by the 
experiments designations CONVQ1 and CONVQ2 in Table 5-2, respectively; and the 
aim of these experiments was to observe the presence or absence of any nucleation events 
prior to pouring the liquid (conventional) or mixture (CDS) into the funnel in the ribbon 
casting process. Four laboratory CDS experiments shown as CDSNl to CDSN4 in Table 
5-2, were carried out such that the alloys were mixed like described above but the 
mixture was allowed to solidify in the crucible and the temperature of the resultant 
mixture was continuously acquired through the solidification event. This enabled 
identification of the stages in the thermal data from which the quenching was carried out. 
Figure 5-8 (a) to (d) show the typical thermal curves for CDSN1 to CDSN4 experiments 
in Table 5-2, such that Figure 5-8( a) shown -the precise location of CDSQ1 and CDSQ2, 
Figure 5-8(b) shows that of CDSQ3 and CDSQ4, Figure 5-8( c) shows that of CDSQ5 to 
CDSQ7, and Figure 5-8( d) shows the location of CDSQ8 to CDSQ 10 in the CDS 
process. In the experiments shown in Table 5-2, the time taken from the start of mixing 
to the impact of the mixture on the rotating Cu wheel was evaluated in each case and 
superimposed on the respective data in Figure 5-8(a) and (d) to obtain the precise location 
ofCDSQl to CDSQ10, respectively. 
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(a) (b) (c) 

(d) 

Figure 5-7: Photographs of equipment set-up and solidified samples for the 
interrupted quench experiments with the ribbon casting process. (a) Ribbon casting 
equipment with the two electric furnaces to melt Alloyl and Alloy2; (b) Cu wheel, 

induction coil and steel tube; (c) steel tube and ceramic funnel; and (d) typical 
solidified ribbon samples. 
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Table 5-2: Experiment design with designation, independent parameters and 
constants for the interrupted quenching experiments with the ribbon casting 

process. 

Alloy 1 Alloy 2 
Time 

Designation Mass Tt TLl Mass T2 TL2 mr 
(s) 

(g) (oC) (oC) (g) (oC) (OC) 

,Interrupted Quenc~ Experiment using CJ)S Proi:es~ ,,, 

CDSQ1 62.3 10.3 2.8 
6 

665 
CDSQ3 54.6 17.1 2.5 

3 

cqsQ5 60.5 10.2 1 

6 

CDSQ7 64.1 10.4 3.3 
669 

660 555 545 

CDSQ9 57.8 17.4 

CDSQ11 55.8 669 13.1 4.2 3 

665 
CDSN2 57.9 17.2 3 

669 
CDSN4 55.7 16.9 3 

Interrupted Quench Experiment using'Al-Cu Binary Alloy with Low Superheat. 
l 

Total mass Tquench Cuwt% Tu 
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Figure 5-8: Typical thermal curve obtained in normal CDS experiments for the 

interrupted quenching experiments shown in Table 5-2; wherein the location of the 
quenching of each experiment is shown. (a) CDSNl (Equivalent to CDSQl and 

CDSQ2), (b) CDSN2 (equivalent to CDSQ3 and CDSQ4), (c) CDSN3 (Equivalent to 
CDSQ5 to CDSQ7) and (d) CDSN4 (Equivalent to CDSQ8 to CDSQlO). 

5.2.2 Moderate Quenching 

One of the events that could not be captured by the rapid quenching experiments 
described in the previous section is the growth stage of the primary phase a few seconds 
after the final nucleation event in the mixture. The viscosity of the mixture is too high for 
it to pass through the 5 mm orifice at the bottom of the steel tube in the ribbon casting 
process equipment. Hence, a set of moderate ql}.enching experiments were designed as 
shown by the schematic in Figure 5-9 was designed such that the mixture was directly 
quenched in a quenching medium made from a mixture of commercial antifreeze solution 
and dry ice and maintained at ( -18 °C). Two experiments were carried out with the setup 
shown in Figure 5-9: one was a CDS process to cast Al-4.7wt% Cu alloy with Alloyl as 
290g of pure AI at .665 °C and Alloy 2 as 47 g of Al-33wt%Cu at 555 °C; and the second 
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experiment was a conventional Al-4. 7wt%Cu poured into the quenching medium from a 
5 °C superheat above the liquidus temperature. Two thermocouples were used in the 
CDS experiments to collect the thermal data during the process such that one 
thermocouple was in the mixture and one in the quenching medium as shown in Figure 
5-9. 

2 1 

T~ 

Figure 5-9: Schematic diagram of moderate quenching experiment. 

5.3. NUMERICAL SIMULATION EXPERIMENTS 

The results of the laboratory experiments presented the following information: 

• The optimum method of mixing two fluids. 
• Stages ofthe CDS process from analysis of the thermal data. 
• Transient solute distribution in the mixture of the CDS process prior to final 

solidification. 
Armed with these quantified data, valid numerical simulations were carried out to further 
investigate the following: 

• Quantify the transient density distribution during the mixing process for metallic 
Al-Cu alloy system. 
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• Quantify the thermal, solute and flow field distribution in the initial stages of the 
CDS process to establish the environment for the growth of the nuclei during 
solidification. 

The thermo-physical material properties of the various alloys in the Al-Cu family was 
derived from the thermodynamic phase diagram simulation tool, FactSage2 and shown in 
Table 5-3. 

Table 5-3: Thermo-physical material propeties of the alloys in AI-Cu family used in 
the numerical simulations. 

Alloy Property Units Value Reference 

Tm oc 660.4 
Pure AI Factsage 

p Kglm 2375 
(Alloy I) 

J.l Pa.s 0.0013 [Ill] 

Liquidus 
oc 545 

Al-33wt%Cu Factsage 
p Kglm 3093.8 

(AIIoy2) 

J.l Pa.s 0.0027 [Ill] 

5.3.1 Transient Density Distribution during Mixing 

The transient density distribution in the macro-scale dimensions was quantified by 
simulating the mixing process in a commercial computational fluid dynamics software, 
Flow 3D3. The conditions in the experiment designation CDS 1 of Table 5-1 was used as 
initial conditions for the numerical simulation. The following are the assumption in the 
numerical simulation: 

• The densities of the liquids were a function of the solute composition in the alloy 
and not a function of temperature. 

• Constant dynamic viscosity. 
• The temperatures of Alloy 1 and Alloy2 remain constant during the mixing due to 

the limitation of the software. The Flow 3D software can simulate either mixing 
two liquid to show the density distribution or one liquid to show the temperature 
distribution between the liquid and the environment. Since our interests were in 
understanding the transient density distribution between Alloy 1 and Alloy2 
through the mixing process, temperatures were kept constant. 

2 Factsage (TM) 6.1, Thermfact and GTT, Technologist-1976-2009. 
3 Flow 3D, V9.4, Flow Science Inc, USA 
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• The two equation K-E model turbulent flow model [112] was used for the 
simulation and a no slip wall shear boundary condition was employed. Equation 
5-1(a) and (b) [113,114] evaluates the Reynolds number during mixing and it was 
"found to be 19697 for a 167 gs"1 mixing rate as in the simulation. This Reynolds 
number value would make the mixing process highly turbulent. In Equation 
5-1(a) and (b), the mixing rate of Alloy1 was 167 gs·1, funnel diameter, d was 9 
mm, funnel area was 63.618 mm2, density of Alloy1, p was 2375 kg.m-3, 

minimum velocity of Alloy1 at the point of impingement with Alloy2, u was 1.1 
rnls, and dynamic viscosity, )l was 1.3 mPa.s. 

m 
u=-

pA 

pud 
Red=-

Jl 

Equation 5-1 

(a) 

(b) 

Figure 5-10 (a), (b) and (c) show typical snapshot images of the transient density 
distribution in the initial, intermediate (1 s) and final stages of the mixing process, 
respectively 
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(a) (b) 

(c) 

Figure 5-10: Transient density distribution from the numerical simulation of the 
mixing of Alloyl into Alloy2 in the CDS process. The initial conditions were that of 

the experiment designated CDSl in Table 5-l.(a) Initial condition, (b) time of mixing 
is 1s (c) ending of mixing. The visual scale for quantified macroscopic density (glee) 

is presented as well. 
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5.3.2 Numerical Model of Solute Distribution 

The simulation study shown in the previous section would show the instantaneous density 
distribution during mixing in the macro-scale. To further study the distribution of the 
thermal and solute fields in the resultant mixture, a micro-scale simulation study was 
required along with experiment data to validate the simulation. The experiment data was 
obtained from the laboratory CDS experiments and the interrupted quenching 
experiments with the ribbon casting process; as described in Sections 5.1.2 and 5.2.1, 
respectively. 

A computational fluid dynamics numerical model and algorithm was developed using the 
FORTRAN computer program language based on the finite volume method to 
numerically solve the energy and solute mass conservation equations. Due to the 
complexities involved in incorporating fluid flow in these simulations, it was omitted. 
However, the results of the simulation was envisioned to present a better understanding 
of the re-distribution of the thermal and solute fields during the last stages of mixing and 
homogenization of the fields in the resultant alloy mixture. 

Equation 5-2 presents the energy conservation equation and Equation 5-3 represents the 
solute mass conservation equation used in the model. The assumptions in the model were 
that all transport phenomena were in one dimension and the fluid flow was negligible. 

ar a2 T 
-=a-at ax2 

ac a2 C 
- = D at ax2 

Equation 5-2 

Equation 5-3 

The boundary conditions for the temperature field, T(x,t) in Equation 5-2 is presented 
below: 
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_ar_c_o_, t_) = 0 
ax 

arcxr,t) a X = 0 I where X T is the half cell length. 

{TI at O~x~I 
T(x, O)= T2 at XI~~T' where XI is the initial length ofAlloyl 

The boundary conditions for the solute (Cu) field, C(x,t) in Equation 5-3 is presented 
below: 

BC(O,t) 
---=0 ax 

accxr,t) 
_..;..__;;......;.. =0, where XT is the half cell length. ax 

C( O)={O at O~x~I 
X, 33 at XI~X~T' where XI is the initial length of Alloy 1 

Figure 5-11 shows the schematic of the computing domain for the model with the 
boundary conditions shown at the respective boundaries. Initially, the domain has two 
alloys, Alloy 1 and Alloy2 as sub-domains, wherein the Cu concentration in Alloy 1 was 0 
and that is Alloy2 was 33 to reflect the pure Al mixing with the Al-33wt%Cu alloy in the 
experiments, respectively. The heat flux would diffuse from Alloy1 to Alloy2 and the 
solute (Cu) mass will diffuse from Alloy2 to Alloy 1. 
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Heat Diffusion .. 
ac1ax =O 

Alloy2 
aclax=O 

T Alloy 1 Cu% 

-
aT/ax =0 Solute Diffusion 

8T/8x=O 

Figure 5-11 A solute model represents the boundaries and the initial condition. 

The domain represents half a cell with the centre of the cell as origin and the half length 
of the cell as Xr. The length of Alloyl and Alloy2 in the initial domain was X1 and (Xr
X1), respectively. X1 and X2 were evaluated by Equation 5-4 (a) and (b), respectively. 

Equation 5-4 

Xl = Xr -Xz (a) 

X2 = Xr (~:) (b) 

For the purposes of validating the numerical simulation, one set of numerical experiments 
were ca~ied out with the cell dimensions, boundary conditions and initial conditions 
obtained from specific cells in the microstructure of samples obtained from four 
experiments shown in Table 5-2 namely CDSQ6 to CDSQlO. 
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Further, for the purposes of understanding thermal and solute re-distribution during the 
CDS process, in Figure 5-11, the length of the half-cell domain was 6 Jlm (Xr) for an 
initial mass ratio of 6 (mr6) and 3 Jlm for mr3, as obtained from the average cell size in 
the microstructure from the experiments, as shown in Figure 5-12 for the two mass ratios, 
mr3 and mr6. 

(a) (b) 

Figure 5-12 Cells at the end of the mixing stage in the CDS process as obtained 
from a bright field image in an SEM. (a) mr6 and (b) mr3 obtained from the 

interrupted quenching experiments, CDSQ6 and CDSQ9 in Table 5-2. 

In Equation 5-2, a was evaluated by Equation 5-5, wherein c and KL were 1180 (J/Kg k) 
[13] and 95 W.m-1 k-1[115], respectively. 

KL 
a=-

pc 

Equation 5-5 

p was the instantaneous bulk density of the liquid mixture at any location and is a 
function of the instantaneous solute concentration, C as evaluated by Equation 5-6; and 
the liquidus temperature was evaluated from the instantaneous concentration of Cu with 
the expression presented in Equation 5-7. The R 2 value from the results of the regression 
analyses shown in Equation 5-6 and Equation 5-7 are also shown alongside the respective 
equations. 
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~quation 5-6 

p = 2377.8 + 15.796 (c)+ 0.17759 (c~2 ~ R 2 = 0.99997 

In Equation 5-3, D was assumed. tote function of the temperature as evaluated by the 
Arrhenius equation shown in E~uati n 5-8. In Equation 5-8, T is in Kelvin, Do is Pre
exponential Factor (8.10E-07 m .s-1) Q is 3.89E+04 J.mole-1 and R is 8.31432 J.mole-
I.K-1 (116). . 

!Equation 5-7 

TL = 660.4 - 2.359 (c)- o.03094 (cf ~R 2 = 0.999 

Equation 5-8 

5.3.2.1Numerical Procedure 

To ensure stability of the numeric · 1 procedure, the time step for energy transport, 
. (~X)z 

Equation 5-2 and Equation 5-3, was less than the value of , where ~X was the 
a 

dimension of one mesh. Figure 5-13 presents the flow chart for the numerical procedure 
adopted in the algorithm for the simu ations. 

68 



Initialize cl Do ,Q ,mr, T1, KL I C, XT, T(X,O), C(X,O) 

Evaluate Cell size: X1 and X (Equation 5-4) 

. Evaluate Density (p) (Equation 5-6) 

p 
Evaluate Liquidus Temperature (Equation 5-7) 

Evaluate Thermal diffusivity (a) (Equation 5-5) 

a 

Evaluate diffusion coefficient (D) (Eguation 5-8) 

D 

Solve Concentration Equation (Equation 5-3) 

No 

Solve Energy Equation (Equation 5-2) 

No 

No 

Figure 5-13. Flow chart of the numerical procedure for the algorithm. 
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In Figure 5-13, the density fie d, instantaneous liquidus temperature and diffusion 
coefficient were evaluated by ' quation 5-6 to Equation 5-8, respectively. The 
concentration equation defining e transient solute re-distribution shown by Equation 
5-3 was solved to obtain the i stantaneous solute concentration distribution in the 
domain. This was followed by th solution to the energy equation shown in Equation 5-2 
to obtain the instantaneous te perature distribution in the domain. Since, the 
temperature discussion would e significantly faster than the mass diffusion; the 
simulations were carried out until the concentration gradient of the solute in the domain 
reached a near constant value of .001. The results ofthe transient thermal and solute 
fields were analysed at many inte . ittent time steps during the simulations. 

5.3.2.2Simulation Experiments 

There were many numerical sir ulation experiments carried out to understand the 
transient thermal and solute fields and study the effect of critical parameters on the same. 
Table 5-4 shows the designatio and independent parameters used in the numerical 
simulation experiments; wherein S 1, NS2, NS3 and NS4 were numerical simulations 
carried out with the cell dimensi ns and boundary conditions were obtained from the 
experiments CDSQ6, CDSQ7, C S9 and CDSQlO, respectively, to enable validation of 
the numerical model. 

Table 5-4: Numerical simulahon experiments with designations and independent 
parameters. 

------------~ .. -·--------,-------------
Designation Initial mr C1 C2 Co T1 T2 

12 6 

12 6 

Wt.% Wt.% Wt.% oc oc 

0 33 

6.888 

[:7.~U~I 669 
5.1 

565 
4.714 665 ~-~p .. t 
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5.4.0RGANIC ALLOY SYSTEMS 

The mechanism for the various stages in the CDS process was hypothesized by the 
experiments and numerical models as described in Sections 5.1 to 5.3. The hypothesis 
along with the effect of critical process parameters were verified by carrying out 
laboratory experiments with Succinonitrile (SCN) based organic alloys such as SCN
Acetone (Ac), SCN-water and SCN-D-Camphor (DC). The SCN based organic alloys 
were chosen because these alloys form binary eutectic reaction in the phase diagram at 
around the room temperature regime and they are transparent which enables an ease of 
visualization of the CDS process. Further, the final stages of solidification after the 
homogenization of the thermal and solute fields could be visualized using the SCN based 
organic alloys. · 

A glass mould with a rectangular cross-section of 75 mm length and 25 mm width with a 
height of 3 mm was used to shape the resultant mixture. The two precursor alloys were 
taken in a clean Cu crucible and heated to the appropriate respective temperatures over a 
hot plate with a K-type thermocouple inserted in each to control and monitor the 
respective temperatures. The glass mould had two K-type thermocouples (for 
repeatability) inserted in the cavity to monitor the temperature during the solidification 
process. The Alloy 1 was poured into Alloy2 crucible to make a mixture and 
subsequently the mixture cast into the pre-heated glass mould cavity. The process was 
allowed to take place under a stereo microscope at a set magnification level for visual 
recording of the event. 

5.5. MICROSTRUCTURE ANALYSIS 

All the microstructure analyses for the experiments described in Sections 5.1, 5.2 and 5.4 
were carried out on samples sectioned from the area around the respective thermocouples 
in these experiments. The samples were mounted using bakelite mount, ground and 
polished in automatic polishing machines. Etching was carried out on some samples with 
freshly prepared Keller's reagent (lml HF, 1.5ml HCL, 2.5ml HN03 and remainder 
H20). The microstructure analysis was carried out using the stereo; light optical and 
scanning electron microscopes. A stereo microscope type Nikon AZ 1 OOM4 was used 
along with an image analysis software, NIS BR 3.14. Light optical microscopy was 
carried out with the Nikon Eclipse LVI 00 microscope equipped with the type NIS BR 
3.04 image acquisition system. The SEM analysis was carried out with the JEOL JSM-
7000F5 equipped with energy dispersive x-ray analysis system. Quantitative 
metallography on all the microstructure images was carried out using the ImageJ6 

4 Eberbach corporation, ANN Michigan. 
5 JEOL, INCA Oxford 
6 ImageJ, Image processing and Analysis in Java, 1.42q Java 1.6.0 (32 bit) 
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software. Since the grains in the rejltant microstructure were nearly equiaxed, the grain 
sizes were determined by the line intercept method as prescribed in the ASTM test 
method Ell2 [117] and using a mini urn of20 lines in one microstructure. 
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CHAPTER 6. RESULTS AND DISCUSSION 

The various experiments and numerical . simulations described in CHAPTER 5 were 
carried out to identify and understand specific features in the stages of the CDS process. 
These were carried out randomly as and when required to better understand specific 
features in the mechanism of the CDS process. 

In this section, the events in the various stages of the CDS process would be presented in 
detail as derived from the evidences obtained in the various experiments and numerical 
simulations. This section would be broadly classified in the following topics: 

• Study of the mixing process 
• Mechanism of the CDS process. 
• Study of the critical process parameters._ 
• Verification of the proposed mechanism 

6.1. STUDY OF THE MIXING PROCESS 

The mixing process was optimized by the experiments described in section 5.1 where in 
visual observation and thermal data obtained during mixing of water and water; and 
water and milk was used for the study. 

The study was carried out for the following dependent variable criteria during the mixing 
process: 

• Minimize bubble formation. 
• Homogenization of the thermal field. 
• Homogenization of the density field. 

6.1.1Minimize Bubble Formation 

Figure 6-1 (a), (b) and (c) shows the photographs taken during the stages in the mixing 
process when the warm water was mixed into the water at room temperature by direct 
pouring. In these photographs, the extensive bubble formation is apparent. Figure 6-1 
(d), (e) and (f) show the progressive photographs during mixing when the warm water 
was mixing into the water at room temperature using a furulel; wherein there was 
negligible bubble formation due to the lack of any notable turbulence during the mixing 
process. During the CDS process in Al ~lloys, bubble formation would be detrimental to 
the mechanical properties of the resultant casting due to high levels of gas porosity. A 
funnel was used in all experiments in this project to affect a mixing process with 
minimum bubble formation. 
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(a) (b) (c) 

(d) (e) (f) 

Figure 6-1 Illustration ofbubbletormation during water-water mixing,. (a), (b) and 
(c) direct mixing at start, mid le and end of mixing, and (d), (e) and (t) mixing 

through a funnel at start, middle and end of mixing. 

6.1.2Homogenization of the Thermal Field 

There are two methods of mixin the two precursor liquids: the larger thermal mass 
(temperature and mass) being mix d into the smaller and vice-versa. Temperature data 
from the experiments described i Section 5 .1.1.1 revealed the more efficient of these 
two mixing processes. Figure 6-2 · ) and (b) show the temperature distribution obtained 
by the four thermocouples in Ch1 to Ch4 for mixing the higher thermal mass into the 
lower and vice-versa, respectively. 

Figure 6-2 (a) shows that when th higher thermal mass is mixed into the lower one, the 
temperature in the mixture equa ized almost instantly as shown by the negligible 
differences shown by thermocoupl s in Ch 1 to Ch3 at different locations in the resultant 
mixture. Figure 6-2 (b) shows that hen the lower thermal mass is mixed into the higher, 
there is thermal stratification occur; along the height of the resultant mixture as shown by 
the marked difference (stratificati n) in temperature among thermocouples in Ch1 to 
Ch3; thus showing that this m thod of mixing was inefficient for instantaneous 
temperature homogenization in the resultant mixture during mixing. 
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Figure 6-2: Transient temperature distribution during mixing of, (a) warm water 

into cold water and (b) cold water into warm water, as described in Section 5.1.1.1. 
Ch4 shows the temperature of warm water (liquid 1) before mixing. 

The results from this study showed that for a successful CDS process, the higher thermal 
mass should be mixed into the lower thermal mass as was practiced in all the experiments 
in this study. A high rate of homogenization of the thermal field is essential to achieve a 
stable growth of the SIL interface, decrease the undercooling of Alloy 1, facilitate the 
copious nucleation of the primary phase in the mixture and increase the nucleation rate in 
the mixture during the CDS process [104]. 

6.1.3Homogenization of the Density Field 

The results of the previous section showed that the mixing of the higher thermal mass 
into the lower proved to be more efficient. To further understand the homogenization of 
the density field when the two precursor liquids have a difference in density, warm water 
was mixed into milk at room temperature as described in Section 5.1.1.2. The water had 
a lower density than milk. 

Figure 6-3 (a), (b) and (c) show photographs obtained with increasing time of mixing 
when the higher thermal mass was mixed into the lower. These photographs show that 
the solute (milk) homogenization is fairly rapid at all stages of mixing. Figure 6-3 (d), (e) 
and (f) show photographs obtained with increasing time of mixing when the lower 
thermal mass was mixed into the higher; wherein the stratification of the milk at the 
bottom of the resultant mixture could be observed at all stages of mixing and complete 
homogenization could not be achieved even after the end of the mixing process. 
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(d) (e) (f) 

Figure 6-3: photos ofmixingtexperiments ofwarm water into cold milk (a, b, c) 
and cold milk to warm water ( d • e, f). Pouring time is (a) 3s, (b) 40s, (c) 90s, (d) 3 s, 

e) 40s, and (t) 60s. 

These results show that the densildifference between the two precurs.or liquids plays a 
critical role during the mixing pro ss; and mixing the higher thermal mass into the lower 
is critical to obtain a valid CDS rocess with homogeneous solute compositions across 
the resultant casting. 

6.2. MECHANISM OF THE CDS PRdcESS 

The CDS process is aimed to achi 've a cast product of an AI cast or wrought alloy with a 
non-dendritic morphology of the rimary AI phase. Two precursor alloys of specific 
composition and temperature are so chosen ~uch that when the alloy with the higher 
thermal mass is mixed with the lo er thermal mass, a resultant mixture is obtained with 
the desired solute concentration t · be immediately cast into a near net shaped product 
with a casting process which may or may not be pressure assisted. The success of the 
CDS process depends on optimizi g the various process and alloy variables to obtain a 
nearly non-dendritic microstructutf along with the superior properties exhibited by the 
alloy composition and microstructo/e. 

To fully optimize the various proc!s parameters such as composition and temperature of 
the precursor alloys, method and · te of mixing, residence time after mixing and before 
casting and casting parameters co ld be optimized only when an in-depth understanding 
of the events during the various st ges of the process is developed. Various experiments 
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as described in CHAPTER 5 were carried out during the course of this study to achieve 
such an understanding. 

In this section, an elaborate description of the various events occurring in the CDS 
process would be hypothesized along with validation from appropriate experiment 
results. The CDS process could be broadly subdivided into the following stages: 

• Mixing Stage 
• Re-Distribution of Thermal and Solute Fields, and Nucleation 
• Growth of Stable Nuclei 

Figure 6-4 presents a schematic of the thermal data obtained during the CDS process 
starting from the mixing of the alloys during segment AB to the final solidification past 
the point D. 

! ! 
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Figure 6-4: Schematic of the typical thermal profile observed in the CDS process. 
There are three stages starting from the mixing of the alloys during segment AB the 

solidification in segment DE. 

The schematic in Figure 6-4 was obtained from a critical examination of the various 
thermal curves obtained from the experiments described in Table 5-1. The three stages of 
the CDS process described above were derived from the examination of the thermal data 
along with the microstructural analysis. The segment AB (Stage I) denotes the stage of 
mechanically mixing the Alloyl at T1 into Alloy2 at T2 to form a resultant mixture of 
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Alloy3. The segment BCD (Stage ·l·: (a) and (b)) denotes the stage of re-distribution of 
the thermal and solute fields in the esultant mixture and the final nucleation event and 
solidification of Alloy3 takes place and after point D, respectively. 

Figure 6-5 presents typical experim$t data for the CDS2 to CDS5 as described in Table 
5-1 using the experiment set up sho'wn in Figure 5-4; wherein a mass ratio of mr6 and 
mixing rate of 167 gs·1 were adopte ; Figure 6-6 presents typical experiment data for the 
CDS6 to CDS9 as described in Tabl 5-1 ; where in a mass ratio of mr6 and mixing rate 
of 113 g/s were adopted. Figure 6-5 and Figure 6-6 show the location of the points A, B, 
C and D shown in Figure 6-4, deno ing the existence and location of the three stages in 
each experiment condition. The loc tion of point C denotes the near equalization of the 
temperature in the resultant mixture of Alloy3 after mixing. The point A is determined 
by the sharp increase in the initi 1 temperature T 2 of Alloy2 as measured by the 
thermocouple T L in Figure 5-4, th point B is measured by the highest temperature 
recorded by thermocouple T L, the point C is measured by the intersection of the 
temperatures measured by thermoc uples T u and T L in Figure 5-4, and the point D is 
measured by the sharp change in th slope of the time derivative of the temperature T L 

denoting the large final nucleation e ent in the mixture. The existence of the three stages 
in the CDS process was also shown r experiments CDS 1 0 to CDS 14 using a mass ratio 
ofmr3 and mixing rate of 167 gs·1 shovvn in Figure 6-7; wherein the location of point 
C could not be ascertained because the thermocouple Tu (Figure 5-4) was not used in 
experiments CDS 1 0 to CDS 14 for 3. 

78 



640 

-~ 620 
~ 
i3 600 
~ 

"' e s8o 
~ 

560 

680 

128 130 132 134 136 138 140 

Time(s) 

(a) 

1 ...... ~ 1 
D 

... 
144 146 148 150 152 154 

Time(s) 

(c) 

-----·-----·- T 
660 1 

640 

luuuu i~ l G B 
0~ 620 

" ~ 600 ... 
~ 
E 580 ... .. 

;.i f-

560 i .. ... .. ... ... ,.. 
540 

146 148 150 152 154 156 158 

Time(s) 

(b) 

680 ./----------- T1 

660 

0~ 640 .. E s20 ,. 
li;600 
c. 
~580 
f-

560 

540+-~--~~~----~~-~ 
213 214 215 216 217 218 219 220 

Time(s) 

(d) 

Figure 6-5: Typical thermal curves of mr6 and 167gs-1 mixing rate show points 

A,B,C and Din CDS process from experiments shown in Table 5-l: Experiment 
Design with independent parameters and constants for the laboratory CDS 

experiments. Table 5-l. (a)CDS2, (b)CDS3, (c) CDS4 and (d) CDS5. 
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Figure 6-7: Typical thermal curves for mr3 and 167 gs·1 mixing are showing the 
three stages of the CDS process with points A.B and D from experiments shown in 

Table 5-l. (a) CDSlO, (b) CDSll, (c) CDS12, (d) CDS13 and (e) CDS14. 
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The results show in Figure 6-5 to Figure 6-7 validates the existence of the three stages in 
the CDS process as shown in Figure 6-4. The location of the points B, C and D depend 
on the alloy and process parameters such as the mass ratio of the two precursor alloys, 
superheat of Alloy 1 above its liquidus temperature (T 1-T u), the superheat of Alloy2 
above its liquidus temperature (T 2-T L2) and the difference between their respective 
liquidus temperature (T u-T L2). 

The following sub-sections would elaborate on the details of the events in the three stages 
marked by segment AB, BCD and DE in Figure 6-4~ 

· 6.2.1 Mixing Stage- Segment AB 

Alloy 1 was mixed into Alloy2; the nucleation of the primary phase of Al takes place 
from Alloyl. The events taking place during the mixing stage in segment AB are 
presented below: 

Event (1) Start of the mechanical mixing at point A and end around point B. 
Event (2) Heat added to the system from Alloy] (enthalpy of Alloy1) depending on 

the thermal mass of Alloyl. 
Event (3) Nucleation of primary phase of Al takes place from Alloy 1. The enthalpy 

of fusion from the nucleation event would be released into the mixture 
during the mixing process. 

Event (4) Re-distribution of the thermal and solute fields by diffusion/convection 
occurs in the mixture in the macro-scale. 

The mechanical mixing (Event 1) begins at point A and ends around point B as shown in 
Figure 6-4. The Reynolds number, Red as evaluated in Section 5.3.1 was in excess of 
4000 for both the mixing rate experiments of 167 gs-1 and 113 gs-1; showing that the 
mechanical mixing process was quite turbulent. The time taken to completely pour 
Alloy1 into Alloy2 was nearly constant for all experiments at a specific mixing rate. For 
the rate of 167 gs-1 of mixing, the average time of mixing was 1. 7s and that for the 113 
gs-1 of mixing was 2.6s. Figure 6-8 (a) and (b) shows the temperature of point B, T8 , as a 
function of the superheat of Alloy 1 over its liquidus temperature (T 1-T u) for a mixing 
rate of 167 gs-1 and 113 gs-1, respectively; wherein it could be observed that the location 
of point B depends on the superheat of Alloyl. 
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Figure 6-8: Temperature at point B, T 8 , as a function of superheat of Alloyl 
above its liquidus temperature (Tt-Tu); for the various experiments shown in Table 

5-1. (a) CDSl to CDS5 with mr6 and mixing rate of 167 gs·1 and (b) CDS6 to CDS9 
with mr~ and mixing rate of 113 gs·1• Also, shown are the liquidus temperatures T u 

and T u, and the 95% confidence interval for the data. 

The value ofT 8 depends on four parameters: time of mixing Alloy! into Alloy2, heat 
added into the resultant mixture from the enthalpy of Alloy!, heat added to the mixture 
by the heat of fusion resulting from the nucleation events of primary Al during mixing 
and heat loss to the environment from the resultant mixture, The time of mixing of 
Alloy 1 into Alloy2 is fairly constant for a specific mixing rate and the heat loss to the 
environment could be assumed as nearly constant since the amount of the resultant alloy 
is fairly constant for all the experiments in Table 5-1 and the ambient temperature was 
nearly constant as well. Hence,the variation in the value ofT8 would primarily be due to 
the variation in the heat added to the mixture during mixing 'from the enthalpy of Alloy! 
and the nucleation reaction, alike. If there were no nucleation events of the primary Al 
phase from Alloy 1 in the resultant mixture during the segment AB, then the higher initial 
temperatures of Alloy!, T1 would have higher enthalpy values; hence, T8 should increase 
with higher values ofT1 (higher enthalpy of Alloy!). If there are nucleation events in the 
resultant mixture during mixing, then enthalpy of fusion would be released into the 
mixture from these events and thereby increase the heat content of the mixture, thereby, 
increasing the value of T 8 . The higher the number of nucleation events, the higher 
would be T 8 ; and the amount of nucleation events would increase when the temperature 
T1 decreases for a constant value of T2 because the lower superheat of Alloy! would 
result in a higher number of nucleation events for the same rate of heat extraction by 
Alloy2 during mixing. In Figure 6-8(a) for the higher mixing rate, the value of T s 
decreases between the superheat temperatures of 2 and 5 oc because of the copious 
nucleation events at the lower superheat adding heat of fusion to the mixture to result in a 
higher value ofT B· After the superheat of 5 °C, the value ofT 8 steadily increases due to 
the high enthalpy of Aloyl with increasing superheat temperatures and nominal 
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nucleation events. In Figure 6-8(b ), the smaller funnel diameter to effect a lower mixing 
rate of the alloys prevented use of superheat temperature Alloy 1 lesser than 7 °C due to 
the higher surface tension and viscous forces preventing the melt of Alloy1 to flow 
through the small orifice of the funnel. Hence, the initial decrease in T 8 , as observed in 
Figure 6-8(a) could not be recorded. However, the lower mixing rate also shows a steady 
increase in the value ofT 8 with increasing superheat temperatures of Alloy1. If there 
were no nucleation events in segment AB, T B would show a direct proportionality with 
respect to (T u - T 1), and would not show an initial inverse proportionality as observed in 
Figure 6-8(a). A similar trend of proportionality between Ts and (Tu- T1) was observed 
for the mass ratio rnr3 as well. Figure 6-9 shows the typical thermal curve during the 
CDS process for experiments CDS 1 to CDS5 (Table 5-1); where the trend shown for T B 

in Figure 6-8 (a) could be visually observed and further, the temperature after point B (as 
shown by the magnified section of the thermal curve in Figure 6-9) is highest for CDS 1 
(lowest T 1) and progressively decreases as T 1 increases from CDS2 to CDS5 showing 
that the recalescence from the release of the enthalpy of fusion is highest in CDS 1 with 
lowest T1 and continuously increases with increasing T1 between CDS2 and CDS5. In 
Figure 6-10 shows the same thermal curve shown in Figure 6-9 except that the magnified 
section is on events prior to point B to show that the rate of temperature increase is lower 
for lower superheat of Alloy 1 (T 1-T u), because of the larger enthalpy of fusion released 
from the increased nucleation events at lower alloy superheat temperatures . 
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Figure 6-9: Thermal data of CDS experiments for mr6 at a mixing rate of 167 gs·1• 
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Figure 6-10 Typical thermal data of CDS process experiments involved in Table 5-l 
ofmr6 at various T1 and mixhig rate of 167 gs·•. 

The above-mentioned discussion along with the results shown in Figure 6-8 and Figure 
6-9 provide the evidence of copious nucleation events occurring during the mixing 
process shown by segment AB in Figure 6-4. However, there are three alloys playing an 
active role during process: Alloy 1, Alloy2 and Alloy3; and the source of the primary AI 
phase nucleating during mixing would have to be from one of these sources. The thermal 
data from the laboratory CDS experiments described in Section 5.1.2.1 along with 
samples from the rapid interrupted quenching experiments with the ribbon casting 
equipment as described Section 5.2.1, were analyzed to determine the source of the 
primary AI nucleation during mixing. 

Figure 6-11 shows a plot developed from the thermal data for the experiments CDS 1 to 
CDS5 and the instantaneous rate of mixing during each experiment. The instantaneous 
rate of mixing was evaluated during the mixing process from the start at point A to the 
end at point B; and a plot between the changes in the Cu concentration in the resultant 
mixture as a function of time of mixing was generated. This plot was compared to the 
thermal data between temperature and time of mixing and a new plot between Cu 
concentration and temperature was generated as show in Figure 6-11. 
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Figure 6-11 The thermal data of CDS experiments superimposed on the rate of 
change of Cu concentration and instantaneous liquidus temperature of the mixture. 

An additional abscissa was added to Figure 6-11 to illustrate the changes in mass ratio as 
a function of temperature, as well. In Figure 6-11, the temperature data between the start 
of mixing at point A and the end of mixing at point B is shown for the various values of 
T 1; and during any stage of the mixing process the temperature of the resultant mixture is 
lower than the liquidus temperature of Alloy 1, T u and higher than that for Alloy3, T u. 
Further, during the mixing process, the Cu concentration does not equalize in the melt 
and stream of Alloy1 would be broken into smaller drops in the resultant mixture as 
would be validated by results subsequently in this section. These drops of Alloy1 would 
reside in an significantly undercooled environment at all times effecting in the nucleation 
of the primary AI phase from the distributed drops of Alloy1 in the resultant mixture [24]. 
The mixture temperature at any stage of mixing in Figure 6-11 is higher than the liquidus 
temperature of Alloy2, T L2 and hence, there would not be any nucleation of the primary 
phase from Alloy2. Similarly, there would not be any nucleation from Alloy3 as well 
because the Cu (solute) of the resultant mixtirre would not have equalized to obtain a 
homogeneous Alloy3 and further, the mixture temperature is higher than T u at all stages 
of the mixing process. Since, the phase diagram of the Al-Cu system is simple binary as 
shown in Figure 5-2 between 0 and about 50 wt% Cu, the only nucleation phase in any 
Cu concentration in this range would be that of the primary AI phase at the respective 
liquidus temperature. 
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To further validate that the nucleation of the primary AI phase during mixing takes place 
from Alloy1, the samples from the interrupted rapid quenching experiments with the 
ribbon casting equipment described in Section 5.2.1 and Table 5-2 were analyzed. 

Figure 6-12 shows typical low magnification microstructure of the surface of the 
quenched ribbons for the various experiments shown in Table 5-2: CDSQ1 to CDSQ10; 
and CONVQ1 and CCONVQ2. All the samples quenched after the initial mixing in the 
CDS process: CDSQ1 to CDSQ10 showed distinct nucleation of the primary AI phase as 
exhibited by the existence of blocky particles of AI in the microstructure. In samples 
quenched from a conventional Al-4.7 wt% Cu alloy maintained at a 5 oc above the 
liquidus temperature (G;ONVQ1 and CONVQ2) did not show any evidence of such 
blocky AI phase particle showing the absence of a significant nucleation and growth 
event prior to the quenching or during the quenching process. Further, the results of 
CONVQ1 and CONVQ2 in Figure 6-12 also confirm that the nucleation and growth of 
any primary phase during quenching is not evident and hence, it would be assumed with 
reasonable confidence that the nucleation and growth of primary AI phase show in 
samples from CDSQ 1 to CDSQ 10 occurred prior to quenching during the mixing stage. 

(c) (d) 
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(e) (f) 

(g) (h) 

(i) 
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(k) . (1) 

Figure 6-12 Typical low magnification microstructure obtained from the surface of 

the rapid quench ribbon (Table 5-2) from an optical stereo microscope. (a) CDSQl 
(mr6), (b) CDSQ2 (mr6), (c) CDSQ3(mr3), (d). CDSQ4 (mr3) (e) CDSQS (mr6), (f), 

(g) CDSQ6 (mr6), (h) CDSQ7 (mr6), (i) CDSQ8 (mr3), (j) CDSQ9 (mr3), (k) 
CDSQlO (mr3) CONVQl (mr6), (I) CONVQ2 (mr3). The arrows in the 

microstructure show the blocky AI phase particle; and the blocky dark and rugged 
particles are the loose bakelite used in sample mounting compQund. 

Further, Figure 6-13(a) and (b) show the microstructure of typical blocky AI phase 
particle that nucleated and grew during the mixing stage as shown in Figure 6-1 2, for the 
samples from the CDSQ1 - and CDSQ3 show in Table 5-2, respectively. The 
microstructures in Figure 6-13 are the bright field secondary electron images obtained in 
a SEM and the Figure 6-13 (c) and (d) show the line scan profile obtained using energy 
dispersive x-ray analysis for the lines drawn across the microstructure in Figure 6-13 (a) 
and (b), respectively. The composition of Cu at any location in the blocky AI phase 
particle is nearly zero, thus, confirming that these phase particles nucleated from the 
Alloyl. Ifthey were to nucleate from Alloy2 or Alloy3, there would be a segregation of 
Cu across the primary AI phase and the average composition would reflect the respective 
Cu concentration as dictated by the phase diagram. 
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Figure 6-13 Typical secondary electron images taken in an SEM and typical line
scan data of solute (Cu) concentration taken across the primary nucleated phase. (a) 

SEM image for CDSQl (mr6), (b) SEM image for CDSQ3 (mr3), (c) Cu 
concentration for CDSQl and (d) Cu concentration for CDSQ3. 

The results shown in Figure 6-8 to Figure 6-13 validates the claim that the primary Al 
phase from Alloy I undergoes copious nucleation during the mixing stage between points 
A and B in Figure 6-4. 

In above-mentioned discussion, it was mentioned that the stream of Alloy! mixing with 
Alloy2 would breakdown and distribute as several smaller drops of Alloyl in the 
resultant mixture causing the favorable environment for copious nucleation of the 
primary Al phase from Alloy!. The results of experiments with water (with blue ink) 
mixing with water and the numerical simulations to understand the transient density 
distribution during mixing were analyzed to arrive at this conclusion. 
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Figure 6-14 shows two snapshot photographs obtained from the digital video recording 
obtained during the mixing of water with blue ink poured through a funnel at about 167 
gs·1 into a beaker with water as described.in Section 5.1.1.1 . . This figure shows the break
up of the stream of water with ink (shown by circles. in Figure 6-14) as it enters the 
resultant mixtUre and the distribution of the broken phase in the resultant mixture. 

(a) (b) 

Figure 6-14 Snapshot photographs taken during the mixing of Water with blue 
ink with water to show the progressive break-up of the stream of water with blue 

ink in the resultant mixture. (a) after 0.7s and (b) after 1.3s. 

Figure 6-15 shows the snapshot images (after 0.2, 0.5, 1 and 1.5 s into the mixing process 
and around point B at 2.4s of transient density distribution obtained from the numerical 
simulations described in Section 5.3 .1. The setup of the simulation mirrored that of the 
laboratory CDS experiment, CDS1 (Table 5-1) shown in Figure 6-9, to ensure a valid 
interpretation of the results. Figure 6-15 show that the stream of Alloy1 instantaneously 
effects a marked gradient in the density distribution of the resultant mixture showing that 
the stream would have to break down to re-distribute in the mixture throughout the 
mixing process. Further, Figure 6-15 (e) shows that there is a significant density gradient 
between 2.375 glee (pure Al) and 2.464 glee (Al- 5.15 wt% Cu) in the resultant mixture 
at around point B suggesting that the thermal and solute fields do not homogenize at the 
end of the mixing stage denoted by AB in Figure 6-4. 

The results and analysis of Figure 6-14 and Figure 6-15 show that, during the mixing 
process, the stream of Alloy1 would break-up and distribute as separate packets of liquid 
in the resultant mixture at a significantly undercooled temperature with respect to T u, 
resulting in a favourable environment for the copious nucleation of the primary Al phase 
from Alloy1 during mixing. 
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(a) (b) (c) 

(d) (e) 

Figure 6-15; Snapshot images of transient density distribution obtained from the 

numerical simulation experiments described in Section 5.3.1 to show that the stream 
of Alloy1 would break-up during the mixing process. (a) to (d) after 0.2, 0.5, 1, 1.5 s 

of mixing, respectively, (e) around point B for CDS 1 at 2.4 s. 

There were two mixing rates of 167 gs-1 and 113 gs-1 adopted in the laboratory CDS 
experiments described in Section 5.1.2.1 and Table 5-1. The extent of break-up of the 
stream of Alloy 1 mixing into Alloy2 would depend on the rate of mixing and a greater 
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break-up of the stream ofAlloy1 would result in a higher number ·and distribution of the 
packets of liquid of Alloy1 in the resultant mixture, resulting in a higher number of 
nucleation events which is more favorable for a successful CDS process. The Weber 
number, Nwe is described as the ratio between the inertial forces to the surface tension of 
the liquid [118]; and this number described the propensity of the break-up of a flowing 
stream into packets of liquid. The higher the value ofNwe, the higher is the propensity of 
break-up ofthe stream. Equation 6-1 presents the equation to evaluate Nwe; wherein p, L, 
u and cr are the bulk liquid density, characteristic length, velocity of the stream and 
surface tension of the liquid, respectively. The characteristic length is the diameter of the 
stream 

Equation 6-1 

p L u2 
Nwe=-

cr 

Table 6-1 shows the values of Nwe for the two mixing rates; wherein Nwe is marked!( 
greater for the lower mixing rate of 113 g.s-1 than that for the higher rate of 167 g.s· . 
These results suggest that the stream of Alloy1 mixed with a lower mixing rate would 
break-down more than that with the higher mixing rate and result in higher number and 
distribution of packets of Alloy 1 in the resultant mixture there by effecting higher 
number of nucleation events during mixing in the CDS process with the lower mixing 
rate. 

Table 6-1: 

Alloy 

Alloy1 
(Pure AI) 

Weber number, Nwe evaluated for the Alloy1 (pure AI) for two rate of 
mixing (167 and 113 gs"1). 

L(m) 

2375[111] 0.868[22] f 

If the preceding argument of higher number of nucleation events for a slower mixing rate 
is valid then there would be a larger amount of enthalpy of fusion released during the 
mixing process in the lower mixing rate condition. Figure 6-16 (a) to (c) shows the 
typical thermal data obtained from the laboratory CDS experiments shown in Table 5-1 
of Section 5.1.2.1; wherein the individual plots compare the thermal data in the segment 
AB for the two respective rates of mixing for experiments with mr6. Figure 6-16 (d) 
shows the plot of the time taken for segment AB, tAB as a function of the superheat 
temperature of Alloy1, (T1-Tu}, similar to that shown in Figure 6~8. For a given value of 
T1, T2 and mass ratio of the CDS process, the value of tAB is higher for the lower rate of 
mixing of 113 g.s-1 as compared to the higher rate of 167 g.s-1, showing that the increased 
amount of the enthalpy of fusion released from the higher number of nucleation events in 

93 



the case of the lower mixing rate resulted in the higher value of tAB. In Figure 6-16 (a) to 
(c) the lower rate of increase in temperature between points A and B for the lower rate of 
mixing shows that there is more heat added (enthalpy of fusion) to the mixture from the 
higher number of nucleation events. 
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Figure 6-16: Typical thermal curve from the laboratory CDS experiments in Table 

5-1 of Section 5.1.2.1 for a mass ratio of mr6 to compare the effect ofthe two rates of 
mixing. (a) CDS1 vs CDS6, (b) CDS4 vs CDS7, (c) CDS5 vs CDS8 and (d) plot of tAB 

as a function of superheat temperature of Alloy1, (T1-Tu) from (a) to (c). 

The results presented in this section on the events occurring during the mixing stage 
shown by segment AB in Figure 6-4 of the CDS process could be summarized as follow: 

• Nucleation event takes place in the resultant mixture. 
• The primary AI phase from Alloyl nucleates in the mixture. 
• Absence of homogenization of the thermal and solute fields. 
• Increased number of nucleation events at the lower mixing rate. 
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6.2.2 Re-Distribution of Thermal and Solute Fields, and Nucleation - Segment BCD 

In the CDS process, the thermal and solute fields at the end of the mixing stage (point B) 
results in a unique and favorable re-distribution of these fields in the segment BCD in 
Figure 6-4 and sets the stage for the solidification of Alloy3 with a non-dendritic 
morphology of the primary phase. . In this section, the unique re-distribution of the 
thermal and solute fields would be presented, discussed and validated with experiment 
results. 

The following five events occur in the resultant mixture of Alloy3 in the segment BCD of 
Figure 6-4, the events have been numbered continuously from the events during the 
mixing stage described in Section 6.2.2. The Event 4 in the mixing stage continues on 
into segment BCD and hence this event is listed again in this section as the first event. 

Event ( 4) Re-distribution of thermal and solute fields in the macro-scale 
Event (5) Formation of cells in the micro-scale with lower Cu concentration on the 

middle of the cell and higher Cu concentration in the cell boundaries. 
Event (6) Re-distribution of thermal and solute fields inside cells in micro-scale. 
Event (7) Nucleation of primary AI phase inside cells. 
Event (8) Final nucleation event at point D from the pockets of liquids with nearly 

homogeneous Cu concentration. 

The following sub-section would describe the above-mentioned events in greater detail. 

6.2.2.1 Redistribution of Thermal and Solute Fields in Macro-Scale 

This stage (Segment BCD) has been designated as stage II in Figure 6-4; wherein there
distribution of the thermal field would be nearly complete in stage Ila (Segment BC) and 
that of the solute field in stage Ila and lib combined (Segment BC and CD). 

The temperature filed would re-distribute at a faster rate than the solute field due to the 
significantly higher value of the thermal diffusivity as compared to the diffusivity of the 
solute mass. The temperature field in the resultant mixture would equalize at some point 
between the points B and D; and denoted as point C in Figure 6-4. The location of point 
C is not very critical for a successful CDS process and it is satisfactory as long as it exists 
between points B and D. The location of point C depends on a number of independent 
parameters such as the initial mass ratio of mixing, rate of mixing, geometry of the 
crucible in which the alloys are mixed, initial temperatures of the precursor alloys. It is 
noteworthy to mention that the temperature field inside the resultant mixture of Alloy3 at 
around point B (end of mixing stage) is such that the temperature at the bottom is higher 
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than that in the top as observed in Figure 6-5 and Figure 6-6. Figure 6-17 shows the 
typical thermal curves for the laboratory CDS experiments with mr6: CDS2 to CDS5 
(Table 5-l ). In Figure 6-17, it can be observed that the temperature of point C decreases 
with decreasing superheat temperatures of Alloy! (T1); in other words, the location of 
point C moves away from point B and towards point D as T 1 decreases because the 
equalization temperature between the two thermocouples measuring the temperature at 
the bottom and top of the mixture would be higher for higher initial difference in the 
temperatures of the precursor alloys. 
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Figure 6-17 Typical thermal curves for laboratory CDS experiments of mr6 with a 
mixing rate of 167 gs·1 showing the effect ofT 1 for Alloy1 on the equalization of 

temperature between points Band C. (a) T1 = 665 °C, (b) Tt = 670 °C, (c) Tt = 675 
°C and (d) T1 = 683 °C. 

The solute field would take longer to equalize in the mixture and typically the 
equalization ofthe solute field would take place near point D. 
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Figure 6-18 represents an image of the 2D simulation quantified by flow 3D software 
showing, that between point B and C, the density at the bottom of the mixture is lower 
than that at the top. Figure 6-18 (a) and (b) are snapshot images taken after 2.8 sand 3.3 s 
from the start of the mixing process, respectively; the point B was around 2.4 s. The 
density gradient of the solute after 2.8 s, as shown by Figure 6-18 (a), is between 2.394 
and 2.4529 glee which is equivalent to a solute gradient of 1.15 and 4.7 wt% Cu, 
respectively. This is less than the gradient ob~erved at point B of between 0 and 5.15 
wt% Cu as shown in Figure 6-15 (e) 

The Cu concentrates at the top of the mixture and gradually distributes toward the 
bottom. Thus one could predict from the figure that the temperature at the bottom of the 
crucible would be greater than that at the top since an alloy at lower Cu concentration 
settles at the bottom. The density distribution after mixing also suggests that the largest 
amount of nucleation event occurs at the bottom and lowest at the top with a continuous 
gradient of nucleation event form the bottom to the top. It follows that; the enthalpy of 
fusion released would be highest at the bottom and lowest at the top with a continuous 
gradient of release from the bottom to the top. These results confirm the results deduced 
from the thermal data shown in Figure 6-9and Figure 6-10 . . 

(a) (b) 

Figure 6-18 Transient density distribution from the numerical simulation of the 
mixing of Alloyl into Alloy2 in the CDS process after ending of mixing. (a) after 2.8s 

of mixing and (b) after 3.3s. The visual scale for quantified macroscopic density 
(glee) is presented as well. 
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6.2.2.2 Formation of Cells in the Micro-Scale 

During the residence time in Segment BCD shown in Figure 6-4, cells in the micro-scale 
fonp. inside the resultant mixture of Alloy3 and these cells are akin to the Bernard cells 
and described in Section 4.3. The cells form due to the difference in the density, 
temperature and surface tension between Alloyl and Alloy2. The Alloyl predominantly 
form the inside of the cells and Alloy2 forms the boundary. 

The results from the interrupted rapid quenching experiments of the ribbon casting 
equipment as described in Section 5.2.1 ~d Table 5-2 showed ample evidence to support 
the proposal of cell formation. Typical there are three distinctly unique areas in the 
microstructure of samples quenched from a location in segment BCD; namely, Areal, 
Area2 and Area3. Figure 6-19 show typical microstructure of samples obtained with an 
optical microscope from the interrupted rapid quenching experiments described in 
Section 5.2.1 and Table 5-2 for CDSQl cp1d CDSQ3 experiments showing the three areas 
in the microstructure. The Areal is the Hrrge phase of primary Al phase nucleated during 
the mixing stage as described in Section'6.2.1 , Area2 is composed ofthe cells formed in 
Segment BCD which are akin to the Be111ard cells as described in Section 4.3 and Area 3 
forms at the later stages of segment BCD when small pockets of liquid with 
homogeneous Cu concentration form. 
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(a) (b) 

(c) (d) 

Figure 6-19: Typical optical micrographs showing the three typical and unique 

areas in the microstructure of samples quenching the segment BCD of Figure 6-4; 
namely, Areal, Area2 and Area3. (a) and (b) CDSQl; and (c) and (d)CDSQ3. 

In this section, the Area2 and Area3 Would be presented and discussed in greater detail. 

When Alloy 1 with a higher thermal mass and lower density mix with Alloy2 with a lower 
thermal mass and higher density, an analysis of the Peclet Number, NPe would broadly 
define the re-distribution of both the thermal and solute fields in the resultant mixture. 
The expressions for Npe for the thermal and solute fields are presented in Equation 6-2 (a) 
and (b), respectively; and defined by the ratio of the rate of advection of a physical 
quantity by the flow to the rate of diffusion of the same quantity driven by an appropriate 
gradient. In other words, if the value of Npe is high (> > 1 ), then the mixing process is 
dominated by the rate of advection; wherein the temperature or solute mass would move 
in the mixture along with the flow of the matrix material and result in a blended mixture 
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with would not be fully homogenized in the micro-scale. Conversely, if the value is 
small (S1) then the mixing process WO'!lld be mixed and homogenized in the micro-scale 
because the diffusion of temperature wid/or solute mass due to the gradient would occur 
simultaneously with the diffusion phenomenon. 

J!1quation 6-2 

Npe 
Lu 

a 
(a) 

Npe 
Lu 

D 
(b) 

presents the evaluated values of the Npe for both the thermal and solute fields for the 
I . 

laboratory CDS experiment with the two respective mixing rates adopted; wherein the 
former is in the order of 102 and the lhtter 106 (Table 6-2). Both the values of thermal 
and solute Peclet numbers are high sugkesting that the mixture would blend in the macro
scale with marked gradients in temperature and solute mass in the micro-scale. Hence, a 
temperatures measured by the two cth~rmocouples in the laboratory CDS e·xperiments 
shown in Figure 5-4 would measure an' equalized temperature at around point C in Figure 

I . 

6-4 but there would be a significant gr~dient in the temperature in the micro-scale such as 
the centre and the boundaries of the cells that form the Area2 in Figure 6-19. Similarly, 
the numerical simulation results for density distribution show a nearly equalized solute 
concentration in the bulk mixture but there would be a significant gradient of the solute 
concentration between the boundary and centre of the cells (micro-scale) forming Area2 
in Figure 6-19. 

Table 6-2 Peclet number for thermal and solute diffusion at beginning of mixing 

Mixing 
L p u 

Rate (m) (Kg/m3) (m/s) CNrehhermal (Nre)Solute 

(Kg/s) 
0.167 0.009 2375 1.1 355 1.85E+06 
0.113 0.006 2375 1.68 365 2.97E+06 

The preceding results and discussion on the Peclet Number in the CDS process suggests 
that at the end of the mixing stage (po~nt B), the temperature and solute fields would be 
nearly blended in the entire resultant mixture of Alloy3, however, there would exist 
significant gradients of temperature ~d solute in the micro-scale in the cells forming 
Area2 of the microstructure. 
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As described in Section 6.2.2, the cells that form Area2 in Figure 6-19 is such that the 
alloy with the lower surface tension forms the body of the cell and that with the higher 
surface tension would form the Qell boundaries. Figure 6-20 shows that Alloy1 (pure AI) 
with a lower surface tension and form the bulk of the cells in Area2 and Alloy2 (Al-
33Cu) with a higher surface tension would form the cell boundaries. 

The individual cells in Area2 form with a large gradient of Cu concentration from the 
boundaries to the centre of the cell. This would result the re-distribution of the Cu solute 
with each cell driven by natural convection in the liquid and diffusion of the mass. The 
contribution to solute re-distribution by natural convection would be significantly higher 
than that by the diffusion mechanism because of the significantly large temperature 
(density) gradient between the cell boundary and centre, as well. Figure 6-21 shows line 
scan data of Cu concentration obtained from the energy dispersive x-ray analysis carried 
out in an SEM ·for several individual cells in Area2 for several cell sizes in samples 
obtained from the experiments CDSQ1 to CDSQ10 shown in Table 5-2. The abscissa for 
plots in Figure 6-21 were in dimensionless distance with the respective cell sizes in the 
legends to enable better visual comparison of the data with each cell. Figure 6-21 shows 
that the average composition of Cu inside the cells do not depend on the cell size for each 
experiment condition because the re-distribution of the Cu mass inside the cells are 
controlled by the natural convection rather than the mass diffusion process and hence, the 
size of the cell do not affect the re-distribution since the Cu mass is carried by advection 
throughout the entire cell resulting in a near uniform concentration in the bulk of the cell 
for each experiment condition. Further, there is difference in the Cu concentration on the 
boundaries of the cell for various cell sizes in each experiment condition, independently 
because of two reasons: the thickness of the boundary of alloy with higher Cu content 
during the formation of the cell would vary and the mass conservation would typically 
dictate the smaller cells would generally have a higher Cu content at the boundaries if the 
Cu in the centre bulk were to be the same. 
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Figure 6-20 Plot of Surface tensio~ as a function of Cu concentration for the Al
Cu binary alloy [22]. 
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Figure 6-21: Line scan data of Cu concentration from energy dispersive x-ray 
analysis in an SEM for random lines drawn across individual cells (various size) in 

Area2 in samples from the various experiments shown in Table 5-2. (a) to (j) 
CDSQl to CDSQlO, respectively. The abscissa in the plots were dimensionless 

distances to enable visual comparison of data. 

The size of the cells in Area2 would depend on the initial mass ratio in the CDS process. 
Figure 6-22 (a) shows the quantified data for the cell size as a function of the initial mass 
ratios for experiments in Table 5-2; wherein the average cell size increases with 
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increasing mass ratio because at lower mass ratios, the amount of Alloy2 with the higher 
surface tension is higher causing the evolution of smaller cells with a larger gradient of 
Cu concentration within them. Figure 6-22 (b) to (d) shows the typical microstructure 
obtained from optical microscope for the samples with mr3, mr4.5 and mr6, respectively, 
showing an increasing cell size in Area2 with increasing mass ratio. The size of the cell 
in Area2 and the resultant difference in the gradient of Cu concentration within them 
would significantly affect the nucleation and solidification inside the cells and the 
resultant microstructure of the CDS process; further, this would also influence the 
optimization of the parameters as would be discussed in subsequent sections of this 
chapter. 
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Figure 6-22: Quantified size of cells forming Area2 in samples from the three 
different initial mass ratios and a constant T1 of 669 °C for experiments shown in 

Table 5-2. (a) average data with 95% confidence intervals, (b) mr3 (CDSQ9), (c) 
mr4.3 (CDSQll) and (d) mr6 (CDSQ6). 

104 



Figure 6-23 shows the profile of the Cu concentration within the cells obtained from the 
line scan data in the SEM showing the higher gradient of Cu concentration inside the cell 
for the lower mass ratio of mr3 for cell with the same size in each of the two mass ratios. 
Also, the figure shows that with increasing time the gradient of Cu concentration 
decreases with the cell but the difference in the gradient still exists for the two different 
mass ratios because of the higher amount of irtitial Cu at the cell boundaries in the case of 
lower initial mass ratio, mr3. 
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Figure 6-23: Typical profile of Cu concentration with a cell for the two mass ratios, 
mr6 and mr6 showing that the gradient of Cu concentration is higher in the higher 
mass ration for the same size of the cells in eacli mass ratio. (a) quenched after 2 s 

and (b) quenched after 3.3 s 

Numerical simulations were carried out to better understand the re-distribution of the 
thermal and solute fields inside the cells forming the Area2 in the samples obtained from 
the interrupted rapid quenching experiments. Further, these simulations enabled a better 
understanding of the nucleation event inside these cells that would lead to the 
solidification of the same. 

Since, incorporating the natural convection phenomenon in the numerical simulations 
would be a tedious and time consuming process, it was perceived to be beyond the scope 
of this project and hence only the thermal and solute mass diffusion processes were 
modeled inside the cells. The results may not accurately reflect the phenomena of re
distribution of the thermal and solute fields inside the cells, but would present a better 
understanding of the interplay between these fields in the cell to effect a nucleation 
process and enable the prediction of the same to propose a strong hypothesis of the 
solidification phenomenon inside the cells forming the Area2. 
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Figure 6-24 shows a comparison of the Cu concentration inside the cells forming Area2 
in the microstructure of samples from the rapid interrupted quenching experiments in 
Table 5-2 with those obtained in the numerical simulations experiments shown in Table 
5-4. Figure 6-24 (a) and (b) were from the NSl with CDSQ6 and NS2 with CDSQ7 
experiments, respectively, with a mass ratio ofmr6 and a quenching time (tquench) of2 and 
3.3 s, respectively. Figure 6-24 (c) and (d) were from the NS3 with CDSQ9 and NS4 
with CDSQ 10 experiments, respectively, with a mass ratio of mr3 and a quenching time 
(tquench) of 2.3 and 3.3 s, respectively. ' The images from an SEM of the actual cells 
obtained from the respective experiments used for the validation are shown in Figure 
6-24. The profile obtained in the numerical simulations match well with that from the 
experiment data, further, the Cu concentration at the centre of cells is under predicted by 
the simulation because of the additional .effect of advection caused by natural convection 
the cells enabling a higher build of Cu in these regions. Since diffusion is the only 
transport phenomenon in the simulatiop, the solute gradients are higher in the same 
compared to the experiment results which have a high advection. Since the size of these 
cells are between 6 and 9 Jlm, the kinetics of the diffusion process is also pronounced and 
results in a significant re-distribution of solute inside these cells in a short period of time 
as shown in Figure 6-24. 

Figure 6-24 shows that the numerical model is valid and that our understanding of the 
formation of the cells in Area2 of the miprostructure (Figure 6-19) and the subsequent re
distribution of the thermal and solute ' fields inside these individual cells are valid. 
Further simulations of the numerical model were carried out for a specific cell size 
(section 5.3.2) for two mass rations of mr6 and mr3 and three initial temperatures of 
Alloyl (T1) for each of the mass ratios to better understand the interplay between the 
transient re-distribution of the thermal and solute fields inside the cells. 
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Figure 6-24: 'Comparison of the profiles ofCu (solute) concentration inside the 
cells forming Area2 obtained from the numerical simulations experiments shown in 

Table 5-4 of Section ~.3.2 and line scan data on samples from the interrupted 

quenching experiments shown in Table 5-2 of Section 5.2.1. The boundary and 
initial conditions from specific cells obtained from experiments were used for the 
numerical simulations to enable validation of the same. The SEM image of the 

specific cells used for each experiment is shown along with the respective Cu 
concentration profiles. (a) NSl and CDSQ6 (mr6 and tquench = 2s), (b) NS2 and 

CDSQ7 (mr6 and tquench = 3.3s), (c) NS 3 and CDSQ9 (mr3 and tquench = 2.3s), (b) NS 
4 and CDSQlO {mr6 and tquench = 3.5s). 

Figure 6-25 shows the result ofthe numerical simulations showing the thermal and solute 
re-distribution inside a typical cell of about 12 J-lm size from the Area2 of a CDS process 
with mr6. Figure 6-25 (a) to (1) shows the results of various conditions such as two levels 
of mass ratio and three levels of T 1 for two time periods of simulations wherein the two 
time periods of simulation were identical for all the respective experiment condition. The 
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shaded regions in Figure 6-25 (a) to (I) represent the region of undercooling of the liquid 
temperature below the respective liquidus temperature. The set-up, description and 
procedure of the simulation process were presented in Section 5.3.2.1 . For experiments 
with mr6 in Figure 6-25 (a) to (f), the diffusion of mass and temperature is such that for 

. I 

the lower value of T 1 = 665 °C, certain regions in the cell would perpetually present a 
distinct undercooling in the liquid below the instantaneous transient liquidus temperature 
as shown in Figure 6-25 (a) and (b), which would lead to a highly favourable situation for 
a nucleation event in the cell. Further in Figure 6-25 (a) and (b), the amount of liquid 
with an undercooling below the liquidus temperature increases with time spent in the 
Segment BCD. Figure 6-25 (c) and (d) , shows the profiles for T1 = 670 °C wherein the 
extent of undercooling for a part of the liquid inside the cell is less than that in the case of 
T1=665 oc and further, as the time progresses, the undercooling in temperature decrease 
presenting a less favourable environment for the nucleation of a solid phase. Figure 6-25 

I 

(e) and (f) shows the profiles for T1 = 6~0 °C wherein the undercooling below the 
liquidus temperature decreases with time in all parts of the cell and with longer time, the 
actual temperature becomes greater than the liquidus temperature presented an 
unfavourable environment for any nucleation event. Figure 6-25 (a) to (f) shows that for 
mr6, the superheat of Alloy! (T1) would1have to be maintained at a low value to enable a 
favourable environment for nucleation inside the cells forming Area2 and higher 
superheat temperature would result in homogenization of the thermal and solute fields 
inside the cells in Area2 prior to any nucleation event and result in a solidification 
(dendritic primary phase morphology) similar to that observed in a conventional casting 
process with a homogeneous alloy composition , thus defeating the purpose of the CDS 
process. Figure 6-25 (g) and (h) shows the profiles within the cells for experiments with 
mr3 and T I = 665 °C; wherein a significant undercooling below the respective liquidus 
temperature maintained for a significant portion of liquid inside the cell at both the times 
of simulation suggesting that a highly fflvourable for nucleation exists with the cells in 
Area2 for the nucleation event of a solid phase. In Figure 6-25 (i) and (j), for mr3 and T1 

= 670 °C, the extent of undercooling below the respective liquidus temperature is less 
than that observed for T 1 = 665 in Figure 6-25 (g) and (h), but a reasonable favourable 
environment for the nucleation event still exists within the cells. Further in Figure 6-25 
(k) and (1), with mr3 and T1 = 680 °C, the extent of undercooling further reduces to 
almost being non-existent resulting in a non-possibility of a nucleation event of a solid 
phase. Comparing the extent of undercooling below the liquidus temperature for the two 
cases of mr6 (Figure 6-25 (a) to (f)) and mr3 (Figure 6-25 (g) to (1)), once could observe 
that the mr3 conditions present a more favourable environment of nucleation event of a 
solid phase than the mr6 condition and further, a larger range of initial temperature of 
Alloyl (T1) would be permissible with the lower mass ratio to enable a viable CDS 
process and this would prove useful in a commercial casting environment. However, the 
volume of liquid with the favourable undercooling for nucleation would have. a higher 
concentration of Cu in the case of mr3 than in mr6 experiments as observed in Figure . 
6-25 and it shall be further explained in the next section on the growth of these nuclei, 
that the lower mass ratio presents a less favourable environment for the continued stable 
growth of the solid/liquid interface which is required to attain a more non-dendritic 
morphology of the primary Al phase in the final solidified structure. 
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Figure 6-25: Results of the numerical simulation experiments presented in Table 

5-4 of Section 5.3.2.2 showing the transient profiles for the actual liquid temperature 
(Tactual) , liquidus temperature (Tnquidus) and concentration of Cu {Ccu) for two . 

values of initial mass ratios of mr6 and mr3,three value ofT 1 for each mass ratio, 
and two simulation time steps for each value ofT1• (a) and (b) NS5 at .two 

progressive time steps, (c) and (d) NS6 at two progressive time steps, (e) ana (f) NS7 
at two progressive time steps, (g) and (h) NS8 at two progressive time steps, (i) and 
(j) NS9 at two progressive time steps, (k) and (I) NSlO at two progressive time steps. 
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6.2.2.3Final Nucleation Event (Point D) 

During the thermal and solute re-distribution in the segment BCD (Figure 6-4) two areas 
form in the liquid mixture of the resultant mixture, namely Area2 and Area3, as shown in 
Figure 6-19; wherein Area2 is the formation of cells caused by the significant difference 
in the surface tension and density of the two precursor alloys and Area3 is described by 
pockets of liquid wherein the diffusion and advection has caused a near-homogenized 
thermal and solute fields resulting in an alloy liquid with a nearly constant composition 
and temperature. The composition, amount and distributio11 of the liquid pockets forming 
Area3 would strongly depend on the amount of nucleation during mixing forming Areal; 
and the number and distribution of the cells forming Area2 in the microstructure. The 
Area3 observed in the microstructure of samples obtained from the rapid quenching 
experiments with the ribbon casting equipment were compared with that of the samples 
obtained in the same experiments ~ith an initial alloy of homogeneous composition and 
temperature akin to Alloy3 as described by the experiments in Table 5-2 of section 5.2.1. 
Figure 6-26 shows such as comparison with typical microstructure of from an optical 
microscope of Area3 in samples from CDSQ 1 experiments compared with that from 
CONVQl and CDSQ3 experiments compared with that from CONVQ2, respectively; 
showing that the microstructure of Area3 in the CDS process is mostly identical to the 
bulk microstructure obtained from the respective conventional alloy samples suggesting 
that the composition of the liquid pockets forming Area3 was nearly homogeneous prior 
to the quenching phenomenon. 
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(a) (b) 

(c) (d) 

Figure 6-26: Typical microstructure of samples from the rapid interrupted 
quenching experiments as obtained from an optical microscope comparing the 

morphology of the grains between the CDS and conventional processes for certain 

experiments shown in Table 5-2. (a) CDSQl (mr6 and T 1=665 °C), (b) CONVQl 
(Al-4.7 wt%Cu), (c) CDSQ3 (mr3 and T1=665 °C) and (d) CONVQ2 (Al-8 wt%Cu). 

The results and discussion presented in this section on the re-distribution of the thermal 
and solute fields and nucleation events in Segment BCD of Figure 6-4 of the CDS 
process could be summarized as follows: 

• The thermal fields re-distribute and nearly equalize in the macro-scale bulk liquid 
prior at the early stages of the segment BCD as denoted by point C. 

• Three distinct and unique areas form in the liquid mixture during this Segment 
BCD, namely, Areal described by the growing primary AI solid phase nucleated 
from Alloy I during the mixing stage as denoted by Segment AB, Area2 described 
by the polygonal cells akin to Bernard cells formed due to the significant 
difference in the ·surface tension, density and temperature of the two precursor 
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liquids co-existing in the mixture in the micro-scale, and Area3 described by the 
pockets of liquids in which the thermal and solute fields have nearly homogenized 
due to advection and diffusion processes. 

• The nucleation of solid in Areal takes place during the mixing stage denoted by 
Segment AB, the nucleation of solid in Area2 takes place during the re
distribution of thermal and solute fields inside the polygonal cells forming this 
area at some time in Segment BCD and the final nucleation of solid takes place 
from the liquid forming Area3 at Point D. 

6.2.3 Growth of Stable Nuclei 

There are three distinctly different nucleation events during the CDS process, one in each 
of the three areas in the resultant mixture as shown in Figure 6-19: Areal, Area2 and 
Area3. The transient thermal and solute environment during the growth of the 
solid/liquid interface is unique and different for the nuclei in three area of the mixture. 

In this section, results and discussion on the growth of a stable nuclei in the three areas of 
the mixture would be presented as the following sub-sections: 

• Growth in Areal 
• Growth in Area2 
• Growth in Area3 

6.2.3.1 Growth in Areal 

The nucleation in Areal is that of the primary AI phase from the Alloyl during the 
mixing stage. Pockets of liquids are dissipated in the resultant mixture during mixing 
into a liquid which is at a significant undercooling below the liquidus temperature of 
Alloyl as shown by Figure 6-11 during Segment AB. The undercooling effects a 
nucleation event in these pockets of Alloyl liquid which would subsequently begin to 
grow. The environment faced by these nuclei is unique and shown by the schematic of 
the transient temperature and Cu concentration profiles ahead of the growing solid/liquid 
(S/L) interface of a typical nuclei in Areal in Figure 6-27 for progressive time steps 
during growth, respectively. In Figure 6-27, the progressive time steps are shown by the 
numbers 1, 2 and 3 for the respective profiles of liquidus temperature (T L), actual 
temperature (Tactual) and Cu concentration (Ccu); and the extent of undercooling of the 
actual temperature below the respective liquidus temperature at any location ends at the 
point denoted by sin the domain ahead ofthe growing S/L interface. In Figure 6-27, at 
any time step, the Cu concentration in the liquid increases ahead of the boundary of the 
liquid Al droplet, of pure Al concentration, into the liquid due to the high Cu 
concentration of the resultant alloy mixture. This Cu profile would define the profile of 
T L and these two profiles would change with time due to the transfer of the Cu solute 
towards the growing nuclei caused by diffusion and advection; resulting in a gradual 
decrease of the pure AI boundary in the liquid pocket. The profile of Tactual would also 
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changes with increasing time steps due to the heat extraction from the growing nuclei 
caused by the low temperature of the mixture. The intersection point of the T L and Tactual 
ahead of the S/L interface denoted by~ in Figure 6-27 denotes the extent ofundercooling 
of liquid below the liquidus temperature. The interplay between the solute transport 
towards and heat flux away from the S/l interface would result in relative movement of 
the point ~ towards the SIL interface c~using a decreasing undercooled environment of 
the liquid ahead of the interface and resulting in an increasingly stable growth of the SIL 
interface. The nuclei would initially face a liquid at a lower temperature than the liquidus 
temperature which would initially be the melting point of pure AI (T m). The gradient of 
the actual liquid temperature ahead of the S/L interface would continue to decrease but 
the liquidus temperature would still be at T m due to the slower mass transport than 
temperature transport. There would be an initial perturbation of the SIL interface during 
growth showing tendencies of instabiFty in the . growth. However, the decreasing 
temperature gradient in the liquid aheaq of the SIL interface will decrease the extent of 
instability of this interface because the extent of undercooling decreases as shown by the 
point~ in the time steps 1 and 2 in Figu,re 6-27. Hence, the growth of primary AI phase 
forming Areal would be neariy stable: with a marginally perturbed interface and the 
perturbation increases with increasing rates of heat extraction from the SIL interface 

I 

(increasing cooling rate of the casting)f At increasing time ' steps, in Figure 6-27, the 
I 

point ~ would relatively move closer to the S/L interface and when these two intersect, 
the growth with cease and form the morphology of the primary AI phase forming Areal 
in the solidified microstructure. In Figure 6-27, the point of intersection between the S/L 
interface and point ~ is denoted by the profiles for time step f; assuming the worst case 
scenarios that the actual temperature of the liquid would equalize prior to the cessation of 
the growth. Further, around the time when the growth of primary AI phase forming 
Areal would cease, the Area2 and/or Area3 would form around the growing S/L 
interface and further eliminate the undercooling sooner than time step fin the liquid (the 
point~ reaches the S/L interface location). Figure 6-28 (a) to (c) shows typical secondary 
electron image microstructures from an 'SEM and the respective line scan profiles of the 
Cu concentration across the primary AI grain forming Areal in samples obtained from 
the interrupted quenching experiments: CDSQl, CDSQ2 and CDSQ3, respectively, as 
shown in Table 5-2. The profiles show that the Cu concentration is nearly zero in the 
middle of the grain due to the nucleation from the pure AI in Alloy 1 and growth in the 
droplets of pure AI, and towards the ~uter regions of the grain, the Cu concentration 
gradually increases until the end of solidification of the grain effected by the loss of 
undercooling in the liquid ahead of the growing S/L interface as explained in the previous 
paragraph with Figure 6-27. The Cu profile shown in the schematic of Figure 6-27 for 
the time step f from the S/L interface to 'the boundary defined by the point ~ for this time 
step would match the one in the line scan profile obtained from Areal in Figure 6-28 (a) 
to (c). ' 
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Figure 6-27: Schematic of the transient temperature and Cu concentration profiles 
ahead of the growing nuclei in Areal. Notations 1, 2, 3 and fshow progressive 
snapshot profiles with increasing time steps for the actual liquid temperature, 

liquidus temperature and concentration of sohite (Cu), respectively. The point ~ 
marks the instantaneous location in the liquid ahead of the solid/liquid interface 
until which an undercooling exists in the actual temperature below the respective 

liquidus temperature. 
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Figure 6-28: Typical secondary electron image microstructures from an SEM and 
profiles of Cu concentration inside the grain of primary AI phase forming Areal as 

obtained from samples form the interrupted rapid quenching experiments. (a) 
CDSQl (mr6, Tt=665 oc and tquench = 2.8 s), (b) CDSQ2 (mr6, T1=665 oc and tquench 

= 3.3 s), and (c) CDSQ3 (mr3, Tt=665 °C and tquench = 2.5 s). 
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The growth of the nuclei forming Arae 1 in the microstructure is unique in that the S/L 
interface grows in the direction of the heat flux; and further the solute transport is 
towards the SIL interface and the heat flux is away from the same into the liquid ahead of 
the interface. Such thermal and solute re-distribution directions are exactly opposite to 
those observed in conventional solidification processes. 

6.2.3.2Growth in Area2 

Figure 6-25 shows the snapshots of the thermal and solute field re-distribution profiles in 
a typical cell forming Area2 of the microstructure in two time steps of numerical 
simulation. As discussed in the previous section, the environment for a nucleation event 
(undercooling of liquid) inside these cells would be more favourable with decreasing 
superheat temperatures of Alloy1 (TI), and in this section, the results and discussion on 
the growth of a stable nuclei inside these cells shall be presented. 

As an example, in Figure 6-25 (a), the nucleation event could occur inside the cell 
forming Areia at any location past the point of intersection of the liquidus and actual 
liquid temperatures (around the 3 ~m mark). Assuming the nucleation occurs at an 
arbitrary location in this undercooled region, Figure 6-29 presents a schematic of the 
transient profiles for the actual liquid temperature (Tactual), liquidus temperature (Tliquictus) 
and concentration of solute (Ccu) in the half of the cell forming Area2. Symmetry in 
thermal and solute fields would dictate that the other half of the cell has identical profiles 
as well. In Figure 6-29, the profiles denoted by N represent a hypothetical condition for 
the thermal and solute field at the instant of the nucleation event. The S/L interface of the 
growing nuclei would reject solute and limited diffusion of this solute into the liquid has 
been assumed. The profiles denoted by the numbers 1 and 2 represent two snap shots of 
the three profiles at two increasing time steps of the growth process. 

In the regime marked "LEFT" in Figure 6-29, the change in the profile of Ccu would be 
marginal because the nucleation event would restrict the diffusion of the solute Cu to this 
regime; and reflecting in a marginal change in the gradient of T1iquidus as shown by the 
profiles 1 and 2 for these parameters, respectively. However, the value of Tactual would 
continue to drop significantly due to the heat extracted from the middle of the cell to the 
outside. Typically, the S/L interface facing "LEFT" would grow at a very slow rate until 
the gradient of Tactual becomes significantly less than the gradient of T1iquidus at the 
interface location and beyond this time, the SIL interface may begin to show 
perturbations leading to an unstable growth. However, a typical cell in Area2 would be 
about 1 0 to 20 ~m, in diameter and hence, these perturbation that would eventually arise 
in the regime marked "LEFT" would not lead to a breakdown of the S/L interface into a 
dendritic morphology but rather solidify with a near stable interface morphology. 

In the regime marked "RIGHT" in Figure 6-29, the changes in the Cu profile from the 
SIL interface into the liquid is shown by the progressive time steps denoted by number 1 
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and 2; wherein the rejection of the solute Cu at the S/L interface would result in an initial 
decrease of Ccu and then would increase due to the diffusion of Cu from the boundary of 
the cells in towards the SIL interface. This effect is shown clearly by the profiles marked 
as 2 in Figure 6-29 for the "RIGHT" regime. With progressive time steps during growth, 
the undercooling in the liquid ahead of the S/L interface marked by the region bounded 
by the profile of T1iquidus and that of Tactual decreases as could be observed by the larger 
region for time step 1 than for 2. Further the growth region would be in the order of a 
few microns ( ~60 J.lm) and this coupled with a decreasing level of undercooling in the 
liquid would result in a stable growth of the S/L interface in the "Right" regime. 

The direction of bulk solute and temperature transport in the regime marked "RIGHT" in 
Figure 6-29 would be towards and away from the S/L interface; and exactly opposite to 
those observed in a conventional solidification process. 

In sum, the morphology of the growing interface from the nucleation events in the cells 
forming Area2 would be nearly stable and the stability woul.d increase with increasing 
initial size of the cells for a given initial mass ratio of the precursor alloy. Further, the 
earlier the incidence of a nucleation event in the cells, the more non-dendritic would be 
the morphology of the primary Al phase from these cells. A lower value of the initial 
temperature of Alloyl (T1) would result in a more favourable environrrient for an early 
nucleation event inside the cells in Area2 as shown by the numerical simulation results in 
Figure 6-25. 

118 



I 

I 
I 
I 

LEFT 

Middle 

T.., Meltinc Point of AJ 

C. AI-0-CU 

........ T....,. 

---- "" 
- - · - S/llnterface location 

1 & 2 lncreasinc time steps 1 and 2 

N Timt of nudeation 

" H 

Half Cell Dimension 

RIGHT 

--------------- N 

Outside 

Figure 6-29: Schematic of the transient temperature and Cu concentration profiles 
ahead of the growing nuclei inside a typical cell forming Area2. Notations 1 and 2 
show progressive snapshot profiles with increasing time steps for the actual liquid 
temperature, liquidus temperature and concentration of solute (Cu), respectively. 

The profiles denoted by the letter N stands for the condition at with the hypothetical 
nucleation event occurred in an arbitrary location of the undercooled section of the 

liquid. 

6.2.3.3Growth in Area3 

As discussed in Section 6.2.2.3, the Area3 would have nearly homogeneous temperature 
and concentration of Cu. A nucleation event in this area as denoted by Point D in Figure 
6-4, would result in the growth akin to the theoretical analysis on an equiaxed growth in 
an isothermal liquid [119]. Figure 6-30 shows a schematic diagram representing the 
transient profiles of the actual liquid temperature (Tactual), liquidus temperature (T L) and 
concentration of solute (Ccu) for two progressively increasing time steps of 1 and 2 
during the growth of a nuclei in the liquid forming Area3. The release of the latent heat 
of fusion at the S/L interface would result in a negative temperature gradient in the liquid 
and the growth would reject Cu at the interface causing a negative gradient of Ccu, as 
well. The undercooling in the liquid bounded by the instantaneous Tliquidus and Tactual 
would result in an unstable growth of the S/L interface. leading to its breakdown into a 
dendritic morphology. However, the size of Area3 is in the order of a few microns (- 50 
~m) and hence, the solute (Cu) build up caused by the limited diffusion of Cu into the 
liquid and away from the S/L interface would slow down the growth and the extent of 
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instability and break down of the interface. The resultant microstructure of the primary 
Al phase in Area3 would be either rosette shaped in small sizes of Area3 and dendritic in 
larger sizes of the area. Further, increasing number of nucleation events in Area3 would 
decrease the extent of dendritic morphology of the primary Al in these areas. Further, 
increasing initial temperature of Alloy I (T1) would result in increasing instability of the 
growing interface and a dendritic morphology of the primary Al phase in Area3. Figure 
6-31 (a) and (b) shows typical microstructures with Area3 from the samples in the 
laboratory experiments CDS3 (mr6 & T1=670 °C) and (CDS5 (mr6 & T1=683 °C), 
respectively showing the increasing tendencies to form a dendritic morphology by. the 
primary Al phase with increasing initial temperature of Alloy1 (T1) . 
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Figure 6-30: Schematic of the transient temperature and Cu concentration profiles 
ahead of the growing nuclei in the liquid forming Area3. Notations 1 and 2 show 

progressive snapshot profiles with increasing time steps for the actual liquid 
temperature, liquidus temperature and concentration of solute (Cu), respectively. 
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Figure 6-31: Typical microstructures from an optical microscope of (a) CDS3 (mr6 
& T 1=670 °C) and (b) CDS4 (mr6 & T 1=683 °C}; showing the increase in instability 
of the grain in Area3 forming a more dendritic morphology with increasing initial 

temperatures of Alloyl (T1). 

6.2.3.4Growth Stability in CDS 

In a good CDS process, the bulk of the liquid in the segment BCD shown in Figure 6-4 
would have cells forming Area2 as shown in Figure 6-19. The stability of the S/L 
interface instantaneously after the nucleation event in these cells was discussed in Section 
6.2.3.2. A further analysis of the growth of the S/L interface past the point D in Figure 
6-4 is critical to fully understand the stability of the interface during the final stages of 
solidification. Analysis of microstructure of samples obtained from interrupted 
quenching experiments. with a moderate rate of quenching described in Section 5.2.2 to 
evaluate the re-distribution of the solute ahead of a growing S/L interface during the 
solidification stage past the _point D in Figure 6-4. Figure 6-32 (a) and (b) show a 
comparison of the Cu concentration at a growing typical S/L interface from grains in 
Area2 as obtained by line scan analysis in an SEM for the CDS and conventional 
solidification processes, respectively; showing that the typical Cu concentration in the 
liquid at the SIL interface of a CDS solidification is significantly lower than that in a 
conventional process because the nucleation in Area2 takes place at a significant 
undercooled temperature below the liquidus temperature and the solute Cu diffuses into 
the growing interface due to the positive concentration gradient of Cu ahead of the 
interface into the liquid. Hence, the solute build up during growth of the grains from this 
area would have less Cu rejected at the S/L interface than in the conventional 
solidification process wherein the Cu rejection would be typically governed by a 
relationship such as the Scheil-Gulliver expression [54]. To better explain the 
solidification of grains in the CDS process, Figure 6-33 has been presented; wherein the 
initial cells in the liquid forming Area2 are represented by the grey polygons with the 
boundary of high Cu concentration and the enclosure with a low concentration. 
Nucleation in the cells need not typically take place in all the cells and the black circles in 
Figure 6-33 show some random nucleation event; and the black ·lines show the typical 
S/L interface from these nucleation events in the bulk liquid at a time well after point D 

121 



in Figure 6-4. The solidified grains forming Area2 would be typically solidify from 
many initial cells (10 to 20 cells) in the liquid during Segment BCD and the grains would 
grow simultaneously along with each other. The grains· would have low Cu concentration 
during initial growth and the Cu build up ahead of the SIL interface would be mainly 
contributed by the transport of mass from the liquid between the grains. to the growing 
interface by advection or diffusion. In a conventional process, the solidifying primary AI 
dendrites would grow freely into a bulk liquid melt with a negative gradient of Cu 
concentration and a negative temperature gradient resulting in a predictable build-up of 
Cu concentration at the S/L interface during growth. 
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Figure 6-32 Distribution of Cu concentration around the growing S/L interface in 

grains from Area2 (Figure 6-19) obtained by line scan data in an SEM for a CDS 
and conventional solidification processes, examined on samples quenched after 

point Din Figure 6-4 as explained in Section 5.2.2 (a) CDS process and (b) 
conventional solidification. 
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Figure 6-33: Schematic of the growth of grains forming Area2 in a CDS process. 
The initial cells in the liquid are represented by the thick grey lines where the grey 
areas are the liquid with high Cu content and white region enclosed are liquid with 
low Cu content. The black circles represent a few nucleation events in certain cells 

and the black lines show a typical S/L interface growing in the liquid past point D in 

Figure 6-4. 

Figure 6-34 shows the relationship among fraction solid (F5), liquid temperature and Cu 
concentration from the simulation of the conventional solidification process for Al- 4.7 
wt%Cu alloy with the non-equilibrium Scheil-Gulliver assumption using a phase diagram 
simulation tool, Pandae. The image in the inset of Figure 6-34 was obtained from a 
sample quenching to interrupt the conventional solidification process for an Al-4. 7 
wt%Cu'alloy; from which the fraction solid was quantitatively evaluated as 0.75. Figure 
6-34 shows that the Cu concentration in the liquid at the S/L interface during growth for a 
Fs of 0.75 would be about 15 wt% which validates the value of 15.3 obtai.ned in Figure 
6-32 (b) from the a grain in the sample shown in the inset of Figure 6-34. 

7 PANDAT™ version 8.1, C~mputhenn LLC, Madison, w1 53719, USA 

123 



660 

640 

9' 620 -
~ 
:::::1 600 -~ 
~ 580 
E 
Q) 

1- 560 
. . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . 

-T(•C) 

· Cu (wt%) 

15 wt% Cu· · 

.. ·· 

36 
33 
30 
27 
24 

21 ~ 
18 ~ 
15-

:::::1 
12 (.) 
9 
6 
3 

540 0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 . 0.8 0.9 1.0 

fs 

Figure 6-34: Relationship among fraction solid (f5), temperature of liquid and · 
concentration of Cu during conventional solidification with the non-equilibrium 

· Scheil-Gulliver assumption {54]. The inset is an image of microstructure from an 
SEM from a sample quenched to interrupt the solidification process in a 

conventional Al-4. 7 wt% Cu alloy to calculate the instantaneous fraction solid. 

During the growth of the grains forming Area2 in a CDS process, the Cu concentration 
gradient would be positive, in the liquid ahead of the S/L interface and with time this 
gradient will decrease and become negative at which time, the further growth ofthe ·grain 
would be akin to that in a conventional solidification process. The MS criteria described 
in Section 4.4.1 , would apply to evaluate the stability of the S/L interface in a CDS 
process only after the time when the gradient of Cu concentration ahead of the S/L 
interface becomes less than or equal to zero. In a conventional solidification process, this 
gradient is always less than zero. 

Figure 6-35 shows the graphical representation of the stability criteria shown in Equation 
4-9 of CHAPTER 4 for the MS criteria describing the stability of the S/L interface. The 
parameters listed in Table 6-3 were used to evaluate the Equation 4-9 and obtain the 

Figure 6-35. In Figure 6-35, the value of (GL) for the various concentration of Cu 
V critical 

in the liquid at the S/L interface (CL) during the solidification process is shown by the 
black line. For a given value of CL, if the solidification conditions places the value of 

(~L) above the black line in Figure 6-35, the SIL interface would be more stable and if 

below the line, the interface would be unstable. The data from Figure 6-32 was used to 
evaluate the critical values for both the CDS and the conventional solidification process 

for specific respective values of CL. The critical value, (GL) for the CDS 
V critical 
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solidification was less than that for the conventional process, suggesting that the 
probability of a stable SIL interface· is higher for the CDS process. During solidification, 
the interface is initially stable for both the CDS and conventional processes, however, 
with time, and thermal and solute re-distribution ahead of the SIL interface the instability 
sets in earlier in the conventional process when compared to the CDS process suggesting 
that the probability of obtaining a non-dendritic morphology of the primary AI phase in 
the CDS process is significantly higher than that in a conventional solidification process. 

Table 6-3 Parameters used to determine the stability of the SIL interface using 
' 

Parameter 
Lv 
KL 
Ks 
ffiL 
DL 

2.8x1o'" 

2.4x1010 

2.0x1010 

~ 1.6x1010 

...J 

<.9 1.2x1010 -
8.0x101 

4.0x10" 

Equation 4-9. 

Unit Value Reference 
J/mJ 4.18 E8 [13] 

W/mk 95 [115] 
W/mk 200 [13] 

°C/wt%Cu -3.4 [13] 
m2/s 3E-9 (13] 

0. 0 -h---.--.---.~.,....-;---.---.---,~-.---.-,---.--,,.-.---,-.---,-. 
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CL 

Figure 6-35 Comparison in stability of S/L interface of grown grain between CDS 
process and Conventional casting 

6.3.5TUDY Qt CRITICAL PROCESS PARAMETERS 

The critical parameters that would affect the CDS process, specifically the evolution of a 
non-dendritic morphology of the primary AI phase were identified as shown below: 
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• Temperature of Alloyl (T1) 
• Temperature of Alloy2 (T2) 
• Mass Ratio ofMixing 
• Rate of mixing (Alloyl into Alloy2) 

The dependent parameter in the study of the critical parameters was the morphology and 
grain size of the primary AI phase in the solidified microstructure of a sample in a 
laboratory CDS experiment described in Section 5.1.2.1. 

6.3.1 Temperature of Alloyl (T 1) 

The role ofT 1 in affect the nucleation and growth of the primary AI phase in all the three 
unique area in the liquid (Figure 6-19) have been shown by the results and discussion of 
Section 6.2. The following summarizes the effect of increasing the value of T 1 in the 
CDS process: 

• Decreases the number of nucleation event during the mixing process (Segment 
AB in Figure 6-4) 

• Increases the diffusion coefficient of Cu resulting in: 
o a more unstable growth of the grain in Areal tending to dendritic 

morphology 
o a more unstable growth of the grains in Area2 tending to dendritic 

morphology 
o larger size of Area3 leading to more dendritic morphology in the solidified 

microstructure 

The effect of the changes in T 1 on the events of the CDS process would be reflected in 
the morphology and grain size of the primary AI phase in the final solidified 
microstructure. Figure 6-36 shows the quantified relationship between T1 and the grain 
size of the AI phase in the solidified microstructure of the samples from the CDS 
laboratory experiments with mr6 and a mixing rate of 167 gs-1 as described in Table 5-1 
of Section 5 .1.2.1 CDS 1 (T 1 = 662 °C), CDS2 (T 1 = 665 °C), CDS3 (T 1 = 670 °C), CDS4 
(T1 = 675 °C) and CDS5 (T1=683 °C. In Figure 6-36, the 95% confidence interval ofthe 
grain size is also shown and the abscissa shows the superheat temperature above the 
liquidus of Alloy1 (T 1-T u). For a small range of superheat temperatures of 2 to 7 °C the 
grain size is small and the variation is also low. As the superheat temperature of Alloy1 
increases the grain size increases significantly; and the grain size for the conventional 
casting laboratory experiment, CONVI was evaluated to be 1532 J.Lm which is bigger 
than a superheat temperature of about 20 °C or more. Figure 6-37 shows the typical 
microstructures of the samples used for the grain size assessment in Figure 6-36. Figure 
6-37 shows that apart from the increase in the grain size with increasing values of T1. the 
morphology of the primary AI phase also tends to more dendritic as the value of T 1 
increases. From Figure 6-36 and Figure 6-37, it could be summarized that (T1-Tu) ~ 10 
°C would be suitable for a successful CDS process with a predominantly non-dendritic 
morphology of the primary AI phase. 
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Figure 6-36 Effect of superheat temperature of Alloy1 above the liquidus 
temperature (T 1-T u) on the average grain diameter for the laboratory CDS 

experiments with mr6 and mixing rate of 167 gs-1 as described in Table 5-1 CDS1 
(T 1 = 662 °C), CDS2 (T 1 = 665 °C), CDS3 (T 1 = 670 °C), CDS4 (T 1 = 675 °C), CDS5 
(T 1 = 683 °C) and CONV1 (mr6). Also shown are the 95% confidence boundaries 

for the data set. 

(a) (b) (c) 

(d) (e) (f) 

Figure 6-37: Typical microstructure from an optical microscope from samples in 
the laboratory CDS experiments with mr6 and mixing rate of 167 gs-1 as described 

in Table 5-1. (a) CDS1 (T1 = 662 °C), (b) CDS2 (T1 = 665 °C), (c) CDS3 (T1 = 670 
°C), (d) CDS4 (T1 = 675 °C), (e) CDS5 (T1 = 683 °C and (f) CONV1 .(mr6). 
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Figure 6-38 (a) and (b) shows the relationship between the grain size and (T1-Tu) for the 
CDS laboratory experiments mr6 with mixing rate of 113 gs-1, and mr3 with 167 gs-1, 
respectively. Figure 6-38 shows that in all the CDS laboratory experiments, the grain 
size increases with increasing value of the Alloy1 temperature (T1). 
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Figure 6-38: Relationship between grain size and superheat temperature of Alloy1 
for the samples from the various CDS laboratory experiments described in Table 

5-1 (a) CDS6 to CDS9 (mr6 and 167 gs-1) and (b) CDS10 to CDS14 (mr3 and 167 gs
t) 

6.3.2Temperature of Alloy2 (T2) 

Two levels of Alloy2 temperature were investigated on the morphology of the primary AI 
phase in the solidified structure of the CDS laboratory experiments as described in Table 
5-1ofSection 5.1.2.1: CDS2 (mr6, 167 gs-1, T1 = 665°C and T2 = 555 °C) and CDS15 
(mr6, 167 gs-1' T I = 665°C and T 2 = 578 °C). Figure 6-39 shows the typical 
microstructures of the samples from these two experiments; wherein no discemable . 
difference in the size or morphology of the primary AI grains was observed and in both 
the cases the grains were nearly non-dendritic representing a good CDS process. It was 
concluded that the superheat temperature of Alloy2 (T 2 - T L2) had a lesser effect on 
changing the morphology of the primary AI phase and even a value of 30 °C had 
negligible effect on the morphology. This may be because, the thermal mass of Alloy2 
was significantly lower than that of Alloy 1 and hence the effect of Alloy2 would be 
marginal on the changes to the events in the CDS process. Specifically, Alloy2 would 
influence the transient temperature of the mixture during the mixing process which would 
influence the number of nucleation events in this stage and a increasing the temperature 
of Alloy2 by nearly 30 °C would still render the transient resultant mixture temperature 
as significantly lower than the liquidus temperature of Alloy1 (Figure 6-11) to present a 
favorable undercooled temperature environment for copious nucleation events. 
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(a) (b) 

Figure 6-39 Typical microstructure of Al•Cu system for second alloy superheat 
changes (a) to·c and (b) 31 ·c. 

Further, the numerical simulations described in Section 5.3.2 was carried out for three 
levels of Alloy2 temperature with the mr6, T 1 = 665 °C, domain dimensions as constants. 
These simulations are described in Table 5-4 as NS5 (T2 = 555 °C), NSll (T2 = 565 °C) 
and NS12 (Tz = 580 °C). Figure 6-40 (a), (b) and (c) shows the results of these three 
simulations wherein the Tz was initialized at the three increasing levels, respectively; 
wherein the region of undercooling of the melt temperature below the respective liquidus 
temperature is marked by a shaded region. In the case ofT2 values of 555 octo 580 °C, 
the thermal condition in the cells forming Area2, specifically the region of undercooling 
in the liquid is fairly similar with only marginal variations which could lead one to safely 
assume that a large range of initial temperature of Alloy2, T2 could lead to creating a 
favorable environment for a nucleation event in the cells forming Area2 and promote a 
non-dendritic morphology of the primary AI phase. 
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Figure 6-40 Numerical date for CDS process of mr6 and Alloyl 665°C carried out at 
different Alloy2 temperature a) 555°C, b)565°C and c) 580°C. 

The results in Figure 6-40 confirm the observations in Figure 6-39 and our proposal that 
due to the significantly lower thermal mass of Alloy2 than Alloy 1, a large variation in T 2 

would be permissible to yield a successful CDS process, specifically the preferred 
nucleation event in Area2 and the subsequent growth of a nearly stable S/L interface to 
effect a nearly non-dendritic morphology of the primary AI phase in the resultant 
solidified microstructure. 

6.3.3 Mass Ratio of Mixing (mr) 

To obtain a resultant Alloy, Alloy3 , of a desired composition of the solute elements, a 
variety of mass ratio of Alloy 1 to Alloy2 could be used as precursor alloys for mixing. 
The value of such a mass ratio has an impact on the morphology of the primary phase in 
the final solidified alloy. The desired resultant alloy of Al-4.7 wt% C (Alloy3) was 
chosen to determine the effect of mass ratio, mr. Table 6-4 shows the details of five 
experiments that were carried out to obtain the Alloy3 with five different values of mass 
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ratio. In Table 6-4, the Alloy1 in all the experiments were pure Aland the composition 
of Cu in Alloy2 was varied as 10, 15, 20, 25 and 33 wt% to obtain respective mass 
rations of 1.1, 2.1, 3.2, 4.2 and 6 while mixing the two precursor alloys. The experiment 
setup shown in Figure 5-4 and described in Section 5.1.2 was used for the experiments in 
Table 6-4, with a mixing rate of 167 gs-1. , 

Table 6-4 Experiment conditions to evaluate effect of mass ratio of precursor alloys. 
Resultant Alloy, Alloy3 was AI- 4.7 wt% Cu alloy. 

Mixing 
Designation Mass Tt Tu Mass T2 TL2 mr Rate 

CDSmr1 

CDSmr3 

CDSmr5 

Pure 
Al 

182 

263 665 660 

292.1 

AI-
165 

Al-
33wt% 47.5 
Cu 

638 633 1.1 

555 547 6 

The decrease in the value ofT Ll with increasing mass ratio (decreasing solute in Alloy 2) 
directly affects the amount of the heat transferred from Alloy! to Alloy2 and the 
temperature of the resultant mixture which increases the amount of the nucleation taking 
place during the mixing process. The extent of nucleation from Alloy 1 during the mixing 
process could be ascertained by the location ofpoint_B (refer to Figure 6-4) relative to the 
liquidus temperature, T u; the farther point B is below T LI. the higher the amount of 
nucleation. Figure 6-41 shows the effect of the mass ratio on the location of point B, 
wherein, the point B lies between T u and T u. As the mass ratio increases, the location of 
Point B is farther down below T u leading to an increased undercooling of the Alloy 1 
during mixing and hence enhance an increased amount of nucleation-of teh primary Al 
phase in the resultant mixture. Figure 6-42(a) to (d) shows the typical microstructure of 
the samples extracted from the experiments denoted as CDSmr1, CDSmr2, CDSmr3, 
CDSmr4 and CDSmr5 in Table 6-4 for mrl.l, mr2.1, mr3.2, mr4.2 and mr6, respectively. 
Figure 6-42(a) shows that the microstructure is pre-dominantly dendritic for the lowest 
mass ratio~ mr 1.1 and gradually changes to a rosette shaped followed by a pre
dominantly globular morphology of the primary AI phase in the microstructure as the 
mass ratio increases to 3.2, 4.2 and 6, respectively, as shown in Figure 6-42(c), (d) and 
(e), respectively. 
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Figure 6-41 Typical thermal data of point B (refer to Figure 6-4) taken from the 

thermal data of the experiments in Table 6-4. 

(d) (e) 

Figure 6-42 Typical microstructure from light optical microscope for CDS samples 

from difference mass ratio shown in Table 6-4, (a) CDSmrl (mrl.l), (b) CDSmr2 
(mr2), (c) CDSmr3 (mr3.2), (d) CDSmr4 (mr4.2) and (e) CDSmr5 (mr6). 

132 



The results of changing the mass ratio to obtained Al-4.7wt% Cu resultant alloy show 
that the lower mass ratio (less than 2) is not favourable in the CDS process for the Al-Cu 
system because the dendritic microstructure forms in the casting sample whereas, the 
non- dendritic microstructure is obtained for mass ratio greater than 3. Typically in a 
commercial casting process, a suitable mass ratio of the precursor alloys could be so 
chosen such that there is an appreciable undercooling of the point B of at least 8 K. 

6.3.4 Rate of Mixing Alloyl into Alloy2 

The effect of two rates of mixing were investigated on the morphology of the primary AI 
phase in the solidified sample in the laboratory CDS experiments for the Al-4.7 wt% Cu 
(mr6) alloy: 167 gs"1 and 113 gs·1, by using two funnel diameters of 9 and 6 mm, 
respectively. Figure 6-43 shows the graphical relationship between the average grain size 
and superheat temperature of Alloy1. At lower superheat temperatures, the experiments 
carried out with a mixing rate of 113 gs"1 shows a smaller grain size and the rate of 
increase of grain size for the lower mixing rate is slower which is more favorable. The 
slower increase in grain size with the T I for the lower mixing rate is because of the 
increased number of nucleation event of the primary Al phase during the mixing stage as 
explained in Section 6.2.1. Commercially a larger allowable range of superheat 
temperatures of Alloy 1 for a successful CDS process is more favorable and hence, a 
slower rate of mixing is more favorable, as well. 

1600 
-•- M~ (167 gs·') 

E 1400 -x-M~ (113gs·') t :: 95% Co::::ce >~~~~ 

! : CDS2 cos'{7 ~DS7 
~ 200 ~ • 

CDS9 

~ CDS1 CDS6 
o~~~~--~--~--~~ 

0 5 10 15 20 0 25 
Alloy 1 Superheat (T,- TL1) (C) 

30 

Figure 6-43: Relationship between average grain size and superheat temperature 
of Alloy1 for the two rates of mixing in the laboratory CSD experiments presented 

in Table 5-1 of Section 5.1.2.1: 113 gs·1 and 167 gs·1• 

Figure 6-44 shows the typical microstructures of the samples used for the grain size 
assessment in Figure 6-43 for the mixing rate of 113 gs·1• the morphology of the primary 
Al phase is predominantly non-dendritic for T I S 20 °C and this compared to the lower 
range of TI (10 °C) when the mixing rate was 167 gs·I as shown by the results in Figure 
6-37. The lower rate of mixing Alloy1 into Alloy2 is favorable for an improved CDS 
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process and the use of an increased range of temperature for the Alloyl (commercially 
more viable); however, the mixing rate could not be lowered indefinitely, because mixing 
process should terminate prior to the equalization of the temperature field in the resultant 
mixture and the formation of the cells forming Area2 in the mixture. 

(a) (b) 

(c) (d) 

Figure 6-44: Typical microstructure from an optical microscope from samples in 
the laboratory CDS experiments with mr6 and mixing rate of 113 gls as described in 

Table 5-l. (a) CDS6 (T1 = 668 °C), (b) CDS7 (T1 = 676 °C), (c) CDS8 (T1 = 680 °C), 
and (d) CDS9 (T 1 = 687 °C) 

6.4. VERIFICATION OF THE PROPOSED MECHANISM 

The proposed events during a successful CDS process for the Al-Cu alloy were validated 
with for various solute types using the following alloy systems. 

• Al-Si 
• Al-Zn Alloy (7050) 
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• Organic Alloys 
o Succinonitrile-Acetone (SCN-Ac) 
o Succinonitrile-D-Camphor (SCN-DC) 
o Succinonitrile;.water (SCN- HzO) 

6.4.1AI-Si alloy 

Al-1.8 wt% Si alloy was cast using the CDS process with the experiment condition 
shown in Table 6-5 . 

Table 6-5: Experiment conditions to cast AI- 1.8 wt% Si alloy with CDS process 

Parameters Level 
Alloy I Pure AI with T LJ = 660 °C 
Alloy2 AI- 12.7 wt% Si (eutectic) with TL2 = 578 oc 

665 oc 
582 oc 

Mass ratio mr6 
Rate of Mixing 167 gs· 

Figure 6-45 (a) and (b) shows the typical microstructure ofthe primary AI phase obtained 
from samples cast with the CDS process and conventional solidification process, 
respectively; wherein it could be observed that the morphology of the primary AI phase 
obtained in the CDS was predominantly non-dendritic as compared dendritic AI phase in 
the conventional casting in which the AI - 1.8 wt% Si alloy was poured at 665 °C into an 
empty crucible maintained at 570 °C. 

(a) (b) 

Figure 6-45 Typical microstructure of AI - 1.8wt% Si alloy cast with the CDS 

process with the parameters listed in Table 6-5. (a) CDS process and (b) 
Conventional solidification. 
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The results show that the favourable parameters (Table 6-5) chosen from our 
understanding of the events during the CDS process in this study were successful in 
carrying out a successful CDS process. 

6.4.2 AI-Zn Alloy (7050) 

AI- Zn alloy (7050) was cast via CDS process with the experiment setup shown in Figure 
5-4 and conditions shown in Table 6-6. Figure 6-46 (a) and (b) show the location of the 
Alloy 1 and Alloy2 on the phase diagram with their respective liquidus temperatures. The 
thermal curve during solidification was ascertained to verify the liquidus temperatures of 
Alloy I and Alloy2. The CDS casting of the resultant alloy was re-melted at 665°C and 
solidified conventionally in air in the same crucible. 

Table 6-6 Experiment conditions to cast 7050 Al-Zn alloy via CDS process 
Parameters Level 
Alloy1 Al-2.67wt%Mg-2.5wt%Cu with T u = 641 oc 
Alloy2 AI- 42.5 wt% Zn with TL2 = 602 oc 
Alloy3 Al-5.97wt%Zn-2.3wt%Mg-2.16wt%Cu -

646 oc 
615 oc 

Mass ratio mr6 

Figure 6-47 (a) and (b) shows a typical microstructure of the primary Al phase obtained 
from s_amples cast via CDS and conventional solidification processes, respectively; 
wherein it could be observed that the primary AI phase morphology obtained in the CDS 
was predominantly non-dendritic whereas in conventional casting it was dendritic. 
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(f1 ,oll "'4Zn) 2N 
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Figure 6-46 Typical phase diagram of the two precursor alloys for CDs casting of 
7050 AI alloy, (a) isopleth of Al-Cu-Mg phase diagram to represent Alloyl and {b) 

Al-Zn binary phase diagram to represent Alloy2. 
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(a) (b) 

Figure 6-47 Typical microstructure of 7050 alloy (a) conventional solidification and 

(b) cast via CDS process with the parameters listed in Table 6-6. 

The results shown in Figure 6-47 verifies the validity of the CDS process and effect of 
parameters on the same and shows one of the favourable parameters to shape cast the 
7050 AI wrought alloy by the CDS process. 

6.4.30rganic Alloys 

Three organic alloys were investigated to verify our understanding of the events during a 
successful CDS process: SCN- 2.5 wt% Ac; SCN- 2 wt% DC and SCN- 1 wt% H20. 
Figure 6-48 (a), (b) and (c) show the binary phase diagram for above organic systems 
respectively. 
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Figure 6-48: Binary alloy phase diagram for the organic alloys. (a) SCN- Ac [120], 
(b) SCN- DC [121], and (c) SCN- H20 [122]. 
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Table 6-7: Experiment conditions to cast the three organic alloys alloy with CDS 
process 

Alloy Parameters Level 
Alloy! Pure SCN with Tu = 57.8 oc 
Alloy2 SCN- 6.5 wt% Ac with TL2 =51 oc 

SCN- 2.5 wt% Ac 58.8 °C, 61.6 C°C,65.5 °C and 72.1 oc. 
53.6 °C 

Mass ratio mr1.6 
Alloy! · Pure SCN with Tu = 57.8°C 
Alloy2 SCN- 5 wt% DC with TL2 =53 oc 

SCN -2 wt% DC 

Mass ratio mr1.5 
Alloy! Pure SCN with Tu = 57.8 oc 
Alloy2 SCN - 6.5 wt% H20 with T Li = 24 °C 
Tr 59°C 

Mass ratio mr2.5 

Figure 6-49 shows the typical microstructure for the SCN - 2.5 wt%Ac alloy solidified 
by the CDS process as shown by the experiment parameters in Table 6-7 for the four 
increasing values ofT1• In Figure 6-49, the morphology ofthe primary SCN phase in the 
solidified microstructure is initially predominantly non-dendritic . for lower values of T1 

and becomes more dendritic at higher values. 
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(a) (b) 

(c) (d) 

Figure 6-49: Typical microstructure of samples of SCN- 2.5 wt% Ac alloy 
solidified by CDS process. The value ofT1 were (a) 58.8°C, (b) 61.6 °C, (c) 65.5 °C, 

and (d) 72.1°C, and the experimental parameters are listed in Table 6-7. 

Figure 6-50 (a) and (b) shows the typical microstructures for eth SCN- 2 wt% DC alloy 
solidified by the CDS process (Table 6-7) and conventional process, respectively. The 
morphology of the primary SCN phase is predominantly non-dendritic in the CDS 
process and that in the conventional solidification is dendritic. 
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(a) (b) 

Figure 6-50: Typical microstructure of samples of SCN- 2 wt% DC alloy solidified 
by (a) CDS process with the experimental parameters are listed in 

Table 6-7 and (b) conventional solidification. 

Figure 6-51(a) and (b) shows the typical microstructures for the SCN- 1 wt% H20 alloy 
solidified by the CDS process (Table 6-7) and conventional process, respectively. The 
morphology of the primary SCN phase is predominantly non-dendritic in the CDS 
process and that in the conventional solidification is dendritic. 

(a) (b) 

Figure 6-51: Typical microstructure of samples ofSCN -1 wt% H20 alloy 
solidified by (a) CDS process with the experimental parameters are listed in Table 

6-7 and (b) conventional solidification. 
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The results of the experiments with the organic alloys show that the experiment 
parameters chosen for a successful CDS proce~s with the in-depth understanding of the 
events developed in this study proved successful and the trend of the morphology of the 
primary SCN phase with increasing values ofT 1 in Figure 6-49 is similar to that obtained 
in the Al-Cu system as shown in Figure 6-37. -

The verification study was carried out to corroborate the fact that the various events 
proposed for the CDS process in this study seem to be accurate. 
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CHAPTER 7. SUMMARY AND CONCLUSION 

The study had successfully led to a more in-depth understanding of the various events 
occurring during a successful CDS process. A master's level graduate project [31] was 
carried out in tandem with this study to utilize the understanding developed in this study 
to develop viable commercial casting processing routes to cast AI based wrought alloys 
such as 2024, 6082 and 7075 alloys with the CDS process. The results of that study were 
successful and some salient results were presented in Section 4.1 of this dissertation. 
Utilizing the results of this stUdy would enable the successful casting Al based wrought 
alloys into near net shaped components using the CDS process without much change to 
the economics of the casting process. 

The following presents a brief list of events in a CDS process: 

Event (1) Start of the mechanical mixing at point A and end around point B. 
Event (2) Heat added to the system from Alloy] (enthalpy of Alloy1) depending on 

the thermal mass of Alloy 1. 
Event (3) Nucleation of primary phase of AI takes place from Alloy]. The enthalpy 

. of fusion from the nucleation event would be released into the mixture 
during the mixing process. 

Event (4) Re-distribution of the thermal and solute fields by diffusion/convection 
occurs in the mixture in the macro-scale. 

Event (5) Formation of cells in the micro-scale with lower Cu concentration on the 
middle of the cell and higher Cu concentration in the cell boundaries. 

Event (6) Re-distribution of thermal and solute fields inside cells in micro-scale. 
Event (7) Nucleation of primary AI phase inside cells. 
Event (8) Final nucleation event at point D from the pockets of liquids with nearly 

homogeneous Cu concentration. 
Event (9) Growth of primary AI grain from nucleation events listed in Events 3, 7 

and 8, respectively. 

There is a complex interplay among the above listed events and the critical parameters 
that affect the thermal and temporal fields of these events are listed below: 

• Temperature of Alloy1 (TI) 
• Temperature of Alloy2 (T2) 
• Mass ratio 
• Rate of mixing (Alloy! into Alloy2) 
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When considering developing a strategy to cast anAl based cast or wrought alloys with 
typically three or more solute elements, the following could be adopted as the initial 
consideration for developing a successful list of alloy and process parameters: 

• An in-depth study of the various isopleths of the multicomponent phase diagram 
including all the critical solute elements would lead to: 

o A favorable composition ofthe two precursor alloys: Alloy1 and Alloy2; 
such that the mass ratio of mixing the alloys would be at least 3. 

o Identifying the compositions of Alloy1 and Alloy2 would identify the 
respective liquidus temperatures as well. Typically the difference between 
these liquidus temperatures would have to be greater than 30 °C. If there 
are more than one possible combination of pre-cursor alloys (as the case in 
most systems), the largest difference between the respective liquidus 
temperatures of the precursor alloys would typically be preferred. 

o The rate of mixing the alloys would typically be preferred to be low. 
However, a few simple experiments would yield the time to attain the 
maximum temperature of the resultant mixture and the mixing rate should 
be such that the Alloy1 with the higher thermal mass should be fully 
poured into Alloy2 with the lower thermal mass prior to the resultant 
mixture attaining the maximum temperature during mixing. 

o The superheat temperature of Alloy 1 above its liquidus temperature would 
typically have to be about 5 to 10 °C and that for Alloy2 could be about 20 
°C. The higher the mass ratio of mixing, the more freedom one would 
have an increasing the initial superheat temperature of Alloy2. 

o Typically the crucible used for . mixing the two alloys should be 
maintained at a temperature close to the initial temperature of Alloy2 so 
that the heat extracted by the environment is limited prior to casting the 
resultant mixture and this enables the successful completion of the three 
nucleation events in the mixture and enable a nearly non-dendritic growth 
morphology in the resultant solidified component. 

o The resultant mixture would have to be let to sit for a few seconds ( - 5 s) 
prior to injection of the mixture into a die mould cavity for casting. This 
would ensure an initial stable growth of the S/L interface from all the 
nucleation events to enable nearly non-dendritic primary phase 
morphology in the resultant cast microstructure. 

The above-mentioned steps are merely a guideline to initiate the design of the alloy and 
process parameters for a successful CDS process of an Al alloy. Each alloy would 
exhibit individually unique characteristics and these would have to be treated on a case 
by case basis. 

In conclusion, this study has shown that the solidification characteristics (nucleation and 
growth) observed in a CDS process is uniquely and significantly different from those 
observed in a conventional casting process and semi-solid rheocasting process, alike. 
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There are typically three types of nucleation events and the stability criteria for each of 
these nucleation· events are uniquely different. The Areal of the microstructure are large 
primary AI grains that would nucleate in the pockets of liquid of Alloy I distributed in the 
resultant mixture at an undercool_ed temperature below the liquidus of Alloyl and the 
growth would primarily be stable with a non-dendritic phase morphology. The Area2 
consisting of cells formed immediately after the end of the mixing process due to the 
large difference in the surface tension and density of between Alloy 1 and Alloy2, would 
present a favorable thermal and solute field for a nucleation event depending on the type 
and rate of re-distribution of these fields inside the cells forming Area2. The growth 
morphology of the phase form nuclei in Area2 would be increasingly stable until 'ihe 
solute field is equalized and begin to become unstable subsequently. However, the 
limited solidification time available after the equalization of the solute fields in Area2 
would limit the extent of breakdown of the growing S/L interface in these areas and 
typically a worst case scenario would present a rosette shaped morphology of the primary 
Al phase in the final microstructure. Nucleation and growth in Area3 consisting of a 
nearly homogeneous solute and thermal field would take place like that in a conventional 
solidification process. The size of this area of liquid in the process would determine the 
extent of breakdown of the growing S/L interface and larger value of superheat 
temperature of Alloy1 would increase the amount and size of Area3 in the mixture 
resulting in a more dendritic morphology of the primary Al phase. Hence, the objective 
to attain a successful CDS process would be to increase the breakdown of Alloy1 during 
mixing, increase the amount of liquid mixture with Area2 and limit the amount of Area3. 
This could be achieved by maximizing the turbulence dissipation energy during mixing 
without causing air entrapment bubbles, ensure a large difference in surface extension 
and density between Alloy 1 and Alloy2 and limiting the superheat temperature above the 
liquidus temperature of Alloy1 to a minimum possible for a commercial process. 
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CHAPTER 8. RECOMMENDATION FOR FUTURE WORK 

Based on this study, the following would be the recommendation for future work on this 
topic: 

• Develop viable process and equipment for successful m1xmg of Alloy 1 with 
Alloy2 without formation of air bubbles during mixing and ensuring a high rate of 
turbulence dissipation energy. 

• Develop a numerical model for the nucleation and growth of the primary AI phase 
from the pockets liquid of Alloy1 dissipated throughout the mixture during the 
mixing process. 

• Develop a numerical model to incorporate the effect of fluid flow within the cells 
forming Area2 of the microstructure to enable a better understanding of the re
distribution of the thermal and solute fields inside these cells and further develop 
the model to predict the growth of the primary AI grains nucleated within these 
cells. 

• Develop favorable compositions of solute elements in specific families of AI 
based wrought alloy such that these compositions would dictate a successful CDS 
process of these alloys to attain a near net shaped component. The properties of 
these alloy families could be marginally compromised to achieve near net shaped 
casting of these alloys. The final properties of the components with these 
wrought alloys would still be superior to the cast alloy counterparts. It should be 
noted that the as-cast properties of most Al wrought alloys would be poorer than 
the cast alloy counterparts and specific controlled heat treatment procedures of the 
components cast with wrought alloys result in a significantly higher properties 
and performance. 

• Develop specific heat treatment procedures for components cast by the CDS 
process with specific AI based wrought alloys. Since the mechanism of 
solidification in a CDS process is vastly different from other casting processes, 
the solute re-distribution in the resultant cast comp.onent would also be 
significantly different and specific heat treatment procedures would have to _be 
developed from fundamentals to successfully achieve superior properties and 
performance. The mechanism of solute distribution in a CDS process would be 
better understood from this dissertation and this information could be used to 
design new heat treatment cycles. 

• The CDS process would be extended to other commercial important alloys 
systems such as Fe and Mg based alloys. Feasibility studies are warranted to 
establish a proof-of-concept of the CDS process for these systems. 
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