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Abstract  

Aluminum based alloys can be broadly classified into two groups: casting alloys and 

wrought alloys.  Wrought Al -based alloys exhibit superior physical and mechanical 

properties compared to the conventional shaped casting alloys.  The wrought alloys 

cannot  be cast into near net shapes, because they develop hot tears or hot cracks 

during the solidification process.  For this reason these alloys are cast into ingots and 

are subsequently brought to final shape by mechanical processes like rolling, 

extrusion, dr awing and forging. Invariably these processes significantly increase the 

cost of the final part up to 50%, and have restrained the application of the wrought 

alloys in applications where the cost is not a major factor. The CDS (Controlled 

Diffusion Solidif ication)  is a novel process that bypasses the intermediate steps 

by casting the wrought alloy directly into final shape, free of hot tears, and 

eliminating additional deformation steps.  The CDS process follows a different route 

from conventional casting m ethods.  In CDS, two liquid metals of predetermined 

composition and temperature are mixed producing a globular microstructure instead 

of a dendritic one.  The nondendritic microstructure minimizes the hot - tearing 

tendency and makes the wrought alloys more s uitable to casting operations.  

The underlying  principles and mechanisms of the CDS process have been established 

through both experimental work and the development of a mathematical model.  The 

operating window of the process has been defined,  and guideli nes are proposed to 

enable application of the CDS process to various alloy systems. The reduction of the 

hot - tearing tendency in Al wrought alloys was experimentally verified.   
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1.  Introduction  

1.1  The C ontrolled D iffusion Solidification  Process  

The C ontrolled Diffusion Solidification  concept  

The C ontrolled Diffusion Solidification  process, which circumvents the problem of 

hot - tearing is based on the concept of Diffusion Solidification, which was first 

introduced by Langford and Apelian in 1980 [1] . 

  

  

 

 

  

 

Fig. 1 : Hypothetical phase diagram of a binary alloy illustrating (a) conventional solidification 

and (b) diffusion solidification. In (a) the liquid alloy of composition X is cast from a 

temperature T 1 ; partitioning occurs during solidification leading to segregation of the solute . In 

(b) a n  amount f s of a solid alloy of composition C s and at temperature T 2  is mixed with an 

amount f L of a liquid of com position C L held at the same temperature T 2  such that f sCs+f LCL=X.  

During conventional solidification, (Fig. 1 a) , as the alloy solidifies and its 

temperature drops, its composition changes down the iso -concentration line. 

Entering the semisolid region (Ŭ+ L) , partitioning occurs and two phases form: a 

solute -depleted Ŭ phase and a solute - rich liquid phase. In this cas e,  solidification 

time depends on the rate of heat extraction from the liquid phase.  

Ŭ+L 

L 

Ŭ 

Concentration  

T1 

T CS CL 

X 

L 

Ŭ 

Concentration  

T2 

X 

Solute -depleted solid phase  
Solute - rich  liquid  phase  

(b)  (a)  

Cs CL 

Ŭ+L 
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In the CDS process  (Fig. 1 b) , two phases are also present : a solute - rich liquid p hase 

and a solute -depleted solid phase. However both of these phases are held at the 

same temperature on the same isothermal line of the phase diagram. After the two 

precursor alloys mix with one another ,  the solute diffuses down the solute 

concentration g radient from the liquid to the solid phase. Solidification proceeds as 

the liquid loses solute. In this case solidification depends on the rate of diffusion of 

the solute atoms from the liquid phase to the solid phase, thus making the 

solidification time i ndependent of the casting ôs size.  

Diffusion Solidification  applied to  a solid - liquid system  

 

Fig. 2 : CDS Investment mold logic where (A) -  (F) indicate the sequence of events. In (B) the 

mold is filled with the shot; in (C) the particle valve is inserted; in (D) the infiltrant is 

emplaced; (E) the setup is evacuated and heated to process temperature; (F) infiltration  

takes place  [1] . 
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The first application of CDS was in the development of a rapid -cycle casting process 

for steel [1] . In this process, liquid iron with relatively high carbon content is  brought 

into contact with solid iron of relatively low carbon content and held isothermally so 

that the liquid solidifies by rejecting carbon to the surrounding solid. In practice, the 

mold is first filled with uniform -sized low carbon steel shot, then he ated and 

subsequently infiltrated with liquid cast iron (2 to 4%C) under moderate pressure as 

shown in Fig. 2.  

 

Fig. 3 : The Iron - Iron carbide phase diagram [2] . The precursor alloys are depicted, a solute 

rich liquid phase which infiltrates isothermally a solute depleted Ȃ phase. 

Fig. 3 shows the position of the precursor liquid and solid alloys on the iron ïiron 

carbide binary phase diagram. More details on the solid - liquid system are given in 

the Appendix II.  
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The C ontrolled Diffusion Solidification  app lied to a  liquid -  liquid system  

Recently Saha  et al.  [3,4]  investigated  the application of the CDS principles to a 

liquid - liquid system . They  mixed  two liquid melts with predetermined temperatures, 

volumetrics , and composition . 

 

Fig. 4 : Schematic description of the CDS applied to a liquid - liquid system. Pure Al  is mixed with 

an Al - 33wt%Cu eutectic liquid to form a target alloy of composition: Al -4.5wt%Cu.  

 

Fig. 4 shows a  schematic drawing  of CDS applied to the Al -Cu system. The lower -  

temperature eutectic liquid is held near its liquidus temperature. Note that both pure 

Al and the eutectic solidify isothermally. Their melting po int will be referred to in this 

Thesis as the ir  liquidus.  

          

Fig. 5 : Left: Conventional solidification ï Dendritic microstructure, Right: CDS liquid - liquid 

system ï Globular microstructure . 
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The higher -  temperature Pure Aluminum is also held near its liquidus temperature 

and then it is introduced into the eutectic liquid. The goal is to produce an alloy of 

composition Al -4.5%Cu. The mixture is left to solidify without any mechanical mixing 

or forced cooling. The final microstructure of the resultant alloy is globular. Normally 

with conventional solidification, the alloy would have solidified by forming dendrites. 

However the mechanism of solidification in CDS is such that the formation of 

dendr itic protrusions during the growth of the grains is restricted. Representative 

microstructures of Al -4.5wt% Cu alloy cast conventionally and via CDS are presented 

in Fig. 5. 

1.2  Impact and  Benefits  of CDS  

Aluminum -based alloys can be broadly classified into two groups: casting and 

wrought alloys . Wrought aluminum -based  alloys have superior physical and 

mechanical properties compared to conventional casting alloys. These wr ought alloys 

typically cannot be cast into near net shapes because they develop hot tears or hot 

cracks during solidification . Therefore, these alloys are cast into ingots  that are 

subsequently made into shapes by inducing plastic deformation through rolli ng, 

extruding, forging and drawing . These working processes introduce more shape 

restrictions than casting. Invariably these processes can add up to approximately 

50% to the cost of the manufactured part . This is significant when one considers the 

size of the market. Consequently , it would be economically advantageous to cast 

wrought alloys directly into near net -shape components.   

The biggest problem in casting wrought alloys is their tendency to form hot tears 

during solidification. It is generally accept ed that hot tears originate due to the 

inadequate permeability of the dendritic network for the flow of the interdendritic 

liquid to occur, as well as the lack of strength of the dendritic network during the 
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early stages of solidification  [5 -7] . Thus, allo ys with long solidification ranges are 

more prone to hot tearing than others.  

Currently structural components requiring the mechanical properties of wrought 

alloys are fabricated by combining forgings, extrusions, sheet s and plate s to create 

built up assem blies . This results in a substantial part count requiring numerous 

fasteners and joining techniques to create the final assembly . It also requires 

significant capital investment in the equipment and fixtures necessary to undertake 

these multiple processes.  

 Tensile 

strength  

( Mpa )  

Yield 

Strength  

( Mpa)  

Elongation  

%  

Wrought 

alloys  

2XXX 448  379  7 

7XXX 537  469  8 

Cast alloys  A356  262  193  4 

A357  345  276  5 

Table I : Properties of some wrought and casting alloys.  

The current casting alloy families, many of which were developed in the early 1950ôs, 

have been pushed to their limits, thus limiting new applications and/or cost 

reductions in current applications. Current cast structures tend to be inconsistent 

because o f their propensity for microshrinkage and porosity. To compensate for this 

propensity, current casting alloys are conservatively specified. The one alloy family 

that approaches wrought Al -based alloy properties is the 2XX; however alloys in 

these series ar e plagued with the problems of hot tearing and thus see limited use. 

The published properties achievable for the 2XXX and 7XXX wrought alloys as 

compared to A356 and A357 cast alloys are shown in Table I .  
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As is evident  from Table I ,  the wrought alloys are approximately 50% to 75% higher 

in tensile and yield strength and significant ly higher in ductility than the casting 

alloys.  However wrought alloy compositions will not provide typical wrought 

properties. The wrought properties are developed by working, microstructure  

modification and heat treatment. The unique microstructure of th e CDS will reduce 

the hot - tearing tendency of wrought composition alloys and will potentially affect the 

properties. The latter needs to be established experimentally.  

The primary users of premium aluminum castings are the automotive and military 

and comm ercial aerospace industries. Thus , the inability to use the current wrought 

alloys in castings and the necessity of using more costly and less reliable, less 

consistent processes , severely constrains the basic industries that still drive the 

economy . Motor vehicles manufacture and production of parts are  the second largest 

revenue -producing industry in the world , surpassed only by petroleum and coal 

products. The car and light truck industries use 33% of all US -produced castings . 

Military and commercial airc raft use another 30%, with a significant portion of the 

remainder  used  in weapons and spacecraft. Furthermore, t he use of premium 

aluminum castings in both the automotive and aerospace industries continues to 

grow as designers and OEMs pursue lighter weigh t finished products . In addition, the 

aircraft industry finds that it can substantially reduce component costs by converting 

machined components and build -up assemblies to castings when casting technology 

is feasible.  

However , the quality, consistency, strength and toughness of  cast  Al parts have 

always been inferior to those of wrought Al fabricated products. Consequently, 

castings have not been used in many airframe primary structure applications . One 

reason for this is that casting a luminum alloys gen erally exhibit lower design 

allowable than wrought Al alloys because of the ir  wider variability in properties 



-  16 -  

 

compared with wrought products. The need for aluminum casting alloys with greater 

strength and toughness has led to a desire to cast wrought alloy s.  However casting 

wro ught alloys into near net -shape products  is not done because these alloys  

develop hot tears during solidification. Hot tearing is recognized as one of the most 

common and serious defects encountered during the casting of wrought alloy s. This 

phenomenon is also referred to as solidification cracking, hot shortness and 

shrinkage brittleness , which has been the subject of several studies  [5 ,7-9] . In 

general, hot tearing is defined , as  the formation of a macroscopic separation in a 

casting  as a result of distortion due to differential contraction of an ingot or shaped 

casting during solidification  [10] . The hot tear nucleates and propagates 

interdendritically within the solidifying material. This phenomenon of hot - tearing has 

prevented the use of higher strength and tougher wrought Aluminum alloys in near 

net shape castings.  

The CDS process addresses the issues of quality consistency  in castings  and allows 

the use of higher strength , tougher  and more ductile alloys. Some of t hese alloys are 

wrought Al -based alloys that are typically used in aircraft construction and could 

make their way into other areas of the transportation industry .  
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2.  Objectives          

CDS is a promising process that can enable near net shape casting of wrought  Al 

alloy c ompositions. With todayôs casting practices, the metallurgist is limited to the 

use  of specific  alloys due to constrains introduced  by the shape  of the part . Intricate 

shapes give rise to casting issues  such as hot tearing , which  has its root s in dendritic 

solidification and alloy composition . The CDS process may alleviate composition 

limitations  by improving the  castability  of alloys . 

However , in order to take full advantage of the CDS process , it is necessary  to 

understand its  fundamental mec hanism and principles. Therefore th e goal  of this  

work  is to develop the mechanisms underlying CDS, and to establish t he range of 

flexibility of the process with respect to  possible alloy compositions and processing 

parameters.  

Specifically  the objectives are to :  

 I dentify volumetric and temperature constrains for the two  starting  liquids . 

 Formulate a theory of the nucleation and growth events that occur during 

CDS 

o Construct  a mathematical model that predict s the degree of 

undercooling for a binary alloy sys tem as a function of mixing 

conditions  

o Apply  the globular stability model to predict instability of the interface 

at the latter  stages of CDS 

 Establish the  hot tearing tendency of alloy s when cast via CDS . 
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3.  Hypothesis  

A hypothesis for the mechanism underlying controlled diffusion solidification is 

presented in this Chapter .  

Composing  the hypothesis begins  by breaking the CDS process  in to steps. This 

makes  it easier to identify the governing factors, the processing param eters , and the 

boundary conditions of  each step .  

The general idea of CDS in a liquid - liquid system is simple in concept. It can be 

described  as:  The mixing of two melts of predetermined composition and 

temperature to produce  a solid  alloy with  globular mi crostructure. Many questions 

are immediately raised from the above description . These include : What are the two 

initial liquids? What are the limits to their compositions? How are  their temperatures  

selected ? How do they mix? What is the mechanism responsi ble for formation of the  

globular microstructure? The hypothesis is formulated around the answers to the se 

questions.  

 

Fig. 6 : Schematic representation of Al - Cu phase diagram.  
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In order to answer these questions, consider a simple binary phase diagram like the 

one shown in Fig. 6. Since the Al -Cu system was studied experimentally, it is used as 

a reference in the hypothesis. 1  

There are two variables concerning the selection of the  two  liquids; temperature and 

composition. For demonstration a simple case is selected : Pure Al  liquid and the Al -

Cu eutectic liquid that has a composition of Al -33% Cu. The liqu idus temperatures 

are: Pure Al  =  660 oC, Al-Cu Eutectic =  545 oC.  

 

Fig. 7 : Schematic description of the CDS. Pure Al  is mixed with an Al - 33wt%Cu eutectic liquid 

to form a target alloy of composition: Al -4.5wt%Cu.  

The mixi ng procedure is the following: The eutectic liquid is held near its liquidus 

temperature. The Pure Al is then poured into the crucible that holds the eutectic 

liquid and the final mixture solidifies inside the crucible holding the eutectic as shown 

schemat ically in Fig. 7. 

  

                                           
1 Note that the same principles apply to other phase diagrams with certain considerations and 

guidelines which will be identified in Chapter 5. 
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Fig. 8 :  ( a) Pure Al  is mixed with the eutectic liquid forming striations. ( b ) Undercooling in the 

Pure Al  striations force s rapid nucleation while at the same time solute diffuses from the 

eutectic liquid in  the Pure Al  striations . ( c) The Al nuclei grow in a solute rich matrix.  

For a better insight into what happens during CDS, we break down the proce ss into 3 

steps. These are:  

1.  Mixing  

2.  Nucleation  

3.  Growth  

Fig. 8 is a schematic representation of these steps.  

The first step  concerns  fluid flow when the two liquids mix.  The mixing procedure is 

critical because  incomplete mixing  can lead to segregation issues . The initial melt 

temperatures are also important as they  determi ne the process window.  

The study of the mixing mechanism provide s information  as to where nucleation of 

the solid occurs inside the mixture. Due to the nature of the mixing process , the 

liquid Al becomes  highly undercooled , which results in rapid nucleation  of solid Al  

particles . Rapid nucleation creates  a high nuclei density of solid Al nuclei, which 

favors globular  stability.  

(a)  (b)  (c)  
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While  nucleation of the solid Al p articles is occurring  Cu diffuses in the Al liquid. As a 

result the environment where the nuclei grow during CDS is different  compared to  

that during  conventional solidification . In CDS , the nucleated particles grow in a  

solute rich matrix . It is known  tha t when a metal front grow s into a liquid that has a  

high concentration of  solute the growth is slow and a planar solid - liquid front is 

favored.  However , if the cooling rate is relatively high , the front can become 

unstable and  break down in to a cellular  or dendritic  one .  

3.1  Mixing  

 

 

 

 

 

 

 

Fig. 9 : Generic binary phase diagram depicting different mixing modes . 

Both liquids have thermal energies. When they mix, the resultant liquid has the sum 

of these energies plus a small quantity that is called the heat of mixing. Consider the 

binary phase diagram shown in Fig.  9. Two liquids are selected: a pure substance 

and a eutectic liquid. X is the target composition.  

When these two liquids are brought together, one of the following three mixing 

modes is possib le:  

X 

S+L  

S 

L 

Mode  1 

Mode  3 

Mode  2 
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1.  Ideal mixing  

This mode of mixing occurs when the superheat of the pure substance is high 

enough that the resultant mixture finds itself in the liquid region of the phase 

diagram  (Fig. 9) . This situation is the same as alloying in the liquid state. The 

two liquids combine to form a homogeneous liquid of composition X that 

solidifies  with the conventional so lidification mechanism . 

2.  Reaction mixing  

In this mode of mixin g, partial solidification of the pure liquid  occurs as it 

comes into contact with the lower temperature eutectic  liquid . In the CDS 

process , the initial temperatures and compositions of the starting liquids  are  

such that the resultant mixture is in the two -phase  region of the phase 

diagram .( Fig. 8)  

3.  Quenching  

The third mode of mixing occur s when  the superheat of the pure liquid  is too 

low and/or the target composition is high in solute. Th is means that the 

weight ratio of the pure substance  to the eutectic is low. If this  is the case , 

then heat transfer will be the governing mechanism and the pure liquid 

becomes  quenched before it is allowed to mix with the eutectic liquid. This 

extreme path will lead to considerable  segregation.  (Fig. 8)  

The operative mixing mode in  CDS is Reaction -Mixing an d its boundary conditions 

dictate the range of castable alloys via CDS.  
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Fig. 10 : Phenomena that occur during the mixing of two liquids  [3] . 

Fig. 10  is a schematic representation depicting  the phenomena that occur when two 

liquids  mix  [3] . The black circle on the left represents  the pure liquid  that will mix 

wit h a eutectic liquid  (white). Mixing  starts with t he pure liquid  stretching inside the 

eutect ic liquid  forming striations that are driven by buoyancy, gravity and 

momentum. At the same time diffusion of solute occur s from the eutectic liquid into 

the pure liquid . The driving force for diffusion is the concentration difference between 

the pure substance and the solute rich eutectic liquid. The striations m ay break up , 

depending on the surface energies of the liquids and the flow conditions.  The 

thickness of t he striation , which  is defined in Fig. 10  as the distance between the 

centers of two adjacent striations  is very important because t he smaller the striation 

thickness is, the shorter the diffusion length.  
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3.2  Nucleation  

At the moment w hen the two liquids come together , there is a large difference 

between their  temperature s, in addition to the difference in their solute content . 

Hence, thermal  diffusion will occur simultaneously  with solute diffusion . Compared to 

the solute, heat  diffuses about 3 orders of magnitude faster for most metals. This 

creates a  high degree of undercooling of the pure liquid  before the fi nal mixture 

becomes compositionally homogeneous . This  sudden undercooling can be in the 

range  of 20 to 60 oC, depending on the initial temperatures and volumetrics of the 

two liquids.  

Such high undercooling enable s rapid nucleation of particles of the pure liquid . The 

particles that form during this partial s olidification of the pure substance are 

thermodynamically stable as long as they lie  within the two -phase  region of the 

phase diagram  The critical nucl eus  size is inversely proportional to the degree of 

undercooling. This means that the higher the undercoo ling the smaller the nuclei size 

will be. It is well understood today that a high nuclei density is favorable for a  

globular  microstructure  [12 ,13] . 
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3.3  Growth  

After rapid nucleation  of the solid , the nuc lei find themselves in a solute - rich liquid  

and the temperature of the casting  is higher than the temperature of the eutectic 

liquid. The absence of dendritic protrusion s can thus be explained by the absence of 

constitutional undercooling which is one of the main reasons  of undercooling for the 

bre akdown of the interface  and formation of dendrites  [14 ,15] .  

Based on the preceding , the hypothesis  for formation of globular microstructure via 

CDS can be summarized as follows:  

 As the liquids mix by the Reaction mixing mode , striations of one liquid are 

formed  in the second liquid.  

 Within these striations , rapid nucleation of the pure liquid occurs due to the 

high undercooling  created by the difference in temperature between the two 

liquidus.  

 The pure solid  nuclei are dispersed in  the eutectic liquid matri x and so they 

grow in a solute rich environment.  

 The solid particles grow by diffusion of solute and the shape  of the interface is 

a function of the cooling rate.  
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4.  Experimental  

4.1  Materials and Procedures  

The following experiments were designed and performed  in order to validate  the 

proposed hypothesis  with experimental evidence . The experiments focus on the Al -

Cu binary system. This system is suitable for experimentation as it has two 

significant characteristics : (i)  There is  a large  temperature dif ference between the 

melting point of Pure Al  and the  Al-Cu eutectic temperature  enabling  high 

undercooling , and  (ii)  it has a high eutectic concentration which  increases the rate of 

diffusion of the solute  (Cu) . Both of these characteristics are favorable for CDS since 

it is based  on  solute and temperature diffusion  phenomena . 

Pure Al  and an Al -50%Cu master allo y were used to prepare the different alloys; 

chemical c omposition was checked  using a spark emission spectrometer 2 .  The 

solidification curves were obtained with  calibrated K - type thermocouples and t he 

thermocouple data were  recorded with  a data acquisition system 3.  

Micros tructure analysis was  performed with  standard metallog raphic procedures  on 

vertical cros s- sections that were  cut from cast samples . The samples we re ground 

and finally polished using 1 ȉm alumina suspension in water. Between the polishing 

steps  the samples were  thoroughly cleaned.  A Nikon inverted type metallurgical 

microscope with a digital camera was used for optical microscopy.  

  

                                           
2 Spectromax Spark Spectrometer LMXM3, Spectro Analytical Instruments, Boschstr. 

10, 47533 Kleve, Germany.  
3 Daisy Lab 6 ®  National Instruments 11500 N Mopac Expwy Austin, TX 78759-3504 
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4.2  Mixing of Two Liquid  Melts  ï procedures and measures  

The objective of this experiment is to identify the mode s of mixing of the two liquids 

and  analyze the r esultant solid  microstructure . 

 

Fig. 11 : SiC crucible dimensions . 

 

Fig. 12 : Schematic diagram of the CDS . 

The present procedure precursor liquids are:  (i) Pure Al  and (ii) Al -Cu eutectic . The 

procedure is presented schematically in  Fig. 12 , and the chemical compositions and 

initial weight of the liquids are shown in Table II . All crucibles used were SiC with 
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dimensions shown in Fig. 11  coated with Boron Nitride. The process took place in 

room temperature atmosphere. The cooling rate was 0.7 oC/sec.  

Mixing Path  

Pure Al  Eutectic  

Target alloy  

T(Co)  weigh t (gr)  T(Co)  weigh t (gr)  

Alloying in the 

liquid state  

680  300  570  48  Al-4.5%Cu  

CDS ï Reaction 

Mixing  

660  300  550  48  Al-4.5%Cu  

Quenching  660  175  550  175  Al-17%Cu  

Table II : Processing parameters for the three mixing paths.  

 

Fig. 13 : From left to right a) Homogeneous liquid solidifying (dendritic microstructure)  

 b) Reaction mixing, (globular) c) Quenching (severe segregation) . 

Three distinct experiments were performed:  

(1) The two liquids were  mixed with relatively high superheats (Al 680 oC, Al -

33wt%Cu 570 oC) and left to solidify  in a SiC mold in room temperature air . Using 

precursor liquids with high superheats leads  to the creation of a homogeneous liquid 

alloy with the target concentration . The resulting microstructure is  shown  in (Fig. 13  

a) and  is clearly dendritic .  
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(2) By lowering the superheat of the Pure Al liquid to 10 oC, the process enters the 

reaction mixing mode and the microstructure which is shown in ( Fig. 13  b) becomes 

globular . 

(3) A relatively small er  quantity of liquid aluminum (175gr) was mixed with equal  

quantity of eutectic  liquid (175gr) . The result was immediate quenchin g of the Al as 

it entered the crucible and minim al mixing between the two liquids  as shown in 

(Fig. 13  c). In this Figure, the dark area on the top is the eutectic and the white area 

on the bottom is the Pure Al. The two liquids are hardly mixed. The Pure Al displaced 

the eutectic and the system was quenched. Air entrapment is due to rapid 

solidification .  

 

Fig. 14 : Schematic diagram of mixing pro cess . 

Al Pouring 

T ( oC)  

Al33wt%Cu  

T( oC)  

662  549  

670  550  

682  550  

Table III : Mixing parameters . 
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This experiment shows that the amount and temperature of the two precursor liquids 

should be chosen so that reaction mixing prevails. If these two parameters are not 

chosen correctly, either mixing in the liquid state or quenching will prevail and will 

not lead to a globular microstructure in the solid. In order to understand the effect of 

the initial temperatures three experiments were performed. At all experiments the 

eutectic liquid temperature was held constant while the aluminum temperature was 

increased successively by 10 oC. The initial temperature data is shown in Table III .  

As shown in Fig. 14 , 300g of Pure Al  liquid is kept at a controlled temperature in the 

resistance furnace . A thermocouple placed in the  center of the melt monitors the 

melt temperature. In the induction furnace, 50gr of Liquid Al -33wt%Cu is maint ained 

at a temperature of 550 oC.  

The standard mixing procedure presented in 4.2  is followed in each experiment. Each 

time t he liquid Al -33wt%Cu is taken out of the furnace and placed on a refractory 

material . A thermocouple is inserted at the center of the melt and the t emperature is 

monitored. When the temperature drops to 550 oC the Pure Al  is poured in the Al -

33wt%Cu crucible  as shown in Fig. 14 . The crucible dimensions are shown in  Fig. 11 . 

The alloy is left to solidify at room temperature and atmosphere. Samples were cut 

in half vertically with a SiC cutting wheel and one side was ground  and p olished with 

Struers SiC papers using water as a coolant . Subsequently, the samples have been 

etched using Kellerôs Reagent (2.5 % HNO3, 1.5 % HC1, 0.5 % HF, balance H20) for 

approximately 7 -8 sec.  

Thermal curves were recorded  with Daisy Lab 4.  

 

                                           
4 Daisy  Lab®   National Instruments 11500 N Mopac Expwy Austin, TX 78759-3504 
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Fig. 15 : Thermal Curves 671 ï 682 . 

On the very left of Fig. 15  the linear t emperature drop is the temperature of the 

Al33wt%Cu liquid ( Fig. 14 ). When the Al33wt%Cu reaches 550 oC, then the Pure Al  is 

introduced . When the two liquids mix , there is  a sudden ri se of temperature.   

The microstructures up to 67 2oC exhibit non -dendritic morphology ï see Fig. 16 . 

However a breakdown of the non -dendritic morphology is evident, that occurs 

between 67 2 and 682 oC. At that temperature range dilution occurs before 

solidification begins and the solid microstructure is dendritic as would be expect ed 

with a regular casting approach. With the present setup, (Al33%Cu at 550 oC and non 

pre -heated mold) one  can safely state that there is at least a 13 oC operation window 

from 658 oC (Al melting point) to 671 oC. This is a encouraging  fact , as it provides 

flexibility over the control of the process . The microstructures of the samples as well 

as the composition were homogeneous throughout the sample , which proves that 

there is adequate mixing even without any mechanical means.   

DT Mixing 671 -  682

520

540

560

580

600

620

640

660

680

0 200 400 600 800 1000 1200

time (sec)

T
e

m
p

e
ra

tu
re

 (
C

)

Al at 671

Al at 682



-  32 -  

 

 

 

Al at 662 oC Al at 67 2oC 

M
id

d
le

 

  

B
o
tto

m
 

 Al at 682 oC  

M
id

d
le

 

 

 

B
o
tto

m
 

Fig. 16 : Representative microstructures obtained with CDS under different Al Superheats . 
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4.3  Visualization of the L 1 /L 2  interface: formation of striations  

  

   Temp  ( oC)  Weight (gr)  

Pure Al  660  500  

Eutectic  545  500  

Table IV : Quenching experiment ï Initial liquids parameters . 

 

 

 

 

 

 

 

Fig. 17 : Steel mold dimensions . 

Experiments were performed in order to visualize the evolution of the interface 

between the two liquids before mixing is complete. The goal is to quench the two 

liquid melts while they mix. Because mixing is very rapid and happens in less than a 

second it is difficult to quench the mixture by using conventional means. In the 

present experimental setup the idea is to take advantage of the ideal quenching 

mode (3 rd  path) and force the liquids to freeze before mixing is completed. However, 

the  reaction mixing process will take place locally along the interface. Note that this 

experiment doesnôt aim in producing a homogeneous alloy. The initial liquids and 

Top  

6 cm  

15cm  

1 cm  

Side  

4.5cm  

6 cm  
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volumes were selected as should be such that the system would solidify before the 

mixing w as complete. Also before any conclusions concerning the actual method of 

applying the CDS can be drawn, one has to take into account that the actual flow 

should be less laminar.   

For the visualization experiments a steel rectangular mold with the dimensions 

shown in Fig. 17  was constructed. A thin steel gate divides the mold cavity into two 

com partments. Each compartment contains the two liquids as shown in Fig. 18 . The 

steel mold is preheated to the same temperature as the eutectic liquid. The liquids 

are then added to each compartment, the gate is lifted and the two liquids mix 

freely. The relevant parameters are given in Table IV . 
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(a)  

 

 

(b)  

 

 

(c)  

 

Fig. 18 : Schematic represent ation of quenching experiment. (a) : The two liquids are being held 

at controlled temperatures in the steel mold. (b):  As the gate is lifted the two liquids mix  

freely . The heavier eutectic  will displace the Pure Al . Striations are formed across the interface 

and reaction mixing occurs. (c) : The striations freeze due to governing  

heat conduction.  

The casting was cut vertically in half along the long axis of the mold. It was 

subsequently polished and etched using Kellerôs reagent in order to reveal the 

macrostructure  shown in  Fig. 19 . Three regions can be clearly distinguished . In  the 

microstructure the top white region  is predominantly quenched Pure Al . The bottom 

darker region is the eutectic liquid. The developing interface and  the protruding 

striations  can be seen  in the middle zone . The average size of the striations was 

measured to an average of  1mm.  

The detailed microstructure  of the striations is shown in  Fig. 20 . Inside the striations , 

partial solidification has occurred and the globular particle morphology is evident. 

Pure Al  
at 660 oC 

Eutectic  
at 545 oC 

Gate  

Steel mold 

at 545 oC 

The eutectic liquid as heavier flows 

under the Pure Al.  

Interface  

Partial solidification in the Aluminum 

striations. Heat conduction governs 

the process and the system freezes.  
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The way this experiment was designed forced the liquids  to freeze abruptly. If the 

tempera tures of the two liquids were higher, these particles would have more time to 

disperse  inside the solute rich matrix and the casting would have had a 

homogeneous globular microstructure.  

 

Fig. 19 : Developing striations across the interface.  (The reflection in the background is the 

camera lens) . 

 

Fig. 20 : Striations and microstructure . 

This experiment shows that striations of one liquid (in this cas e Al) develop in the 

second liquid (Al -33%Cu) during reaction mixing and that the average width of a 

typical striation is 1mm.  

Pure Al  

Interface  

Eutectic  

Pure Al  

Interface  

Globular particles  

Eutectic  
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Fig. 21 : High magnification SEM image of the globular microstructure.  

In Fig. 21  the globular grains are shown in greater detail. The grains are Ŭ-Al while 

the solute is concentrated at the grain boundaries. The concentration profile is shown 

in Fig. 22 .  
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Fig. 22 : EDX line scan across Ŭ-Al grains ï Concentration profile . 

By employing an  EDX (Energy Dispersive X - ray )  line scan across successive grains 

the composition profile is acquired as shown in Fig. 22 . The profile is taken across 

the red line. The concentration of solute is very small inside the Al grain and there is 

a sharp increase close to the boundary. This agrees with the initial assumption that 

states that primary nucleation  particles are Pure Al  and therefore the low solute 

concentration inside the grain.  

4.4  Addition of Synthetic Nuclei: procedures and measures  

It was long well known in the foundry practice that the addition of grain refiner 

reduces the hot - tearing tendency of Al -Cu alloys [4] . In 1970 the study published by 

Davies [5]  actually proved this  by directly showing the proportionality of the hot tear 
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length to the cast grain size. The best grain refinement in these alloys occurs with a 

low Ti content and when B is added as  Al-5Ti -1B rod  [6] .  

The present experimental series attempts to further strengthen  the hypothesis that 

nucleation takes place in side  the undercooled Al. Two sets of experiments were 

carried out. In the first the grain refiner  (GR)  Al-5Ti -1B was added to the Pure Al  

prior to mixing. In the second the GR was added in the eutectic Al33Cu prior to 

mixing. Finally a sample with grain refiner was cast by the traditional alloying 

method . The resulting microstructures were  compared.  

What is expected is to see a more uniform and refined microstructure when the  grain 

refiner is added to the Pure Al  because it will assist the nucleation that occurs  in the 

rapidly undercooled Al.  

   Temp ( oC)  Weight (gr)  

Pure Al  660  300  

Eutectic  545  50  

Table V: Processing parameters . 

The same experiment al procedure is employed as in 4.2  and the processing 

parameters are given in Table V. The grain refiner added was Al5Ti1B and the 

quantity was similar to foundry practice [7]  (0. 05wt% of the total sample weight ) . 

The grain refiner was added at 750 oC in all cases .  
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Fig. 23 : From Left to right: Gra in refiner added to: 1) Pure Al  2) Al -33wt%Cu  

3) Al -4.5%Cu . 

These experiments confirm the validity of the hypothesis presented in Chapter  3.  

Specifically,  

 Nucleation rate and microstructur e quality increases when the GR; however, 

this is only so when the GR is added to the Pure Al . If the GR is added to 

eutectic, nucleation rate is not increased.  

 Nucleation theory is applicable to quantitatively describe and analyze the 

results.  

 Numerical s imulations presented in section  5. 3 show a large undercooling in 

the bulk of the Al liquid . This undercooling effect augments the presence of 

the grain refiner.  

 A new window for  controlling the microstructure has been established . To 

wh ich of  the two melts the alloy constituents are added to plays a significant 

role, as  this may enhance their beneficial effect or hinder any unwanted 

feature s. 
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4.5  Globular Stability vs .  Cooling Rate  

The present series of experiments quantifies the effect of the cooling rate on the 

resulting microstructure . As expected , at high cooling rates , the evolving globular 

grains are unstable and result in  dendrites . 

The system employed is the Al  ï Al33wt%Cu, with no grain refiner added . The 

addition of a grain refiner would enhance the nucleation and globular stability , and 

higher cooling rates  would be feasible . 

Cooling Rate  

( oC/sec )  

Al Temp  

( oC)  

Al33CuTemp 

( oC)  

Mixing T   

( oC)  

0.25  660  547  647  

0.34  661  549  650  

0.4  660  552  652  

1.3  660  548  648  

Table VI : Cooling rates and data from thermal curves . 

The same  experimental setup is employed as in 4.2  with the processing parameters 

listed in Table VI . After the metals have been mixed, different coolin g rates are 

enforced on  the system . The sa mples are prepared following the same procedures 

with 4.2 .  

The experimental results validate  the hypothesis  presented in  Chapter  3.  Increased 

cooling rate leads to instability of the globular phase and the microstructure breaks 

down to dendritic . The lower the cooling rate the more uniform and globular the 

microstructure is as more time is allowed for diffusion . Stability analysis favors 

dendritic protrusions when the speed of the solidification front is increasing.  This 

result may seem to constrain the CDS process only to casting processes with a slow 
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cooling rate . However , the above results are without the presence of any  grain 

refining agent . With the presence of a grain refiner , higher cooling rates will be 

achievable.   
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Fig. 24 : Representative microstructures obtained with different cooling r ates . 
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4.6  Hot Tearing in CDS castings: procedures and m easures  

Experiments were conducted  is to evaluate the hot - tearing tenden cy of a 206 type  

alloy when cast conventionally  versus  cast via the CDS.  

Al  Cu  Mg  Mn  Fe  Si  Zn  

Balance  4.2 - 5.0  0.15 - 0.35  0.2 - 0.5  0.15 max  0.054  0.014  

Table VII :  Composition of 206 . 

206 is an important alloy of the Aluminum -Copper family and its copper content 

varies be tween 4.2 and 5 %. Its nominal composition is given in Table VII .  

Aluminum cast alloys are less prone to hot tearing than the wrought alloys. However , 

commercial alloys such as the 206 are not free of hot tears. The aluminum copper 

family of alloys is specifically  important to the metal casting industry. They are heat 

treatable and high strength alloys with a wide field of applications ranging from 

cylinder heads for aircraft and automotive engines, pistons for die sel engines, 

aircraft structures and similar applic ations  [20 ,21] . 

 

Fig. 25 : Ring mold schematics.  



-  45 -  

 

Ring Mold Test  

The ring mold setup is one of the most frequently used tools to assess  the hot 

tearing tendency of aluminum alloys [22 -24] . The experimental setup is simple ;  the 

mold consists of a ring and a core which are concentric  as shown in  Fig. 25 . The ring 

and the core are made of materials of higher melting points and with thermal 

expansio n coefficients much lower than the alloys to be tested. The molten alloy is 

poured radial ly in the gap between the ring and the core. Attention should be paid in 

that the height of the poured melt is the same for all experiments in order to avoid 

the effec t of a varying metallostatic head.  

The complexity of the ring mold lies in the fact that there are many possible 

configurations. (cold , preheated mold, different temperature of ring vs. core). The 

limitation of the ring mold setup lies to the fact that it is difficult to control the 

solidification rate. Besides that, the test gives only a qualitative val ue for the hot 

tearing tendency  [8] . 

In this experiment the mold was at room temperature which renders the alloys more 

prone to  hot tearing . A heated mold reduces the hot - tearing tendency. Another 

variable considered was the pouring superheat. In the casting practice an alloy is 

usually cast with superheat . The relationship of the alloy superheat with the HT 

tendency is as such:  The higher the alloy superheat the more prone the alloy is to 

hot tearing. Because in CDS the final alloy is cast with almost no superheat the 206 

alloy was cast under different superheats to see if there is any correlation . The ring 

mold was always at roo m temperature  in a climate controlled lab foundry . 
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Fig. 26 : 206 ï Conventional  casting without  superheat ï separation . 

 

Fig. 27 : 206 ï Conventional c ast ing  at 670 oC ï Hot tear . 
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Fig. 28 : 206 Cast via CDS -  No hot tearing . 

The CDS initial liquids are presented in Table VIII . The resultant alloy has the 

nominal composition of 206 and other alloys of the 2xx and 2xxx series.  

Liquid #1  Liquid #2  

600gr Al  110gr Al -33%Cu  

35gr Al - 52%Mg   

70gr Al - 24%Mn   

Table VIII : Initial compositions of liquids melts mixed via CDS . 

Should someone  look into optimizing the process when casting more complex alloys 

he would attempt to create a higher temperature difference between the two alloys 

to increase the undercooling in  the higher melting point liquid.  

Two sets of experiments were performed . In the first set a 206 nominal composition 

alloy was cast under different superheats in the ring mold. In the second set the 

same target alloy was made via the CD S method. The two liquids were mixed in a 

crucible and then immediately poured in the ring mold.  
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There was separation of the casting when the 206 was conventionally  cast  as shown 

in  Fig. 26 . When the superheat was increased there were always hot tears in multiple 

sites. A characteristic hot tear is presented in Fig. 27 . (the red b ox marks the hot 

tear, the rest of the cuts are due to sample removal from the mold. The 206 alloy 

showed no hot tears when cast via the CDS method Fig. 28 . 

 

Fig. 29 : 206 Conventional  casting ï Dendritic microstructure (bar: 100 ȉm) . 

 

Fig. 30 : 206 Cast via CDS ï Predominantly globular microstructure. (bar: 100 ȉm) . 
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Hot tears originate due to the impermeability of the dendri tic network during the  

latter stage of solidification . The remaining liquid cannot fill the empty space 

between the dendrites and hot tears form. That is not the case when the alloy is 

solidifying with a globular microstructure, such as the one produced vi a the CDS. 

Samples were cut from different sections of the samples, polished and etched with 

the Kellerôs reagent. In all regularly cast 206 the microstructure is dendritic, as can 

be seen in  Fig. 29 . In the CDS samples the microstructure was predominantly 

globular as in Fig. 30 .  
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5.  Theory  

5.1  Introduction  

The goal is to formulate  a general theory of what occurs when two liquid alloys  mix  

during the CDS process . This theory , can then be applied to any alloy  system to 

predict the final microstructure.   

The mechanism of globular formation in the CDS process is rather complicated 

beca use it incorporates phenomena in different scales. In the following study the 

theory of the CDS has been divided into  five  discrete areas as  shown in  Table IX .  

Mecha nism of CDS steps  Processing parameters  

1.  Thermodynamic Considerations  (Suitable initial conditions)  

2.  Macroscale ï Mixing  (Evolution of Striations)  

3.  Thermal ï Mass  diffusion  (Degree of Undercooling)  

4.  Nucleation  (Nucleation Rate)  

5.  Stability of the interface   (Stability of nuclei and grains)  

Table IX : Steps of the CDS mechanism and processing parameters calculated at each step.  

Each step is capable of calculating the processing parameters for the next one. The 

end result is a homogeneous casting with globular microstructure. The theory in this  

dissertation employs as an example the Al -Cu system. It can likewise be applied to 

any binary system that satisfies the conditions of each processing step.  

In summary , each time the casta bility of an alloy  via the CDS needs to be  examined , 

follow ing  methodology  should  be applied .  

Suitable initial conditions need to be specified for the experimental variables. These  

are: composition, volumetrics, and temperatures. Next follows the study of the 
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mixing of the two liquids. The properties of the two liquids and the intensity of 

mixing are needed as input to the mixing model. From the model the compositional 

evolution of the striations and the degree of undercooling can be calculated . The 

degree of undercooling can  provide via  the classical nucleation theory the nucleation 

rate. The final part is the stability of the nucleating and growing particles. The liquid 

properties and the processing parameters such as cooling rate  serve as input . The 

stability of the nuclei is examined by applying the Mullins -Sekerka stability criterion  

[9] . The interface  stability during the latter stages of solidification is correlated with 

processing parameters by ap plying the Martinez stability criterion  [10] .  

 

5.2  Therm odynamic  Considerations  

The initial  processing variables in the CDS process are the initial temperatures , 

compositions and volumes  of the initial liquids. The key for the CD S to work is to 

ensure a high degree of undercooling in the Pure Al  liquid . A high undercooling will 

lead to a high nuclei density , which will ensure nondendritic growth. In the CDS 

process the degree of undercooling is dependent on two factors: a) the ini tial 

temperatures of the t wo melts and b) their volume  ratio s.  

It is understood that  by increasing the volume ratio  of the cold liquid the degree of 

undercooling  will increase as well . This is true , but  two scenarios need to be taken in 

account :  

(i)  Considering for example the Al -Cu phase diagram in Fig. 31  and 

predefin ing  for both the Pure Al  and the eutectic liquid temperatures close 

the solidus, the only factor that can affect the undercooling is the 

volumetric ratio  between the two liquids.  In order for the CDS to achieve 
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the desired microstructure the resultant mixture should find itself in a 

metastable condition. As the volumetric ratio varies and the target 

composition shifts towards the eutectic the CDS is no more effective and 

the microstructure is not globular.  

(ii)  The other scenario is a boundary condition where , due to excess volume 

of eutectic liquid, conduction will be the governing mechanism and cause 

th e high temperature liquid to freeze rapidly and settle  at the bottom of 

the crucible or  mold. At this extreme condition, no mixing will take place, 

and there will be total segregation of the two liquids.  These extreme 

conditions were  verified experimentall y in the Al -Cu system in section  4.2   

 

Fig. 31 : Experimental data for initial liquids and final alloy temperatures. The final alloy 

temperatu re is a significant indication of the solidification mechanism.  

In order for CDS to result in a globular microstructure, one must not only target a 

final composition but one should also target a final temperature of the mixture . After 

the two liquids mix t he resultant liquid should find itself in a metastable condition. 
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That is, the final temperature should lie in the semisolid region of the phase diagram. 

If the resultant mixtureôs temperature is higher than the target alloys liquidus, then 

the microstruct ure will be dendritic.  

In Fig. 31  the values of experimental results  are plotted. These results exhibit 

favorable and non favorable processing parameters for the reaction mixing path. One 

can calculate the final mixture tempe rature thermodynamically or experimentally 

using a thermocouple.  

Table X: Experimental parameters . 

 

Fig. 32 : CDS cooling curve. Al at 670 oC mixed with Al -33%Cu at 550 oC. 

Initial Temperatures  Initial Weights  Mixture 

Composition  

Mixing T  Mixture  

Liquidus  

Al Al-33wt%Cu  Al Al-33wt%Cu     

660  547  300  52  4.9  647  650  

671  549  305  47  4.5  650  650  

682  550  302  45  4.5  666  647  
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The system studied is the binary Al -Cu. The materials and procedures followed are 

the same as in 4.1 . The initial temperature of the eutectic was held constant in all 

experiments. The initial temperature of the Al was increased by steps of 10 oC. The 

final alloy compositions ranged from Al -4.5wt%Cu to Al -4.9%Cu.  

In Fig. 31  the experimental values from three experiments are plotted. Experimental 

parameters a re listed in Table X. The Aluminum temperature was varied in order for 

the mixture to reach different final temperatures. The experimental data were 

extracted from co oling curves such as the one in Fig. 32 .  

Regarding Fig. 32 , the thermocouple  is positioned in the center of the eutectic liquid 

and monitors the mixing and solidification process. The first slope on the left is the 

eutecticôs liquid temperature as it cools down. When its temperature reaches 

~550 oC, the Al is poured inside the eute ctic. The aluminum melt has a temperature 

of 660 to 682 oC. That is why when it is introduced in the eutectic liquid there is a 

rapid increase in the mixture temperature. The peak of the spike in Fig. 32  is the 

final mixture temperature that is plotted in Fig. 31 . However the real mixture 

temperature should be a few degrees lower bec ause of the latent heat created from 

the partial solidification inside the aluminum.  

Nucleation should be occurring in the undercooled region of the melt which is in the 

Pure Al  striations as was shown in section  4.3 . The rest of the melt is superheated. 

The primary Al particles are then distributed in the eutectic melt and solidification is 

diffusion controlled . Here it is assumed that the heat equilibra tes almost instantly 

compared to the solute diffusion and therefore the nucleation occurs before the 

equilibration of solute.  The aluminum particles should nucleate on the impurities of 

the melt or on a substrate provided by grain refiner particles. In thi s case  

heterogeneous nucleation on impurities  is considered . 
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The intensity  of mixing directly affects the striation ôs size and can thus provide a 

wide range of undercooling. Different mixing methods might range from simply 

pouring  one liquid into the other  to a sophisticated mixing mechanism of two 

volumetrically controlled streams.  

Now that the favorable initial processing variables  can be determined  experimentally, 

the next step is the actual mixing process. The next section  examines  what 

processes occur when two liquids mix in general , and how these can be applied to 

the CDS process . 
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5.3  Mixing   

As was shown experimentally in section  4.3 , when two liquids mix they form 

striations of one the other . The initial striation thickness and the mixing intensity are 

quantities that are used in the modeling of the evolution of thermal and diffusion 

fields. Even though their values can be approximate d from relevant literature , 

interrupted quench methods can also be employed to increase the accuracy of the 

approximations. A n interrupted quench technique that can provide visual results 

rather than just  theoretical calculations was devised and its  descri ption and results 

were  presented in section  4.3 . 

The interrupted quenching technique is unique in that there is no  need to use 

external quenching means such as liq uid nitrogen or pouring in copper crucibles. The 

experimental setup takes advantage of the intermediate mixing  mode  between the 

reaction mixing and ideal quenching path.  The quenched mixture looks like Fig. 20  

and one can calculate the average striation thickness.  

Now the underlying processes of mixing of two liquid melts need to be understood 

and from that a model can be built that calculate s the degree of undercooling  in the 

Al striations . 
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Mixing of two liquids  

The theory begins by examining the processes that occur during the mixing of two 

liquids. The dispersion of one liquid into another is of great  importance in ma ny 

industrial processes. If both liquids are solu ble into each other  then two things can 

happen ;  1) The liquids form striations and diffusion of solute takes place from the 

eutectic liquid to the Pure Al . The thickness, elongation and form of these striations 

depend on the mixing  conditions . These striat ions tend to thin out as mixing is 

continued  or intensified . 2) Diffusion takes place  synchronously across the interface 

of the striations.  The diffusion is driven by the difference in concentration in solute 

between the two liquids and continues even when  the mechanical mixing stops  [3] .  

Diffusion will drive the system to wards  a uniform concentration  even w hen  

mechanical mixing  is minimal;  diffusion rate is however proportional to mechanical 

mixing as the diffusion length increases  (or  the striations become  thicker ) . Diffusion 

is the reason that  the final mixture will have complete uniformity. If there was only 

mechanical mixing and no diffusion present, then the system would have discrete 

compositions at different regions.   

Inter diffusion and break -up occur  independent of  each other. Break -up will tend to 

reduce the size of the striations and interdiffusion will tend to homogenize 

neighboring parts of the mixture  [11] .  

Mixing of two liquid melts  

When two liquid metals of predetermined composition and temperature mix , then the 

phenomenon becomes increasingly complex  as apart from the mixing processes 

stated above, crystallization might also occur. The presence or absence  of 

crystallization during mixing will depend on the chemistry of the system , the thermal 

fields and the local mixing intensity.  
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In the simplest scenario , mixing of two metal melts will be no different than the 

mixing of two miscible liquids. The process then is simply alloying in the liquid state. 

On the other hand , upon manipulation of the concentration of the alloys and their 

initial temperatures , solidi fication and -or other reactions may take place. These 

reactions are controlled  by coupled heat and solute diffusion, which are in turn 

directly related to the local flow pattern  [27 ,28] . 

The stretching and diffusion processes of mixing are incorporated in the following 

model.  
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5.4  Thermal and Mass Transport P henomena  

It is critical to understand the thermal and mass transport phenomena that occur 

when two  liquid melts are mixed . The governing equations of heat and mass flow are 

formed and solved numerically to  stud y the evolution of undercooling in  the high 

temperature melt. The alloy system selected is the Al and Al -33wt%Cu. System  

selection was based on the high eutectic content of the binary phase diagram and 

the high temperature difference between the  Pure Al and the eutectic.  

The following model can calculate the degree of undercooling between the striations 

of two liquids. This  model does not consider  latent heat effects so it actually 

evaluates the solidification potential.  It takes into account the ther modynamic 

properties of the liquids the striation thickness and the mixing intensity. The degree 

of undercooling can then be used to calculate the nucleation rate as shown in section  

5.6 . 
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5.5  Numerical model: Evolution of solute and temperature fields  

A numerical model is presented that  investigate s the  undercooling phenomena of an 

Al-4.5%Cu alloy being cast via CDS . The model describes the evolution of the 

temperature and solute diffusion fields upon mixing of two liquid melts of 

prede te rmined composition and temperature. When two liquid melts that are near 

their respective liquidus temperatures come into intimate contact the f ollowing 

processes occur: stretching, breakup and diffusion. The present model involves a 

single striation of Pure Al  stretching in the infinite bulk of the second melt , which is 

an Al -33%Cu eutectic alloy. The stretching rate of the striation , which repre sents the 

mixing intensity is incorporated in the model . Results show that there is significant 

undercooling in the Pure Al  as well as at the interface of the two melts. This 

undercooling is a key factor for rapid nucleation, which leads to a high grain de nsity 

that hinders dendritic evolution.  The parameters for the calculations were  selected so 

as to model the striations observed in section  4.3 . 

The methodology  consider s stretching and diffusion of two liquids following the 

methodology developed by  Ranz  [12] . Similar analysis has also been employed by 

Ohmi [13]  who investigated undercooling phenomena in hypereutectic Al -Si alloys. A 

Lagrangian frame of reference is used . As starting condition a slab of Pure Al  is 

considered stretching in t he infinite bulk of an Al -33%Cu eutectic alloy . The problem 

can be describe d by a one dimensional diffusion equation that also incorporates the 

strain rate term , which accounts for turbulence .  

The original formulation that describes diffusion and reaction in stretching laminae in 

a Lagrangian frame of reference fixed on the lami na is:  
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2

2

C C Ca a a
e x Dx a

t x x  

(5.1)  

Where is the strain rate,  is the diffusion coefficient of chemical species  and   

is the concentration of the chemical species , which in this case is the concentration 

in Cu.  

 

Fig. 33 :  S (t) Evolution of Striation thickness S on different strain rates.  

In order to further simplify this PDE , the convection term involving can disappear 

by introducing a warped time  .  

 2 '

0

t
S dt

 
(5.2)  

and  

 x

S  
(5.3)  

In 5.3   is a non -dimensional space variable and  is the thickness of the striation, 

which is calculated by:  
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 exp( )oS S e tx  (5.4)  

 is the initial striation thickness  and  is time . Ranz by employing a warped time 

and a non -dimensionless space, forces space to scale to a thinning lamina thickness 

and time to warp in a frame of reference that moves with the fluid. So the warped 

time is based on the instantaneous thickness of the material filament, the diffusion 

and the con vection. The evolution of S at different strain rates   can be seen in Fig. 

33  for  mm.   

The striation thickness used in this simulation was measured  experime ntally by the 

interrupted quench experiment in section  4.3 . The higher the strain rate, the faster 

the striation stretches and its width is reduced. Following the t reatment of Ohmi et al 

[31 , 32]  the solution of the system of 5.2  and 5.4  is:  

 1
{ exp(2 ) 1} , 0

2
2

e t ex x
e Sx o  

(5.5)   

and  

 1
, 0

2
ex

So  

(5.6)   

Introducing  and  in 3.1  the governing equation becomes:  

 2

2

C Ca a
Da

 

(5.7)   
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This partial differential equation has known solutions for many boundary conditions . 

In this work it was numerically solved using a Crank -Nicholson (CN) scheme  which is 

presented in Appendix III .  

 

Fig. 34 :  Initial temperature distribution   at .  is the initial thickness of the 

Al striation.  

 

Fig. 35 :  Initial composition distribution  at .  is the initial thickness of the 

Al striation.  



-  64 -  

 

The initial temperature distribution of the system is presented in Fig. 34  and the 

initial solute distribution in Fig. 35 .  

At  both liquids are at their  starting temperatures   = 545 oC Al -33 wt %Cu and 

  = 660 oC Pure Al . The control of the superheat is of great importance. 

Experimental results in the Al ïCu system have shown that the CDS process produces 

globular microstructure when the Pure Al  is within ten degrees of superheat [14] . In 

this numerical simulation both temperatures are very close to the respective liquidus 

lines of each melt . This gives rise to an excessive degree of undercooling; 

temperature dif fusion is four orders of magnitude faster than solute diffusion (Cu 

atoms) . The diffusivities are assumed to be constant. This is not a rough 

approximation since the scale difference between solute and temperature diffusivities 

is much higher, and the erro rs introduced are smaller in scale . The constants used in 

the calculations are presented in Table XI .  
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Diffusion coefficient,  3.5*10 -9 m 2/s  

Thermal diffusivity (alloy),  2.8*10 -5 m 2/s  

Table XI : Material constants  [10] . 

PDE 5.7  in the special cases of temperature and solute diffusion takes the form:  

- for solute diffusion :  

 2

2

C C
D

 

(5.8)   

-and for heat diffusion :  

 2

2

T T
a

 

(5.9)   

In order to observe the undercooling phenomenon, the evolution of temperature was 

directly compared to the evolution of the liquidus temperature of the resulting 

mixture. The temperature evolution  was extracted by numerically solving PDE 

5.9 . The evolution of the concentration  was extracted from PDE 5.8 . 

Subsequently the evolution of the liquidus temperature was extracted from the Al -Cu 

phase diagram by correlating it with the respective concentration at each time step . 

The maximum under cooling occurs right at the centre of the Al striation at . 

Therefore the evolution of temperature at this point compared with the respective 

liquidus temperatures provides insight to the undercooling conditions . Another point 

of interest is the underc ooling that might occur at  mm . Since the initial 

striation thickness is = 1mm, this is the point right next to the interface at   
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between the two metals on the side of the eutectic. It was evident that the Pure Al  

would be undercooled immed iately since it would find itself in a significantly lower 

temperature environment. What was not so evident at prima facie was that there 

would be undercooling also in the region of the eutectic melt . The strain rate selected 

for the following results was ten.  

 

Fig. 36 :  Temperature evolution at the center of the Al striation at  and at . The 

equilibration of temperatures is rapid due to the high heat transfer coefficient. Equilibration is 

attained at 0.05sec.  

The temperature evolution at  and at  is shown in Fig. 36 . The 

equilibration of temperature is rapid due to the high thermal diffusivity term .  

Both liq uids are starting from their respective initial temperatures, which are 660 oC 

for the Pure Al  and 545 oC for the Al -33%Cu eutectic liquid, respectively. The 

temperature becomes uniform throughout the system at   sec. The diffusion 

of the solute is mu ch slower because of the low diffusion coefficient D . This means 
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that the actual temperatures and the respective liquidus temperatures of the two 

points that are tracked will follow a different path.  

 

Fig. 37 : Concentration evolution at the center of the Al striation at  and at 

. The equilibration of concentration is much slower than the temperature 

equilibration due to the lower diffusion coefficient.  

Equilibration is attained in 0. 5sec.  
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Fi g. 38 :  Comparison of the actual temperature at   and  and  the 

respective liquidus temperature. The aluminum is undercooled right when the 

simulation begins. After a short time the solute is diffusing from  towards 

the center of the aluminum striation. As a result the liquidus temperature is 

increasing and the melt finds itself in an undercooled state.  

The evolution of the Cu concentration at  and at  is plotted in Fig. 37 .  

At  it is evident tha t the concentration is decreasing . Solute is being 

transported inside the Al striation. The solute reaches the center of the Al striation at 

0.2 sec. The concentrations equilibrate close to 0.5 sec. Combining the data of Fig. 

37  with the Al -Cu binary phase diagram, the evolution of the liquidus temperature 

was extracted. The undercooling is the difference between the liquidus temperature 

and the actual temperature of the alloy. Fig. 38  shows the actual temperatures 

plotted with the respective liquidus temperatures at  and at .  

The center of the Al striation  is undercooled from the beginning of the  

simulation. After a short time the solute is diffusing from  towards the center 


