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Abstract

ABSTRACT

The issue of mold cooling is one, which presents a foundry with a dilemma. On
the one hand, the use of air for cooling is safe and practical, however, it is not very
effective and high cost. On the other hand, water-cooling can be very effective but it
raises serious concerns about safety, especially with a metal such as magnesium. An
alternative option that is being developed at McGill University uses heat pipe technology

to carry out the cooling.

The experimental program consisted of designing a permanent mold to produce
AZ91E magnesium alloy and A356 aluminum alloy castings with shrinkage defects. Heat
pipes were then used to reduce these defects. The heat pipes used in this work are novel

and are patent pending. They are referred to as McGill Heat Pipes.

Computer modeling was used extensively in designing the mold and the heat
pipes. Final designs for the mold and the heat pipes were chosen based on the modeling
results.

Laboratory tests of the heat pipe were performed before conducting the actual

experimental plan. The laboratory testing results verified the excellent performance of

the heat pipes as anticipated by the model.



Abstract

An industrial mold made of H13 tool steel was constructed to cast nonferrous
alloys. The heat pipes were installed and initial testing and actual industrial trials were
conducted. This is the first time where a McGill heat pipe was used in an industrial

permanent mold casting process for nonferrous alloys.

The effects of cooling using heat pipes on AZ91E and A356 were evaluated using
computer modeling and experimental trials. Microstructural analyses were conducted to
measure the secondary dendrite arm spacing, SDAS, and the grain size to evaluate the
cooling effects on the castings. The modeling and the experimental results agreed quite
well. The metallurgical differences between AZ91E and A356 were investigated using
modeling and experimental results. Selected results from modeling, laboratory and
industrial trials are presented. The results show a promising future for heat pipe

technology in cooling permanent molds for the casting of nonferrous alloys.
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Résumeé

Résumé

Pour une fonderie, le refroidissement d’un moule permanent peut poser un
dilemme. D’une part, ’utilisation de I’air pour le refroidissement est sécuritaire et
pratique, cependant ce n’est pas trés efficace et le colt est élevé. D’autre part, le
refroidissement par eau peut €tre trés efficace mais il y a des réserves concernant la
séeurité, spécialement pour un métal tel que le magnésium. Une option alternative qui a
été développée a 1’Université McGill utilise la technologie des caloducs pour obtenir le

refroidissement.

Le programme expérimental comprenait la conception d’un moule permanent
pour produire des piéces coulées en alliage de magnésium AZ91E et en alliage
d’aluminium A356 avec des défauts de retassure. Les caloducs ont été utilisés par la suite
pour éliminer ces défauts. Les caloducs utilisés dans ce travail et identifiés comme des

caloducs de McGill sont innovateurs et font 1’objet d’'une demande de brevet.
La modélisation par ordinateur a €té considérablement utilisée pour la conception

du moule et des caloducs. D’ailleurs, c’est en se basant sur les résultats de simulation que

le choix final pour la fabrication de ces derniers a été fait.
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Résumé

Des essais préliminaires en laboratoire ont permis d’évaluer le caloduc avant son
utilisation dans le programme expérimental de cette étude. Les résultats obtenus ont
permis de vérifier I’excellente performance des caloducs telle qu’anticipée par la

modélisation.

Un moule industriel en acier H13 a été fabriqué pour couler des alliages
non ferreux. Les caloducs ont été installés et des essais initiaux suivis d’essais industriels
ont été effectués. C’est la premiére fois qu'un caloduc de McGill a été utilisé dans un

procédé de coulée en moule permanent pour des alliages non ferreux.

Les effets de refroidissement par caloducs pour les alliages AZ91E et A356 ont

été évalués en utilisant aussi bien la modélisation que les résultats expérimentaux.

Des analyses microstructurales ont été faites pour mesurer [’espace

interdendritique et la taille des grains afin d’évaluer I’influence du refroidissement sur les

pieces moulées.

La correspondance entre les résultats expérimentaux et ceux obtenus par
modélisation est trés bonne. Les différences métallurgiques entre les alliages AZ91E et
A356 ont été étudiées en utilisant les résultats expérimentaux ainsi que ceux obtenus par
la modélisation. Une sélection des résultats de modélisation, de laboratoire ainsi que ceux
obtenus lors des essais industriels est présentée. Les résultats soulignent un avenir
prometteur pour ’utilisation de la technologie des caloducs dans le refroidissement des

moules permanents utilisés pour la coulée des alliages non ferreux.
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

Casting is the most economical industrial process used to transform liquid metals
into near net shape components. Permanent mold (PM) casting is a productive and cost-
effective method for making a wide range of complex shapes for both nonferrous and
ferrous castings. The castings range from small, thin-walled castings to large castings.
Mechanical properties such as strength, toughness, ductility, fatigue strength, and stress
corrosion resistance can be improved by using grain-refining techniques [1-4]".

During the last 2 decades, rapid solidification technology has been developed in
combination with powder metallurgy technology [5-8] to obtain bulk alloys with finer

microstructures.

The thermal conditions during the solidification of a casting influence its
properties significantly [1]. A faster rate of solidification can result in finer grain size or
smaller dendrite arm spacing with resultant improvement in mechanical properties.

Hence a large tonnage of nonferrous alloy castings are produced in permanent metallic

molds.

" Numbers in square brackets [ ] refer to references.
1



Chapter 1 Introduction

In the competitive world of today, it is necessary for the foundryman to use
Computer Aided Design (CAD) to produce castings with intricate shapes and to increase
profitability. CAD of a casting requires the ability to predict the temperature field in the
solidifying casting. While the velocity field and stress field in the casting are important,

the effect of the thermal field on the properties is more significant.

The study of heat extraction from a solidifying casting by a metal mold has been
a subject of investigation for many researchers [3,9-11]. Both experimental and

theoretical methods were used to study this problem.

An important feature of the solidification of a casting in a metal mold is the
existence of a thermal resistance at the casting/mold interface. The thermal resistance is
usually characterized by the ‘interfacial heat transfer coefficient’, h. The value of h is
influenced by a number of factors like metallostatic pressure, mold surface conditions,
mold coatings, presence of oxide layers on casting surface, casting geometry, cooling
method [12-14], etc. For Computer Aided Design of castings, knowledge of the value of

h is necessary for the calculation of the temperature field in the solidifying casting.

The optimum mold temperature is the temperature that will produce a sound
casting in the shortest time. Mold temperature control is largely achieved through the use

of auxiliary cooling or heating and through the control of mold coating thickness and/or

properties.

There is variety of permanent mold cooling methods available. The most
commonly used are air or water-cooled systems and combinations thereof. With each
method of cooling, there are definite advantages and disadvantages, which should be

evaluated.



Chapter 1 Introduction

An alternative cooling method for the permanent mold casting process involves the use of
heat pipes. This technique is the focus of a research group at McGill University, and the

current work is a part of an overall effort in this area.

A heat pipe is a heat transfer device that utilizes the vaporization and condensation of a
working substance contained within to move energy from the evaporator section to the
condenser section. A heat pipe can be as effective in transporting energy as 1,000 times
the equivalent quantity of copper under similar heat transfer conditions. This places heat

pipe cooling ahead of some of the other cooling processes.

1.1. SCOPE OF THE PRESENT WORK

With the increasing growth of magnesium and aluminum permanent mold
castings, more research has to be directed to develop the production process. Cooling is
the key technique in producing sound castings, which can fulfill the high industrial
standard required in industries such as aerospace and automotive. In addition, cooling
techniques can assist in maximizing productivity. The aim of this work is to design,
model and construct a permanent mold and heat pipes for the magnesium and aluminum
casting processes. The mold is designed to produce shrinkage defects and the heat pipes
are designed to demonstrate that it is possible to force the shrinkage away from desired
locations and hence, improve the casting quality. In general, the objectives can be stated

as the following:

1) Design and model a permanent mold that will produce shrinkage defects in the
casting of light metals.

2) Develop a novel, water-based, heat pipe of improved design and high efficiency.
3) Perform experiments and analysis of permanent mold cooling for magnesium and

aluminum castings.
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4) Conduct analysis of the microstructures of magnesium and aluminum castings to
evaluate the cooling effect using heat pipes. The analysis includes an evaluation of
the shrinkage distribution in the castings, an evaluation of the secondary dendrite
arm spacing (SDAS), and an evaluation of the grain sizes.

5) Investigate the metallurgical differences and the solidification behavior of magnesium

AZ91E and aluminum A356.
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CHAPTER 2 LITERATURE SURVEY

2.1 Introduction

The thermal conditions during the freezing of a casting influence the casting
soundness significantly [15]. The thermal conditions are influenced by the rate of heat
extraction from the casting by the mold and the latter depends on the type of mold
material. In the case of insulating sand molds, the rate of heat extraction is controlled by
the thermal resistance of the mold material. In the case of metallic molds, it is now well
established that the heat flow rate from the casting to the mold is controlled by the
thermal resistance at the casting/mold interface [11]. This thermal resistance arises due
to imperfect contact between the casting and the mold, and in some cases an air gap may
form between the casting and the mold in the later stages of solidification. The presence
of mold coatings on the mold surface and oxide films on the casting surface also

influence the thermal resistance of the casting/mold interface.

The presence of an air gap increases the freezing time of the casting. The rate of

heat extraction from the casting by the mold can be related to the freezing time, t; of the
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casting. Since casting soundness is related to the rate of heat extraction, early
investigators developed relations between casting soundness and freezing time [10].

In terms of casting quality, mold temperature control is important to ensure that
desirable thermal gradients in the mold are established, and thus regulate the casting
solidification. In terms of mold life, hot or cold spots in the mold must be controlled.
Uniform cooling will eliminate localized areas that may be subjected to thermal shock or

liquid metal erosion.

One of the key techniques for producing sound permanent mold castings is to use
controlled mold cooling such as air cooling, water cooling and heat pipe cooling. Air-
cooling has limited applications in permanent mold casting due to its low cooling
capability and high cost. Water-cooling is widely used in permanent mold casting, but
has some disadvantages such as safety issues and the facilities required. The early
applications of heat pipes in a permanent mold casting have shown tremendous results

due to their high cooling rates, low cost and safety [16].

In this chapter, an overview on casting parameters, mold design and cooling is

presented. Heat pipe development, applications and problems are also presented.

2.2, Air Gap Formation

The studies carried out on solidification of castings in metal molds show that an
air gap forms in the initial stages of solidification and the size of the air gap increases
with time [12]. The formation of an air gap at the casting/mold interface is important in
the case of large castings like steel ingots and many early investigators studied the time,
location and other factors relating to the air gap formation at the casting/mold interface

[12-15, 17-19].
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Matuschka [20] concluded that due to the expansion of the mold when it absorbs
heat and contraction of the casting due to cooling, an air gap forms along the
casting/mold interface in the case of steel ingots. Henzel and Keverian [12] concluded
that the time and the magnitude of air gap formation are determined by casting size, mold
wall thickness, mold surface roughness, mold wall temperature, superheat, rate of
pouring and the coefficient of expansion, density, thermal conductivity, and specific heat
of mold and casting materials. Paschkis [21] explained that as a result of air gap
formation, the casting skin may be reheated, and this can cause the metal to break
through the skin resulting in fresh metal freezing against the mold wall and thereby
leading to a cyclic process referred to as "breathing" [21]. The methods for the
determination of the time for air gap formation, and width of air gap are discussed below.

Factors affecting the time for air gap formation are also presented.

2.2.1. Time for Air Gap Initiation

Some of the methods developed by various investigators to determine the time of

initiation of air gap at the casting/mold interface are given below:

a. Temperature measurements

Rapid temperature changes occur at the casting and mold surfaces at the time of
air gap formation [12]. By monitoring the interface temperatures, the time of air gap
formation can be determined [22,23]. Bishop et al [22] concluded that the air gap
formation between the casting and its metal mold is associated with a sharp change in the
surface temperature of the permanent mold. Their experiments were carried out using
steel solidifying in metallic molds of different alloys. Thermocouples of sheathed type
having a small mass were used to measure the surface temperature. Some investigators

[15,16] concluded that temperature measurement is not a reliable method for determining
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the time of air gap formation, especially in the case of thin molds with insulating mold

coats, because sharp changes in temperature are not always noticed in this case.

b. Heat flow Method

From the temperature measurements in the casting and the mold, the heat flow
across the casting/mold interface can be determined. Mackenzie and Donald [24]
concluded that the heat transfer rate increases rapidly from a low value to reach a
maximum value and then decreases subsequently. The air gap formation starts at the
time of occurrence of the maximum value of the heat transfer rate. Henzel and Keverian
[12] used the data of Bishop et al [25] to calculate the rate of heat transfer and arrived at
similar results. Very often, instead of a well defined peak, wide fluctuations are observed

in the heat transfer rate in the initial stages of solidification [26].

c. Electrical probe Method

In some early investigations, the air gap formation was studied by inserting
electrical probes in the casting and the mold, and connecting them to an electrical circuit
with an electric light and a battery in series. At the time of air gap formation, the
electrical contact is broken and this causes the light to be switched off, thus indicating the

onset of air gap formation.

2.3. Freezing Time of Castings Solidifying in Metallic Molds

When liquid metal is poured in a metallic mold, solidification begins near the
mold wall and progresses towards the center. The freezing time of the casting, t is the
time at which the last point to solidify in the casting reaches the solidus temperature.
When an air gap forms at the casting/mold interface, the heat extraction rate will decrease

because of the insulating nature of the gases present in the air gap. This will increase the
8
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freezing time of the casting. The factors affecting t; and the relation between t; and

casting parameters are discussed below.
2.3.1. Factors Affecting Freezing Time, t;

Many experiments were performed by a number of investigators [13,14,27-34] to
study the factors affecting the freezing time. They found that the freezing time depends
on the thermal properties of the mold and the casting, conditions at the casting/mold
interface and also application of pressure on the liquid metal during solidification. The
factors affecting ty are mold material, volume ratio, modulus coefficient, mold preheat,
mold surface roughness, mold coatings, type of alloy, pouring temperature, casting

geometry, and pressure. These factors are discussed below.

Mold material

The freezing time, tr of a casting depends on the thermal conductivity of the mold
material - higher conductivity gives lower trdue to the faster heat extraction. Srinivasan
et al [13] found that t¢ is lower in copper molds when compared to cast iron molds or

anodized aluminum molds and this was attributed to the higher conductivity of copper.

Yolume ratio and modules coefficient

Volume ratio, Vg (i.e. the ratio of mold volume to casting volume) affects
freezing time, t;, when Vg is below 5.0 [13]. Similar results were obtained by Nehru and
Seshadri [15] using gunmetal castings. It was found that tr is proportional to the modulus
coefticient, Mc [15, 17-19,27-37] i.e.

Me = (Ve/Sa)'™ (VRO ......(2.])
Where

Sa = surface area of casting
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V¢ = volume of casting

Vr = volume ratio (Vimoid/V casting)

Mold Preheat

Ayyamperumal [36] found that t; increases with increase in mold preheat
temperature in the case of aluminum alloy castings. In the case of cast iron solidifying in

a cast iron mold, t¢is found to increases marginally with increase in mold preheat [18].

Mold surface roughness

According to Morales et al [38] increase in mold surface roughness results in an

increase in tr. Similar results were reported by Sharma and Mythily [26].

Mold coatings

Mold coatings may increase or decrease t¢ depending on the conductivity of the
coating material [18,26]. Nehru and Seshadri [15] observed that in the case of silica

based mold coats, there is an optimum coating thickness at which tfis maximum.

Type of alloy
Srinivasan et al [13] found that aluminum - 12% silicon alloy has a higher

freezing time, t;, compared to pure aluminum and long freezing range alloys like

aluminum - 4.5% Copper and aluminum - 10% magnesium for similar casting conditions.

10
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Pouring temperature

The freezing time, tr increases with an increase in pouring temperature [39,40].

Casting geometry

Geometry of the casting affects the freezing time t¢, and Mohan and Shenoy [18]
found that in the case of cast iron solidifying in a metal mold, at a constant mold wall

thickness, the following relationship is observed:

te (cylinder) < t¢ (square) < tg(plate)

Pressure

Applying a pressure on the molten metal can decrease the freezing time.
Application of pressure results in a better contact between the casting and the mold, and

hence the heat extraction will be higher [41,42].

2.4 The Interfacial Heat Transfer Coefficient

In the solidification of a casting in a metal mold, the heat flow from the casting to
the mold is controlled by the casting/mold interface as mentioned earlier and this is
primarily due to the imperfect contact between the casting and the mold. If the contact
were perfect, (this may happen in the case of an ideally smooth mold surface) the casting
and mold surfaces would attain a common temperature at the interface as shown in
figure 2.1(a). If the contact is imperfect (as in the case of real mold surface with some
surface imperfection or roughness) with a non-wetting liquid metal, the temperature on

the casting and mold surfaces would vary from point to point and the mean values for the

11
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mold and casting surface temperatures would not be the same. It is customary to
represent this situation by an air gap of finite width as shown in figure 2.1(b).
The heat flow across the casting/mold interface with imperfect contact can be determined
using the expression:

q=hA (Tc-Tm) ... 2.2)

where

q = rate of heat flow across the interface

Il

area across which heat flow occurs

h = interfacial heat transfer coefficient
Te = temperature of the casting surface
Tm = temperature of the mold surface

and the situation is shown in figure 2.2.

The value of h can be calculated if all the other terms in equation (2.2) are known.
h characterizes the thermal behavior of the interface completely [26]. If it is assumed that
the heat flow across the interface is by conduction through the gas layer of thickness y in

the interface, then the heat flow rate is given by the relation [43]

q=(k/y)A (Tec-Tm)....... (2.3)
where
k =thermal conductivity of the gas film in the interface.

y = thickness of the gas film.

12
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Figure 2.1. Casting/mold interface

From equations (2.2) and (2.3) we can obtain the relation:
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h=k/y....(24)
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Figure 2.2. Heat flow across casting/mold interface

In the case of alloys, which solidify at low temperatures, heat transfer by radiation
between the mold and the casting surfaces at the interface is very low when compared to
that by conduction through the gas film, and convection in the gas film and hence these
may be neglected [15]. The heat storage in the gap can also be neglected [44]. Hence h
can be given by equation (2.4). The introduction of thermocouples of finite mass at the
interface can cause distortion in the temperature field and hence Tc and Tm cannot be
measured directly. Also, the region close to the interface may not have a heat flow
pattern predicted by theory due to the non-uniform surface conditions. Hence using
equation (2.2) to determine h by measurement of Tc, Tm and q is difficult [9], and

indirect methods should be used.

14
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Determination of h at the casting/mold interface requires the solution of the
Inverse Heat Conduction problem (IHCP), which refers to the determination of the
boundary condition using the measured values of temperatures at some internal locations
in the casting and/or mold. Some theoretical and empirical models have also been

developed to determine the value of h [26,44-46].

Many investigators have reported different methods to determine the value of h.
Sully [47], in his work, obtained the value of h between the casting and the mold for three
different shapes of castings by measuring the temperatures at appropriate locations in the
casting and the mold. The first case of a casting solidifying around a water cooled copper
or steel pipe was analyzed by a simple analytical procedure. In the second case, the
implicit finite difference method was used to find the value of h in case of steel
solidifying against a horizontal chill. The variation of h as a function of time could be
obtained over the entire duration of solidification. In the third case, a permanent mold
plate casting solidification problem was studied by FDM. Using the known values of
temperatures, the transient heat transfer coefficient could be obtained.
Sun [48] found the value of h between cylindrical slugs used as cores with the molten
metal solidifying around them. Slugs of cast iron, graphite, copper and molybdenum
were used with insulating end covers to ensure radial heat flow. Different surface
coatings were given to the slugs and then immersed into molten aluminum. The
temperature rise of the slugs was noted and from these temperature values, the value of h
was determined by appropriate calculations based on explicit FDM. Variation in the
properties of the slug with temperature was incorporated in the computations. From here
it is found that h increases linearly with time, i.e.

h= ag+bt ....(2.5)

The increase in h is explained in terms of increased contact pressure due to

expansion of the slug, contraction of the solidified metal and increase in the thermal

conductivity of the coating layer at the elevated temperature.

15
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Nishida and Matsubara [49] used a cylindrical casting solidifying in a metallic die under
pressure. Assuming a radial heat flow in their calculations, they found the interfacial heat
transfer coefficient by an iterative procedure by matching the temperature at a point
closest to the interface in the mold. The differences between calculated and measured

values of temperature at other points in the set up were attributed to axial heat flow.

2.5 Latent Heat Liberation

Consideration of latent heat liberation is very important for the calculations of
thermal profiles during casting solidification. The thermal profile in a conducting body

is obtained by solving the heat conduction equation.

o O*T/6x% = (OT/dt) ......(2.6)

where
o = thermal diffusivity (m?/s)
T = temperature (°C)

t = time (s)

Equation (2.6) is for 1-D heat flow and is non-linear due to the liberation of the latent
heat and temperature dependant properties. There are many numerical methods for
solving the above equation taking the liberation of latent heat into account. Simulation of
solidification of congruent melting materials does not pose any serious problem and some
of the methods available for solution are mentioned below. However, solidification of an
alloy with freezing over a temperature range is difficult to model due to the uncertainty in
the value of properties in the solidification range.

Usually, the above equation is solved by numerical methods like FDM or FEM to
account for the complicated geometry of real castings and the associated boundary

conditions, which are difficult to solve analytically. The variation of properties with

16
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temperature can also be accounted for by suitable algorithms incorporated in the
numerical solution procedure.
The liberation of latent heat, on the other hand is usually solved by employing one of the

few standard methods available [50-53].

2.6. Mold Design

In early days, the art of mold design was based on design practice and a long
experience of failures and successes. Now the development of efficient computer aided
design packages and high-speed computers is transforming this art of mold design into a
complete science. There are numerous advantages from computer-aided analysis and

design, which help to:

-Select the optimum location of cooling channels.

-Produce defect-free castings.

-Design the mold before the drawings are finalized.

-Increase productivity.

-Reduce casting design time.

-Provide the production rate in advance, which help in the machine planning and
scheduling.

-Eliminate the time wasted in modifying the mold when the production is not up to

standard.

These advantages can be transformed into tremendous savings to the manufacturer
because of the reduction in the overall cost of the part. The time saved from part design to

actual production can sometimes mean the success of the project.

Computer software for the mold design has to account for the heat transfer from

the hot casting into the mold and, further, from the mold into the coolant, which flows
17
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under pressure in the cooling lines. The faster the heat is removed from the casting, the
sooner the mold can be opened to eject the part and, therefore, make it available for the
next shot of molten metal. The duration of the cycle is consequently dependent upon the

efficiency of the cooling system.

Usually, the location and sizing of the cooling lines in the mold are based on the
experience of the designer since designing a permanent mold with optimum production
capabilities is not an easy task. The designer sometimes is unaware of the relative
advantages of different sizes and locations of the cooling lines. If a computer program is
available to the designer for optimizing these cooling line parameters, experience and

analysis can then go side by side in increasing the productivity and the quality of the part.

2.7. Heat Transfer in Molds

Understanding heat transfer principles is a key issue in designing permanent molds
since the design includes controlling the mold temperature by using mold cooling
methods. There are three heat transfer modes in a permanent mold casting process. A

brief description of these heat transfer modes is given in the following sections.

2.7.1. Conduction

One mode of heat transfer is the process of molecular transport of heat in a body
or between bodies due to temperature variation in the domain considered. The conduction
can be steady state, where the temperature of a body remains constant in time, or it can be
in the transient state, in which case the temperature in the domain not only varies from
point to point but also with time. Transient conduction takes place in plastic- and glass-
parts manufacturing, rubber vulcanizing, and metal casting.

For unidirectional conduction of heat, Fourier [54] derived the law

18
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dg/dt = KA (- dT /dx)......... 2.7)

where dq/dt is the instantaneous rate of heat flow, k is the thermal conductivity of the
material , A is the section area and —dT/dx is the temperature gradient. For a steady-state
case, dg/dt is independent of time and is normally referred to as q. Equation (2.7) can

then be written as

q = -kA 8T/éx.......(2.8)

The rate of heat flow by conduction is directly proportional to the thermal
conductivity of the material. Use of a mold material with higher thermal conductivity
does not necessarily mean the casting will cool faster since the cooling of the casting is
also a function of its own thermal properties. Thermal diffusivity, the property of a
material, which determines the rate at which it will gain or lose heat, is the limiting factor

in determining the cooling time of a part. Thermal diffusivity, o, is given by the relation

where p is the density, Cp is the specific heat, and k is the thermal conductivity of the
material. From this it follows that the larger the value of «, the higher will be the rate of

change of temperature at any point in the body.

2.7.2. Convection

Another mode of heat transfer in molds is heat transport occurring through
movement of the macro-particles of the coolant flowing in the cooling lines. There is a
combined action of convection and conduction taking place in the fluid. The convection
between the coolant and the surrounding mold will be referred to here as heat transfer by
convection.

The calculation of convective heat transfer is based on Newton's law

19
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q = h(Tm-Tc)A........ (2.10)

where q is the heat flow rate, h is the convective heat transfer coefficient, Tm is the
temperature of the mold, Tc is the temperature of the coolant, and A is the area over

which the convective heat transfer takes place.

The heat transfer coefficient, h, is a variable dependent upon the physical properties,
velocity, and temperature of the fluid, shape and size of the surface, and the nature of

fluid flow. There are two kinds of convective heat transfer: free or natural, and forced.

Natural convection is created by motions due to heterogeneity of the mass forces
acting upon the fluid, whereas forced convection takes place due to motion from external
kinetic energy, as from pumps or fans. Natural convection takes place on the external
surface of the mold where the surface is cooled by the ambient air. On the other hand,
the flow of coolant in the cooling lines provides the forced-convection cooling of the

mold.

2.7.3. Radiation

The phenomena of conduction and convection, as seen earlier, are affected primarily by
temperature difference and very little by temperature level. In radiation the heat transfer
increases rapidly with increase in temperature level. It is immediately obvious that for
low temperatures, conduction and convection are dominant; for high temperatures
radiation is the controlling factor. In the case of plastics, radiation from the external
surface of the mold to the atmosphere is not significant because the temperature of the
mold surface is not very high.

The rate of heat transfer from a surface to the ambient by radiation is described by the

following equation:

qr=ocAFe (T;*- TuY........ (2.11)
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where qr is the radiative heat flow (W), o is the Stefan-Boltzmann constant (5.67 x 107
W m? K™, A is the surface area (m?), T; is the temperature of the surface (K), T is the
temperature of the surrounding medium (K), F is the view factor for the radiating surface

(unitless), and € is the emissivity of the radiating surface (unitless).

2.8. Mold Cooling General Approach

Temperature control in permanent mold castings is an important factor in mold
design. The cooling system should regulate heat flow, ensure production of sound

castings, and prolong mold life.

Careful technical and economic analysis should be performed before choosing the
suitable cooling system design. In selecting the most cost-effective system, the total
number of castings to be made must be considered as a major economic factor. Several
technical factors must be taken into account such as the weight, modulus and section
thickness of the casting, its production cycle times and quality, and mold life. In

addition to that, the cooling method chosen should be reliable and easy to be conducted.

The removal of heat during the solidification process is the very important issue
in order to produce sound castings and to lengthen the mold life [55]. A great percentage
of the molds used in industry are water-cooled. However, difficulties are sometimes
experienced in taking water-cooling channels to inaccessible parts of the die. In such
cases, inserts made of more highly conducting material such as molybdenum are used to
conduct the heat away to more remote water-cooling channels. Furthermore, it is often
inconvenient to take water-cooling to movable or removable parts such as sprues and

cores.
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Mold cooling is an important aspect to minimize thermal shock, thus lengthening
the mold life [56]. In the case of using water cooling, with quite large temperature
differences between the molten material and the cooling water, which must be tolerated
by the intervening mold, the life of the die can be shortened. The solution in this case is
using a means of rapidly abstracting heat from the mold working surfaces at a
temperature more nearly approaching that of the molten metal.

Generally in casting processes using metallic molds, it is necessary to heat parts of the
mold to ensure continuous flow of the molten material to the more inaccessible regions
remote to the pouring point. To obtain the subsequent rapid solidification, cooling is

required in a minimum amount of time to keep cycle times as short as possible.

In summery, the purpose of using cooling in permanent molds is to reduce the
production time cycle, control of mold temperature, lengthen mold life, and improve

casting quality

2.8.1. Control of Mold Temperature

Optimum mold temperature is the temperature that will produce a sound casting
in the shortest time. For an established process cycle, temperature control is largely
achieved through the use of auxiliary cooling or heating and through control of coating

thickness.

Auxiliary Cooling is often achieved by forcing air or water through passages in mold
sections adjacent to the heavy sections of the casting. Water is more effective but over a
period of time scale can coat the passages, thus necessitating frequent adjustments in
water flow rates. Without cleaning, the flow of water eventually stops. Water passages

should be checked and cleaned each time the mold is put into use [57].
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The problem of scale formation has been solved in some plants by the use of re-
circulating systems containing either de-mineralized water or another fluid such as
ethylene glycol. However, such systems are rarely used. Water flow is regulated
manually or automatically to each mold section with the aid of flow meters. A main
shutoff valve is used to stop the water flow when the casting process is interrupted.
Adjusting the rate of water flow to control the solidification rate of a heavy section
permits some leeway in the variation of wall thickness that can be designed into a single
casting. In addition to the control of water flow, the temperature of the inlet water (or

any other coolant that might be used) affects the performance of the mold cooling system.

If water or another liquid coolant is used, it must never be allowed to contact the
metal being poured, or a steam explosion will result. The intensity of a steam explosion
increases as metal temperature increases. In addition, water will react chemically with

molten metal (e.g. in the case of magnesium casting).

Mold coating of controlling thickness can equalize solidification rates between thin and
heavy sections. Chills and anti-chills can be used to adjust solidification rates further, so
that freezing proceeds rapidly from thin to intermediate sections and then into heavy
sections, and finally into the feeding system. Coatings applied to the mold’s inner
surface improve casting quality by providing appropriate thermal resistance at the

metal/mold interface, as well as by promoting directional solidification [58-60].

Chills are used to accelerate solidification in a segment of a mold [61]. This can be done
by directing cooling air jets against a chill inserted in the mold or, more simply, by using
a metal insert without auxiliary cooling. Chilling can also be achieved by removing some
or the entire mold coating in a specific area to increase thermal conductivity. Chills can

be used to increase production rate, improve metal soundness, and increase mechanical

properties.
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2.9. Heat Pipe Technology

A new alternative for cooling a permanent mold is to incorporate heat pipe

cooling elements in the mold at the desired locations.

2.9.1. Heat Pipe Concept

A heat pipe is a heat transfer device that utilizes the vaporization and
condensation of a working substance contained within to move energy from the
evaporator section to the condenser section. A heat pipe can be as effective in
transporting energy as 1,000 times the equivalent quantity of copper under similar heat
transfer conditions. As a working substance, many fluids can be used, depending on the
temperature range of the application. Some common fluids are water, ammonia, freon, or
acetone. The tube has a wick, which transports the fluid in the liquid state from the
condenser end towards the evaporator end where the liquid evaporates, due to the heat,
and changes into a gaseous state. It travels back to the condenser end to repeat the cycle
and thus continuously transports heat from one end to the other. At the condenser end the
heat is transferred to the coolant flowing in the cooling lines and the gas condenses back

to the liquid state [62]. Figure 2.3 shows an illustration of a traditional heat pipe.

Heat pipes have no moving parts. However, care must be taken when designing
and manufacturing the heat pipe. Heat is absorbed in the evaporator section and liquid is
converted to the vapor state. Heat is dissipated from the upper part of the heat pipe to the
environment as vapor condenses to the liquid phase. Liquid returns by gravity to the

lower part of the heat pipe (evaporator section).
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Figure 2.3. Illustration of a traditional heat pipe.

2.9.2. Development of Heat Pipe Technology

Developing a procedure to transfer heat from one point to another was the focus
of research of many investigators. The principles of a heat pipe design were set by
Gaugler in the year 1944 [63]. No significant work in the field of heat pipes appeared
until late 1963 when Grover and his co-workers of the Los Alamos Scientific Laboratory
gave their description of the current heat pipe device [64]. Grover wrote the following:
"Heat transfer via capillary movement of fluids. The "pumping" action of surface tension
forces may be sufficient to move liquids from a cold temperature zone to a high
temperature zone (with subsequent return in vapor form using as the driving force, the
difference in vapor pressure at the two temperatures) to be of interest in transferring heat
from the hot to the cold zone. Such a closed system, requiring no external pumps, may be
of particular interest in space reactors in moving heat from the reactor core to a radiating
system. In the absence of gravity, the forces must only be such as to overcome the
capillary and the drag of the returning vapor through its channels."
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In 1964 Grover published his heat pipe experimental results [65]. The working

substances were water and potassium.

In the subsequent years, many researchers have noted the potential of heat pipes
in different applications and the possibility of bringing the heat transfer device
development to a new unexpected level. A significant amount of research has been

directed to heat pipe research since then [66-68].

The working substance of a heat pipe can vary from polar molecules such as
water to liquid metals such as alkali metals. The working substance is selected
depending on the environment temperature the heat pipe is intended to work in. In
general the working substances are classified into “Cryogenic” (0-150 K), “low
temperature” (150-750 K), and “high temperature” (750-3000 K). In the cryogenic
range, elemental or simple gases are used. For low temperature range, polar molecules
such as water or other hydrocarbons are used. In the high temperature range, liquid
metals such as alkali metals are used. Figure 2.4 shows the different operating ranges for

heat pipe working substances.

Remarkable applications for heat pipes in metallurgy have been reported by
Mucciardi et al. from McGill University [69-78]. Mucciardi developed and succeeded in
incorporating the high temperature heat pipe technology into lance making technology
used in steel making applications. Sodium based heat pipe cooled lances have been

developed in cooperation with several industrial partners.
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Figure 2.4. The different operating ranges for heat pipe working substances [91]

Heat pipe technology developed at McGill University has been applied into
various metallurgical applications such as RH degassing and twin roll casting [70-72].
The field of thermal analysis was part of McGill’s heat pipe application where Mahfoud,

Gruzleski, and Mucciardi developed a unique method for conducting thermal analysis of

aluminum based melts [74,75].
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2.9.3. Applications of the Heat Pipe

Heat pipes are studied for a wide variety of applications, covering almost the
complete spectrum of temperatures encountered in heat transfer processes. In general,
the applications of heat pipes cover many areas in engineering such as heat flux
transformation, temperature control, temperature flattening, separation of heat source and
sink, and thermal diodes and switches. Each application used a natural property of the

heat pipe.

The property of heat flux transformation has attractions in reactor technology and
in other technologies such as casting. In thermionics, for example, a comparatively low
heat flux as generated by radioactive isotopes can be transformed into sufficiently high
heat fluxes capable of being utilized effectively in thermionic generators [79]. Heat pipes
are used to control accurately the temperature of devices mounted on the heat pipe
evaporator section. Its applications are successfully used in temperature control of many
different devices varying from electronics equipment to ovens and furnaces, and many

other devices.

Temperature flattening is closely related to source — sink separation. Since the
heat pipe is an isothermal device, it is used to reduce thermal gradients between unevenly
heated areas of a body. Such applications are applied into spaceships or satellites. For
example, the side of the satellite which is facing the sun is hot, the cooler section being in
the shade. Hence, the heat pipe will distribute the heat evenly through the satellite body.
Alternatively, an electronic device connected to single pipe would tend to be subjected to
feedback from the heat pipe, creating temperature equalization. The high effective
thermal conductivity of a heat pipe enables heat to be transferred at high efficiency over
considerable distances. One other advantage of a heat pipe is that it can be used to
remove heat from certain components surrounded by other temperature-sensitive

components. The heat can be dissipated away from the temperature sensitive area by
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using heat pipe intermediate sections and thermal insulation, which can minimize heat

losses from intermediate sections of the heat pipe.

There are a number of criteria the heat pipe must fulfill before being accepted in
industry. Each different industrial application has it is own criteria. Obviously, each
application must be studied in its own right, and the criteria vary considerably. In general
the heat pipe has to be: a) reliable and safe, b) satisfy a required performance, c) cost —

effective, and d) easy to install and remove.
- Die casting and Injection Molding

Cooling is an important procedure used in die casting and injection molding
processes, in which molten metal alloys or plastics are introduced into a die or mold and
rapidly cooled to produce a component, often of considerable size and complexity. There
is a great necessity for mold cooling in such casting processes to eliminate casting and
mold defects, such as hot spots and poor mechanical properties. In addition to that, the
mold life can be improved by reducing the potential of having hot spots. This also

reduces the production cycle.

Heat pipes are used in die casting and in injection molding casting process [80]. The
cooling capability, reliability, low cost and the safety issues put it in competition with the

water cooling procedure traditionally used in industry.

The simple configuration of the heat pipe makes it attractive in two areas of
application in dies and molds. It can be used to even out temperature gradients in the die
by inserting it into the main body of the die, without connecting it to the water-cooling
circuits. Also, it can be used to assist the heat transfer between the die face and the water
circuits by connecting them with a heat pipe to reduce the risk of having areas with hot

spots.
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-Cooling of Electronic Components

Heat pipes have wide applications in cooling technology of electronic components
such as transistors, other semiconductor devices, integrated circuit packages, and
computer processors [81,82]. The electronic component can be directly mounted on the

heat pipe or it can be mounted onto a plate into which heat pipes are inserted.

Heat pipes have great applications in computers especially in notebooks. The
year 1994 witnessed the first use of a heat pipe in a notebook computer [83,84]. The
limited space in the notebook provided the necessity of using an alternative cooling
device to the fan. The heat pipe is used to remove the heat from the CPU and dissipate it
in another location in the notebook (heat sink) as shown in figure 2.5. Currently, most of
the notebooks rely on heat pipe technology in their cooling circuits. Heat pipes with their

flexibility and reliability have provided the system designers with tools to improve

Figure 2.5. Heat pipe cooling Notebook CPU (The Chemical Engineers' Resource Page)
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the thermal performance [85].

There are many different applications for heat pipes in different forms. The

following are a few applications in brief:
a) In space: where heat pipes have been used for:
e Spacecraft temperature equalization
e Component cooling, temperature control and radiator design

e Space nuclear power sources

b) Energy Conservation: The heat pipe with its effectiveness in heat transfer, is used in
applications involving the conservation of energy, and has been used to advantage in heat

recovery systems, and energy conversion devices.

c¢) Preservation of Permafrost: 100,000 heat pipes were placed by McDonnell Douglas
Corporation for the Trans — Alaska pipeline [86].

These units are used to prevent thawing of the permafrost around the pipe supports for
elevated sections of the pipeline. Those heat pipes use ammonia as the working fluid,

heat from the ground being transmitted upwards to a radiator located above ground level.

d) Snow Melting and Deicing: This idea was developed in Japan where the heat pipe
snow melting (or deicing) system is based upon the use of ground heat as the heat input

to the evaporators of the heat pipes.

2.9.4. Problems with Heat Pipe Technology

In a traditional heat pipe, a few problems might occur and limit the maximum

heat transfer rate it can achieve [87]. A detailed discussion of these limitations is given
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in many heat pipes books [88-91]. There are six general limitations, which include the
viscous, sonic, capillary, entrainment, flooding, and boiling limitations. Figure 2.6 show
the limits to maximum axial heat transfer capability as a function of operating

temperature of the heat pipe [90].

1) Viscous limit

This limitation is present when the pressure gradient between the evaporator and
the condenser is very small at low operating temperature. In this case, the pressure
gradient might be smaller than viscous forces, and the viscous forces tend to prevent
vapor flow in the heat pipe. The heat pipe requires a pressure gradient to overcome the
viscous forces and to sustain the flow.  Such a condition is called the viscous limit.
Heat pipes which operate at moderate temperature normally don’t experience such a

limitation.
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Figure 2.6. Primary limitations to the heat transport capability of a heat pipe [90]

2) Sonic Limit
At a certain temperature and when the velocity of the vapor at the evaporator exit

approaches sonic velocity, a choked flow condition will eventually arise. At this point,
the vapor velocities cannot increase and a maximum heat transport limitation is achieved.

The heat flux that results in choked flow is considered the sonic limit.

3) Capillary Limit
The heat pipe wick has a limited pumping ability to return the working substance

from the condenser to the evaporator. The wick capillary pressure depends on wick
structure, wick material, working substance, evaporator heat flux, and the operating

temperature. This limit is referred to as the capillary limit. For horizontal or against
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gravity (evaporator at a higher elevation than the condenser) heat pipes, the capillary

limit is an important heat pipe limit.

4) Entrainment Limit

The vapor and the liquid in a heat pipe are moving in countercurrent directions
and that leads to a shear force at the liquid-vapor interface. When the vapor velocity is
sufficiently high, a limit can be reached at which the liquid will be torn from the pores of
the wick and entrained in the vapor and this will stop the condensate flow, which will
lead to dry-out of the wick at the evaporator. The corresponding heat flux that results in

this phenomenon is called the entrainment limit.

5) Boiling Limit

The film boiling phenomena (boiling limit) is an important problem, which might
occur in a heat pipe. Water based heat pipes are safe and easy to handle and expected to
function at high heat systems. Film boiling might limit the performance of water based
heat pipes in high temperature applications such as permanent mold casting where the
temperature of the mold normally varies from 200-400 °C. In the mean time, water based
heat pipes have been used successfully in many industrial applications especially in

systems with a low heat flux.

To understand the film boiling phenomena, knowledge of boiling heat transfer is

essential. The following is an over view on boiling heat transfer [92].

Boiling heat transfer is a phenomenon onto itself. A simple experiment can be
conducted to demonstrate the boiling heat transfer. The experimental setup is such that a
1 mm diameter wire is electrically heated in a water bath at its normal boiling point
(i.e. 100 °C). In the early stages of boiling before discrete vapor bubbles are formed and

released, free convection plays an important role. However, once discrete bubbles are

34



Chapter 2 Literature survev

formed and released from the device, the mixing action of the bubbles is of much greater

importance.

The bubbles become transporters of large quantities of energy from the boiling surface.
The vapor bubbles move away from the interface by virtue of their buoyancy. Since it
takes a substantial quantity of energy to vaporize a liquid, this implies that the greater the
vigor of the boiling action, the larger the rate of heat transfer. A classical boiling curve
for water at 1 atm is shown in figure 2.7. As the surface temperature of the wire
increases, the heat flux from the wire increases. The corresponding boiling heat transfer
coefficients are also plotted in figure 2.7. From figure 2.7, one can see that the heat flux
increases as the temperature difference between the wire and the bulk liquid increases.
During this stage of the boiling phenomenon the system is in the nucleate or pool boiling
regime. Eventually, the heat flux is so high that the rate of vapor generation begins to
exceed the rate at which vapor can leave the heated surface. At this point the surface
becomes blanketed by a vapor film. This vapor film can reduce the heat transfer
dramatically.

Thus, further increases in the temperature driving force result in a reduction of the heat
flux, and a dropping off of the curves. As the temperature driving force increases further,
radiation across the vapor film is able to transfer large quantities of energy with the result

that the heat flux eventually begins to increase again.
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Figure 2.7. Boiling curve for water at 1 atm [92]

While the curves shown in figure 2.7 are for the case of water at 1 atm on a
surface with no imposed external velocity, it is worth noting that the curves can be shifted
upward by increasing the operating pressure of the system and by imposing an external
velocity on the fluid. Substantial increase in the peak heat flux before film boiling occurs
can be achieved in this manner. Thus, a system that is prone to experience film boiling
can be made to operate in the nucleate boiling regime by adjusting the operating pressure

and fluid velocity. This concept is used in continuous casting molds where heat fluxes

can be extremely large.
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In a traditional heat pipe, the film boiling phenomenon described above can limit
its ability to extract high heat fluxes from a high temperature system such as the

permanent mold casting process.

2.10. Thermal Modeling of Permanent Mold Casting of Nonferrous Alloys

The use of computer modeling and simulation packages in the design of metal
casting molds brought mold designers to a new level of excellence. Powerful computer
modeling techniques have been developed and applied to metal casting processes [93-96].
The cost of the products is reduced and the quality is improved by using computer
modeling since the casting defects can be spotted and the design modified before actual

casting production.

Numerical methods are used for the simulation of mold filing and the
solidification process in permanent mold casting. The simulation is well developed based
on solving the coupled Navier-Stokes equations for Newtonian flow, and energy

equations for heat transfer. The simulated resulted are widely verified and recognized.

The modeling software includes pre-processor, calculation module, and post processor.
The solid model, meshing model, materials properties and boundary conditions are built
up in the pre-processor. The simulation of the casting process is done in the calculation

module. The simulation results are analyzed and visualized in the post processor.

2.11. The Relationship between Microstructure and Mechanical Properties vs.

Cooling Rate

The rate of cooling of a molten alloy influences the grain size of the solidified

material. Rapid cooling results in a finer microstructure, which leads to better
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mechanical properties [97]. Slow cooling usually gives a coarser structure with reduced
mechanical properties. Different casting processes have different cooling rates.

Metal mold casting processes produce castings with good mechanical properties.
Properly cast, the product is sound, and requires only a minimum clean up from nominal

cast size to give a finished shape.

The grain density for a casting produced under rapid cooling is found to be high
[98]. Higher cooling reduces the solidification time and the grain size. The Secondary
Dendrite Arm Spacing (SDAS) and the size of second-phase particles are reduced with
higher cooling rates.  Figure 2.8 shows the grains and the dendrites under two different
cooling rates. The mechanical properties improve because of the change in dendrite

formation controlled by the solidification rate as shown in figure 2.9 [99].

Equations have been developed to correlate the average measurements of the secondary
dendrite arm spacing, SDAS, and the cooling rate. Equation (2.12) was developed for
magnesium AZ91 alloy [100]:

where
A = the measured SDAS (um)

1 = the estimated local cooling rate (°C/s)
Equation (2.13) was developed to estimate the cooling rate for A356 alloy [101]

1 (°C/s) =3.57*10" * SDAS (um) "% ....... (2.13)
where

1 = the estimated local cooling rate (°C/s)
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(b)
Figure 2.8. Grains and dendrites of alloy AA 1050 under two different cooling rates

(a) Cooled at a rate of 1.2°C/s; (b) Cooled at a rate of 4.2°C/s [101]
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Figure 2.9. Tensile properties versus SDAS for the casting of aluminum alloy A356 [99]

40



Chapter 3 Design and testing of a water-based heat pipe and permanent mold

CHAPTER 3 DESIGN AND TESTING OF A WATER-BASED
HEAT PIPE AND A PERMANENT MOLD

3.1. Heat Pipe Design

3.1.1. Introduction

The heat pipe, which was used in the present study, was the product of a novel
design that was developed at McGill to overcome several problems associated with
classical heat pipes. In the case of the permanent mold casting process, there are several
problems, which arise when a regular heat pipe is used for cooling purposes. Some of
these are due to; 1) high operating temperatures, 2) high heat fluxes, 3) film boiling in the
heat pipe, 4) entrapment of liquid by the vapor flow in the heat pipe, and 5) the contact
thermal resistance between the heat pipe and the mold. These problems have been

discussed in detail in chapter 2.
3.1.2. Design Guidelines

Before designing the water-based heat pipes presented in this work, a few guidelines and
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specifications were formulated as desirable for the heat pipe unit that was to be built.

The specifications include:

- The heat pipe has to be reliable and safe.

- The cooling rates aimed for are as high as the rates obtained with water-cooling
passages.

- The condenser should be located away from the evaporator to make it easier to handle
and to make the system safer.

- The heat pipe extracts heat only at desired locations (local extraction technique).

- Heat extracted from the mold is buffered by an external chill.

- The heat pipe can be turned on/off at any time with quick response.

- The heat pipe should deliver the required cooling for permanent mold nonferrous
casting.

- The heat pipe is air-cooled.

- The heat pipe has to be of low cost, and environmentally friendly.

3.1.3. Heat Pipe Configuration

The configuration of the heat pipe that was developed is shown in Figure 3.1. As
discussed is chapter 2, the selection of the working substance is an important issue to
ensure safe and effective performance. According to the typical industrial working
temperature for the permanent mold casting of magnesium and aluminum alloys, water

was chosen as the working substance in the heat pipe.

In this heat pipe, the liquid water is released from the reservoir to flow through the return
line flexible hose to the evaporator by opening the valve. Dish washing machine soap
was added to the water (4%) to reduce the surface tension and this led to better flow in
the return line. In the evaporator, the liquid is converted into vapor, which flows through

the flexible hose connected to the condenser.
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Figure 3.1 Configuration of the designed heat pipe

A 14.5 kg external chill was incorporated in the condenser. The condenser is a
hollow stainless steel pipe with thick walls. The vapor is liquified on the inner walls of
the condenser. The chill, with its large mass, absorbs the heat from the condensing vapor
and dissipates it into the air blown on the outer walls of the chill. Such a technique made
it possible to absorb the heat when required and to continuously dissipate the heat into the
cooling air stream that comprises the cooling circuit during the entire casting cycle. The
chill in effect is acting as an energy buffer. It absorbs heat from the evaporator as
required and continuously dissipates it to the cooling air. The internal surface area of the
hollow chill is about 10 times larger than that of the evaporator to ensure easy handling of

the high heat fluxes.

The condensate from the condenser and the liquid, which might be lifted by the
vapor is collected in the reservoir, which sits under the condenser. The reservoir
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continuously returns the liquid back to the bottom of the evaporator through the return
line. The valve on the return line allows one to turn on/off the heat pipe by controlling
the flow in the return line. This on/off feature allows for mold cooling by the heat pipe to
be applied during only the desired time period of the casting cycle. As shown in
figure 3.1 another valve is installed on the main line to prevent any water remaining in

the main line from falling into the evaporator during the off mode.

Stainless steel 304 has been used to construct the heat pipe because of its
corrosion resistance and weld-ability properties. Figure 3.2 presents a solid model of the
designed heat pipe. Using flexible hoses is a desirable development especially in an
industrial environment, since it allows placing the condenser at any suitable location.
Three smooth teflon tubes with stainless steel outer braid flexible hoses of 152 cm in
length, 1.03 cm internal diameter and 1.35 cm outer diameter are used as the heat pipe

flexible hoses.
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Condenser

Evaporator

Figure 3.2. Basic configuration of the designed heat pipe (solid model)

3.1.3.1. The condenser section

The condenser section consists of a water reservoir, a steel chill, a flow modifier,
a cooling jacket, and an on/off valve. The cooling jacket is built up around the chill. The
steel chill is fitted with a flow modifier to mix the flowing cooling air in the jacket. This
arrangement leads to better heat transfer from the chill to the cooling air. Figure 3.3

shows the various parts of the condenser section.
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Figure 3.3. The various parts of the condenser section

3.1.3.2. The evaporator section

The heat pipe parts packaged inside the mold, (evaporator, return line, flow

modifier, and sleeve), form the other section of the heat pipe (the evaporator section).
This section of the heat pipe takes advantage of a novel design to overcome the

limitations due to high mold temperature and high heat fluxes, which prevent using a

traditional heat pipe in cooling permanent molds as mentioned earlier.
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Eliminating thermal resistance limitation

In the present novel heat pipe design, the evaporator is part of the mold in the
form of a hole drilled in the mold as shown in figure 3.1, which reaches close to the area
to be cooled. This technique was developed to cut the thermal resistance, which will
occur if a traditional heat pipe is inserted directly into a hole to cool a certain internal

location. This thermal resistance is the result of the imperfect contact between the mold

wall and the heat pipe.

Eliminating liquid entrapment limitation

The difficulty in returning the water to the bottom of the evaporator is one of the
key limitations. In the case of a traditional heat pipe, the stream of vapor moving
upwards from the evaporator to the condenser tends to entrap the liquid on the inner wall

of the heat pipe.

This liquid entrapment will prevent the liquid from falling back into the
evaporator and this will result in disabling the heat pipe. To overcome this limitation in
the current design, a separate Smm diameter stainless steel pipe is passed inside to return
the water to the bottom of the evaporator as shown in figure 3.1. Figure 3.4 shows the
actual return line used to return the water into the evaporator in the present heat pipe.
The 5mm diameter is experimentally found to be a good diameter to deliver enough water

into the evaporator to achieve high cooling rates for our laboratory setup.

Eliminating of film boiling limitation

To overcome film boiling, which is the main limitation preventing one from using
a traditional heat pipe in the permanent mold casting process, a flow modifier (swirl) has

been introduced into the evaporator as shown in figure 3.1. The flow modifier is a spring
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used to generate an upward centrifugal force inside the evaporator. This technique will
force the vapor to move up with high velocities and in the meantime to sweep the inner
evaporator wall to remove any film, which might form on the wall. The centrifugal force
will cause mixing and thus improve the convective heat transfer coefficient and provide
better wetting of the evaporator walls. Such a technique greatly enhances the heat

transfer inside the evaporator.

Figure 3.4. The return line designed in the present work

Heat transfer enhancement by generating swirl flow has been reported by many
investigations [102-104]; however the use of such a technique in a heat pipe is a new
idea.

Figure 3.5 shows the flow modifier used in the present work. A number of flow
modifiers were tried and the one which gave the optimum cooling rate was selected. The

selection was based on experimental trials.
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Local Heat Extraction technique

An effective technique has been developed in the present work to cool only the
desired location. As seen in figure 3.1, the evaporator is part of the mold as a hole drilled
in the mold close to the casting cavity, which must be cooled. As seen in figure 3.1, only
the part of the evaporator close to the casting cavity needs to be cooled and not the whole
evaporator area. A sleeve has been inserted into the upper part of the evaporator. The
sleeve is a metal insert (stainless steel) which is inserted into the evaporator and covers
its upper part. The diameter of the sleeve is 0.5 mm smaller than that of the evaporator.
This diameter difference forms a small gap, which naturally cuts the heat transfer from
the mold towards the evaporator. Figure 3.6 shows the sleeve designed in the present

work.

Figure 3.5. The flow modifier used in the present work.
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Figure 3.6. The sleeve welded to a connection flange

An extension was welded on the evaporator section as shown in figure 3.7. This
extension allows the vapor to escape via a flexible hose into the condenser section of the
heat pipe, and it also connects the return line to the water reservoir in the condenser

section via a flexible hose.
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Figure 3.7. Heat pipe extensions and connections

A thermocouple was inserted into the condenser to measure the heat pipe
temperature. To conduct the temperature measurement inside the sealed condenser, a 2
mm diameter tube with one closed end was welded inside the condenser and the

thermocouple was inserted inside the tube.
3.1.3.3. Vent necessity in McGill heat pipe

Introducing a vent to the McGill heat pipe was a necessity. The vent connects the return

line and the condenser. When the heat pipe is off, the part of the return line inside the
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evaporator is heated by the mold. When the heat pipe is turned on, the first packet of
liquid (water) traveling from the reservoir to the evaporator will transform to vapor. This
will cause counter current flow between the vapor moving upward and the water moving
down the return line resulting in a dry evaporator. A vent on the return line will allow the

vapor to escape and have a short cut to the condenser. Figure 3.8 shows a return line with

a vent,

Figure 3.8. Return line with vent

3.2. Design and Construction of a Permanent Mold for Nonferrous Casting

3.2.1. Mold Design

A mold was designed to produce permanent mold castings for magnesium and
aluminum. The mold was designed with the intention of creating shrinkage defects in

two castings when cooling is not used, and to eliminate or reduce these defects when heat

pipe cooling is used.
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The mold was made of H13 steel, which is widely used in permanent mold
casting. Two cavities with different dimensions were machined into the bulk material as

shown in Figure 3.9. The two cavities have the shape of inverted triangles.

Ejection
pin

P

Casting
cavity

/»"’

Figure 3.9. The configuration of the mold developed in the present work

The gate for feeding each cavity is at the lower shorter side of the cavity. Such a design
will ensure that shrinkage is present at the center of the castings since it will take a longer
time for this location to solidify due to its large mass and the shortage of the molten metal
supply from the bottom. A number of holes for the ejection pins were drilled in the
mold. These holes are used to allow the sliding of the casting machine ejection pins to

open the mold and extract the casting. The purpose of using heat pipes on this mold is to
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cool the side of the casting from the middle to the upper part and to direct the
solidification towards the other side of the casting. Two holes were drilled into the mold
from the top to a distance of one centimeter from the cavities. These holes are the
evaporators of the heat pipes and are connected to the condensers using flexible hoses.
The reason behind having the evaporators of the heat pipes as part of the mold is to cut
the interfacial resistance, which occurs when two solid surfaces are in contact. As
mentioned earlier, a sleeve was inserted in each hole to cut the heat extraction inside the
evaporator at areas away from the upper faces of the cavities by forming a tiny gap with
the mold walls. The engineering drawing with all the dimensions of the designed mold is

given in figure 3.10.

K-type thermocouples were inserted into a few selected locations in the mold to
monitor the temperature distributions during the casting process. The thermocouple
positions are shown in figure 3.10. A solid model of the mold is shown in figure 3.11.
One can see the cavities as well as see the heat pipes positioned at the side of the
castings. The mold has been used to produce a series of castings with and without heat
pipe cooling. The mold is designed to be fixed on a casting machine and to be used for a

series of actual industrial trials at the plant.

Computer modeling was used in designing the heat pipes and the mold. The

details are given in the following section.
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Figure 3.10. The engineering drawing of the designed mold
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Figure 3.11. Design of the permanent mold (solid model)

3.3. Computer modeling of the casting process

Before starting to machine the mold, a computer model of the mold and the
casting process was developed using AFS-SolidCast to confirm the design. The
modeling shows shrinkage present in the castings and also shows that heat pipes can be
used to reduce and redistribute the shrinkage. Figure 3.12 shows the model developed in
the present work to simulate the mold with heat pipes. In this figure both the casting and
the heat pipes are shown. Figure 3.13 shows the complete model where the mold and the

casting can be seen.

The physical and the thermal properties of the casting and mold were selected
from the AFS-SolidCast built-in library. The values of the interfacial heat transfer
coefficient, h, between the casting and the mold, and the mold and the ambient were
selected as 4000 W/m*K and 40 W/m?*-K respectively as recommended by the AFS-
SoildCast guidebook [105].

The heat pipes were simulated as a mold material with constant temperature to act
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Heat Pipe #2

Heat Pipe #1

Figure 3.13. The model used to simulate the casting and the H13 tool steel

permanent mold
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as a heat sink. The constant heat pipe temperature was chosen as 70 °C, which is a
suitable average heat pipe temperature. The value of the heat transfer coefficient between
the mold and the heat pipe was set to 20,000 W/mz-K, which is a conservative h value for

boiling heat transfer.

Figure 3.14(a) shows the temperature distribution results obtained from the model
of the mold for magnesium casting produced without heat pipes. Figure 3.14(b) shows
the temperature distribution results of the mold for magnesium casting produced with

heat pipes. Figure 3.14(c) shows the other side of the casting shown in figure 3.14(b).

Figure 3.14(a) shows clearly that the central parts of the castings are the hottest
sections and they are the last locations to solidify because they are away from the mold
walls and contain more metal than the lower sections. The lower parts have smaller
volumes so they will freeze faster. This indicates clearly that shrinkage will be present in
the upper hot areas. Figures 3.14(b&c) show clearly that the heat pipe managed to push
the shrinkage to the lower part of the casting, and also to the other side of the casting,

If we now turn to the aluminum system, figure 3.15(a) shows the temperature
distribution results obtained from the model of the mold for aluminum casting produced
without heat pipes. Figure 3.15(b) shows the temperature distribution results of the mold
for aluminum casting produced with heat pipes, and figure 3.15(c) shows the other side of

the casting illustrated in figure 3.15(b).

From figures 3.15(a, b&c), one can see that the results obtained for aluminum casting
exhibit the same trend as those of magnesium casting and hence the same observations
can be obtained. The modeling also showed reduction in the freezing time when a heat

pipe is used for all castings simulated. The modeling results will be discussed in more

detail in chapter 4.
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Figure 3.14. Temperature distribution results obtained from the model for a magnesium
casting (a) mold without heat pipes (b&c) mold with heat pipes
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Figure 3.15. Temperature distribution results obtained from the model for an aluminum

casting (a) mold without heat pipes (b&c) mold with heat pipes
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3.3.1. Computer modeling of cooling curves

Computer modeling was used to determine the cooling curves at four
thermocouple locations (Tcl to Tc4) in the casting and the mold as donated in figure
3.16. The results of the modeling showed the effect of the heat pipes on casting
solidification. =~ Figure 3.16(a) shows two sets of temperature curves for one of the
inverted magnesium castings. Two conditions were analyzed. In one case, the mold was
not cooled; in the other case heat pipe cooling was applied to the mold (i.e. temperature
curves denoted with the label ‘HP’). Curves denoted with the label ‘HP’ were obtained
from simulations that included heat pipe cooling. One can clearly see from the results the
expected effect of heat pipe cooling on the magnesium casting and also on the

temperature of the mold.

The same exercise was repeated for the other inverted casting. The results are
shown in figure 3.16(b). Once again one sees how heat pipe cooling affects the casting
and the mold in the vicinity of the casting. The locations of the thermocouples used in
the modeling are shown in the figures. Curves obtained from the simulation that included
heat pipe cooling are denoted with the label ‘HP’. Curves without this label were

obtained from reference simulations that did not involve cooling.

From figure 3.16, the effect of the heat pipes on the mold and the casting is
obvious. Comparing the casting temperatures on the cooling curves for both castings
with no heat pipe cooling and with heat pipe cooling, it is clear that the temperature of the
casting is lower in the case of castings produced with heat pipe cooling. Also, the mold
temperature is lower for the case of the heat pipe cooling, casting process. Further

explanation will be given in chapter 4.
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Figure 3.16. The effect of heat pipe cooling on the casting
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3.4. Laboratory Testing of the Novel Heat Pipe

After designing and constructing the heat pipe, preliminary laboratory testing was

an important task before connecting the heat pipe into the permanent mold.

A stainless steel pipe was connected to the condenser via a flexible hose at one
end and sealed from the other end. This pipe was used as the evaporator. A schematic of
the test set-up is shown in figure 3.17. The evaporator was inserted into a gas furnace
running at a high temperature. The water was released from the reservoir and the heat
pipe responded immediately to extract heat. The temperature of the heat pipe and the
cooling air were recorded by a data acquisition system. The same test was repeated with
a higher temperature of the furnace. The heat fluxes extracted were calculated and found
to be as high as expected. The results from the test are given in table 3.1. The heat pipe
components were examined throughout the test and found to be functioning properly.

The test set-up is shown in figure 3.18.
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i

||l e stainless steel pipe

i

\ evaporator

Figure 3.17. A schematic of the test set-up

Heat in .

Table 3.1. The results of two tests conducted to evaluate the heat pipe

Condenser Heat pipe
Air flow Inlet air Outletair | T  Max. transient heat flux
rate (NI/s) T (°C) TCC) [(°0) (kW/m?)
1 (low T) 22 20.5 42.8 66.5 388.7
2 (high T) 31 20.9 61.9 104.2 789.5

T= Temperature

The heat fluxes were estimated based on the heat pipe, air inlet and air outlet
temperatures, where 70% of the heat was assumed to be absorbed by the chill and 30%
dissipated by the condenser cooling air.
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Figure 3.18. The heat pipe laboratory test set-up

The aim of this test was to make sure that the heat pipe functions in the proper
way i. e. the water circulates from the reservoir all the way down to the bottom of the
evaporator and is converted to vapor. The vapor is then driven by a pressure gradient up
through the main hose to the condenser where it condenses and the liquid falls into the
reservoir. It is important that the heat pipe can operate at high heat fluxes as well as
lower ones. This was achieved by adjusting the temperature of the furnace. The results

obtained were close to what was expected.
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The performance of the heat pipes developed in the present work was tested again
before conducting actual industrial trials by heating the mold to about 325 °C.
Thermocouples were inserted at two locations in the mold to monitor its temperature
using the data acquisition system. Location number 1 was 2 cm away from the first heat
pipe and location number 2 was 0.5 cm away from the second heat pipe. The two heat
pipes were switched on and their quick response was noticed by the sharp drop in the
temperature of the mold at the two thermocouple locations. The result of this test is
shown in figure 3.19. From the figure, one can see the dramatic drop in the mold
temperature caused by heat pipe cooling. In location number 1, a drop of about 100 °C is
obtained over a period of time of 250 seconds. In the case of the other thermocouple
location, which is closer to the heat pipe, a sharp drop in the mold temperature is

observed. A temperature drop of about 150 °C is obtained in about 50 seconds. Such a
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Figure 3.19. Results of a preliminary test
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test demonstrated the cooling capabilities of the novel heat pipes developed in the present
work. After passing this test, confidence in the performance of the heat pipes was
established and the preparations for the next stage of the research, the industrial trials,

were started.

3.5. Heat pipe Experimental Studies

As mentioned earlier, the flow modifier was incorporated in the design to produce
swirling motion, which in turn creates a centrifugal force that forces liquid onto the
evaporator wall. As a result, the vapor film on the walls become insatiable and film
boiling is eliminated, thus improving the convective heat transfer coefficient and
providing better wetting of the evaporator walls while minimizing vapor films. This
technique is one of the key elements, which has made the McGill heat pipe suitable to be
used in high temperature systems such as the casting process. The total amount of
working substance (water) contained in the heat pipe unit is a small fraction of the total
evaporator space. When the heat pipe is operating, water is flowing from the reservoir to
the evaporator thorough the return line. Some of this return water is transformed into
vapor and the rest is carried towards the condenser by the vapor. The above mechanism

was considered in the design of the current novel heat pipe.

After the completion of this work, primary heat pipe experimental studies have
been conducted at McGill University to study the role of the flow modifier in enhancing
the heat pipe cooling capabilities. The setup is shown in figure 3.20. The setup was
made of a transparent material and consisted of a water reservoir, return line, evaporator,
and flow modifier. The bottom of the evaporator has small holes and was connected to a

compressed air outlet.

The air passed through the bottom of the evaporator simulates the vapor produced

in the evaporator. This first experiment was conducted without using a flow modifier in
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the evaporator. The water was released from the reservoir to reach to the bottom of the
evaporator. The water was then carried up by the air towards the upper part of the setup.
No generation of a centrifugal force inside the evaporator was observed. A flow modifier
was introduced in the evaporator and the same experiment was conducted. A centrifugal
force inside the evaporator was observed and a vortex was generated inside the
evaporator. The air was inside the vortex and the water was pushed to the circumference

of the pipe and wetted the entire evaporator wall.

When the return line and the air were turned off, the amount of water sitting in the
evaporator was measured. This amount of water was found to be only 5% to 10% of the

total evaporator space.

The above observations confirmed the heat pipe design principles used in the
present work. It proved that the developed novel heat pipe is using only a small amount
of water to reach a remarkable high cooling rate. Also it shows the importance of the
novel element used in the current heat pipe (flow modifier) that allows the heat pipes to

be used in high temperature systems.
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Figure 3.20. The heat pipe experimental setup
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CHAPTER 4 RESULTS AND DISCUSSION

4.1. Industrial Trials for Nonferrous Permanent Mold Casting

After designing and manufacturing the mold and the heat pipes, as mentioned
earlier, the heat pipes were tested in the laboratory and in the plant. The results of the
laboratory tests have been given in chapter 3. After the satisfactory results obtained in
the laboratory, the setup was sent to InterMag Technologies which is a foundry

specializing in magnesium casting.

Industrial trials were conducted to produce both commercial magnesium (AZ91E) and
aluminum 356 castings. Magnesium (AZ91E) is widely used in the automobile industry
and aluminum 356 has a variety of applications in industry. Many castings were

produced with and without heat pipe cooling.

4.1.1. Industrial Setup

The industrial setup used in this work is seen in figure 4.1. In this figure one can
see the casting machine, the mold mounted on the machine and the heat pipes. As
mentioned earlier in chapter 3, consideration of the industrial environment space

limitation has been taken into account in the heat pipe design. Flexible hoses were used
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to connect the evaporator to the condenser. By using the flexible hoses, it was possible to
locate the condensers at any desired locations. As seen in figure 4.1, the condensers are

located above the mold. A steel frame was specially made to hold the condensers in

position.

The amount of working substance (water) inside both heat pipes was 300 ml. The
heat pipes were evacuated using a vacuum pump. Thermocouples were located to
monitor and record the heat pipe temperature, the temperatures of the inlet cooling air
and outlet cooling air for each pipe. In addition to that, the mold temperature was
monitored in a few locations (one thermocouple was inserted from the upper face of the
mold to reach 7mm away from the middle of each heat pipe evaporator, and one
thermocouple inserted 3 cm inside the center of each side of the mold). Data acquisition
was used in temperature measurement. The thermocouples were calibrated using boiling

water and its response for high temperature was tested using a flame torch.

The casting machine was automatically operated (open and close). The opening
time could be set automatically. A solidification time of two minutes was allowed before

opening the mold automatically.

The permanent mold was preheated with a burner that impinged on only one side
of the mold. In the permanent mold casting process, the mold has to be preheated to a

certain temperature range (normally 200-400 °C for magnesium and aluminum alloys).

It is important to mention that it was impossible to obtain a uniform preheating
mold temperature because of the procedure used in the plant to preheat the mold. This
was due to the facilities available. Because of this limitation, effects were noted on the

final microstructure comparison and on other results.
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. Condensers

- [ 1€Xible hoses

— (e s

™ (Casting machine

Figure 4.1. Mold and heat pipe industrial test set-up

The capacity of the crucible was 180 kg. Two types of coatings were tested for
the magnesium castings. The first coating tried was boron nitride and the second was
graphite. In the case of the aluminum castings, only the graphite coating was used. Both

coatings were used and made available by InterMag company.
Hexachloroethane, C,Clg, 200g tablets were used as a degasser for the magnesium

AZ91E melts. Recent research has shown that C,Clg has a grain refining effect on

AZ91E [108]. It would be expected that this effect should be the same in all the casting
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produced. Argon gas was used as a degasser for the aluminum A356 melts (rotary
degasser at 40 rpm, gas pressure 20 psi for 25 minutes). In the case of AZ91E
magnesium castings, a protective layer of CO,+1% SF¢ (sulphur hexafluoride) is used to

prevent reaction with the atmosphere.

Many magnesium and aluminum castings were produced during the course of this
work. Table 4.1 shows the details of casting conditions for selected castings chosen for
analysis. These castings were chosen to represent different casting parameters namely,
mold temperature, mold coating, melt temperature, and mold cooling. In order to
evaluate the effect of heat pipe cooling on the castings, the castings are divided into
groups of two castings each, and in some cases into three castings to check for the
reproducibility of the experiments under an industrial environment. The castings in the
same group are produced under similar casting conditions except for the fact that one of
them was cast without heat pipe cooling and the other with cooling as seen in the table
and marked by “N” and “Y”. It is worth mentioning that each casting number seen in the
table represents two castings with different configurations poured at the same time (as
seen in figure 3.10, the mold contains two cavities to produce two castings in one cycle).
Microstructural analysis was conducted at a totai of 108 points for the 36 selected
castings. The code “H1” is used to refer to castings poured into the mold cavity close to
heat pipe number 1 and “H2” is used to refer to those poured into the mold cavity close to

heat pipe number 2.
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Table 4.1 Details of selected castings used for analysis

Casting Melt Mold Temp. Coating Heat Pipe
No. Temp. Cooling
Magnesium Castings
46 704 370 boron nitride N
47 704 365 boron nitride Y
52 704 340 boron nitride N
53 704 310 boron nitride Y
56 704 275 boron nitride N
49 704 265 boron nitride Y
57 704 290 boron nitride Y
62 704 260 graphite N
66 704 270 graphite Y
68 747 370 graphite N
69 747 350 graphite Y
Aluminum Castings
74 728 370 graphite N
75 728 360 graphite N
76 728 360 graphite Y
79 728 300 graphite N
80 728 310 graphite Y
81 722 260 graphite N
83 722 245 graphite Y

N=no heat pipe cooling
Y= Heat pipe cooling

4.2. Casting Analysis

Both visual and microstructural analysis were performed on the castings. The
procedure used in the analysis, the results obtained and its discussions are given in the

next sections.
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4.2.1. Visual Analysis of Magnesium AZ91E

The first analysis method conducted was by looking visually at the castings to see
the effect of heat pipe cooling. As mentioned earlier, the castings are grouped in pairs to

represent castings cast under similar conditions except for the mold cooling.

Figures 4.2 and 4.3 show two side faces of one pair of magnesium castings
produced under the same conditions. One casting has been produced without heat pipe
cooling and the other with heat pipe cooling. Figures 4.4 and 4.5 show the other pair of

magnesium castings.

By visually looking at the castings, one finds that the casting produced with no
heat pipe cooling has no shrinkage voids appearing on the surface. This makes it difficult
to evaluate visually the effect of heat pipe cooling on the casting. The reason behind no
obvious visual concentrated shrinkage voids on the casting was because of the long
freezing range of magnesium AZ91E (128 °C), where in alloys with long freezing ranges,
a mushy solid plus liquid region develops before solidification is complete. Liquid metal
does not easily flow through this region to compensate for solidification shrinkage.
Consequently, widespread interdendritic shrinkage is typically found. On the other hand,
short freezing range alloys tend to produce little or no mushy region; consequently,
concentrated shrinkage voids are found [106]. Figure 4.6 shows the effect of freezing

range on shrinkage.
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Figure 4.2. Magnesium casting produced without heat pipe cooling (H2)

Figure 4.3. Magnesium casting produced with heat pipe cooling (H2)

76



Chapter 4 Results and discussions

Figure 4.4. Magnesium casting produced without heat pipe cooling (H1)

Figure 4.5. Magnesium casting produced with heat pipe cooling (H1)
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Figure 4.6. The effect of freezing range on shrinkage [106]

4.2.2. Visual Analysis of Aluminum Alloy (A356)

The same experiments were conducted for the shorter freezing range aluminum

alloy (A356 with a freezing range of 70 °C). The results obtained demonstrate the effect

of freezing range on alloy solidification.

Figure 4.7 shows the two sides of an A356 casting produced without cooling and

figure 4.8 shows the same two faces of the A356 casting produced with heat pipe cooling.
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Figure 4.7. Aluminum casting produced without heat pipe cooling (H2)

Figure 4.8. Aluminum casting produced with heat pipe cooling (H2)
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From figure 4.7, one can see that the casting produced with no HP cooling
developed a concentrated shrinkage void that can be seen visually on both sides. This is
due to the shorter freezing range of A356 (70 °C) as explained earlier. Now looking at
figure 4.8, where the A356 casting has been produced using heat pipe cooling, one can
see
the improvement of casting quality on the casting side (face) adjacent to the heat pipe,
where the big shrinkage void disappeared because of the rapid cooling provided by the
heat pipe. On the other hand, a large shrinkage void developed on the other casting face
(away from the HP). This shrinkage void is even larger than the one noted on the casting
produced with no heat pipe cooling. This is an understandable phenomenon because the
heat pipe succeeded in pushing the shrinkage from the side it faced to the other side.

From these A356 casting analysis results, the effect of HP cooling is visually observed.
4.3. Computer Modeling as a Tool to Understand Casting Solidification Patterns

As mentioned earlier in chapter 3, the mold was designed with an intention to
introduce shrinking in the castings produced from the magnesium and aluminum alloys.
The temperature distribution results obtained by the computer modeling, as shown in
figures 3.14 and 3.15, suggested shrinkage should appear in the center of both the
magnesium and aluminum castings. When the theoretical results were compared with the
actual castings of the magnesium and aluminum alloys, a difference in shrinkage type and
location was observed. In other words, the expected shrinkage void predicted by the
model for the magnesium casting did not appear on the actual casting, and the shrinkage
void expected on the center of the aluminum casting by the computer modeling appeared

with different shape and position on the actual casting.

An explanation of the different shrinkage type of the magnesium alloy is given in

section 4.2.1 and further discussion will be given later in the present section.
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The disagreement between the modeling and the actual aluminum castings in

terms of shrinkage location led to a second look at the casting boundary conditions used

in modeling.

As one can see, the two castings produced by the mold were fed from the bottom.
Also the castings had greater metal mass in their upper parts. Because of this
configuration, the upper edge of the casting will lose contact with the mold due to
gravity, which tends to pull the casting downward. In addition to that, a force will tend to
pull the casting downward when the casting starts to solidify first at the lower section
(less metal compared to the upper section) where the molten metal from the upper part
will flow to compensate for solidification shrinkage. The two forces (gravity and pulling
force) will prevent the upper edge of the casting to have contact with the mold and this
will lead to poor heat transfer at the edge and will effect the overall modeling results.
Figure 4.9 shows the upper surface of the A356 casting where the shrinkage was severe

due to the imperfect contact between the casting and the mold.

Figure 4.9. The upper surface of the A356 casting (H2)

A new computer modeling was conducted for the aluminum A356. The boundary

conditions used in this modeling were the same as the first modeling except that the value

81



Chapter 4 Results and discussions

of the interfacial heat transfer coefficient, h, at the upper edge of the casting was lowered
to 100 W/m*-K to make the modeling results align with the experimental observations.
The temperature distribution results obtained from the model for both casting sides
(facing the heat pipe and far from the heat pipe) of one A356 casting produced without

and with heat pipe cooling are given in figures 4.10 and 4.11 respectively.

When looking at figures 4.10 and 4.11, one can see that the shape and location of
the shrinkage predicted by modeling are similar to the ones observed on the real castings

seen in figures 4.7 and 4.8.

The previous observation is important evidence that shows the casting boundary
conditions used in the computer modeling approximate reality well; thus, one can rely on
the results produced by the model. In addition to that, one can see also the importance of
understanding the casting conditions in order to obtain reliable casting modeling. The
computer modeling for the magnesium AZ91E was repeated based on the new corrected

boundary condition.

Figures 4.12 and 4.13 show the computer modeling results for the temperature
distribution for the AZ91E and A356 castings respectively produced with no heat pipe
cooling. The figures show one side of the castings. The other side of each casting looks
the same due to the casting symmetry along its centerline. From these figures one can
clearly see the hot regions where shrinkage is expected to appear in real castings. Figures
4.14 and 4.15 show the computer modeling results for the temperature distribution for the
AZI91E and A356 castings respectively produced with heat pipe cooling. The figures
show both casting sides. From these figures, one can see that the heat pipe cooling
managed to force the hot regions to the other side of the castings for both alloys. This
demonstrates the effectiveness of using heat pipe cooling to reduce shrinkage defects in
castings. Figures 4.16 and 4.17 show the computer modeling results for the temperature
distribution for a plane cut through the AZ91E and A356 castings respectively produced
without heat pipe cooling. The cut was taken at the middle of the hot region of the
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casting. Figures 4.18 and 4.19 show the computer modeling results for the temperature
distribution for a plane cut of AZ91E and A356 castings respectively produced with heat

pipe cooling.

i

Figure 4.10. Temperature distribution results obtained from the model for one A356
casting (with no heat pipe cooling)
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Temperature (Casting & Riser Only): 460-542

Figure 4.11. Temperature distribution results obtained from the model for one

A356 casting (with heat pipe cooling)
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Temperﬂr (Casting & Riser ) 317.34.

Figure 4.12. Temperature distribution results obtained from the model for AZ91E

casting (with no heat pipe cooling)

Figure 4.13. Temperature distribution results obtained from the model for A356
casting (with no heat pipe cooling)
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| Temperature (Casting & Riser Onl}}]: 319.42

Figure 4.14. Temperature distribution results obtained from the model for both sides of
AZ91E casting (with heat pipe cooling)
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T prtl}re‘ng& Riser Only): 3358 .

Figure 4.15. Temperature distribution results obtained from the model for both sides of
A356 casting (with heat pipe cooling)
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Figure 4.16. Temperature distribution obtained from the model for a plane cut of AZ91E
casting (without heat pipe cooling)

Figure 4.17. Temperature distribution obtained from the model for a plane cut of A356
casting (without heat pipe cooling)
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y) (Y]

Figure 4.18. Temperature distribution obtained from the model for a plane cut of AZ91E
casting (with heat pipe cooling)

Temperature (Casting & Riser Only) (XY)

Figure 4.19. Temperature distribution obtained from the model for a plane cut of A356
casting (with heat pipe cooling)

89



Chapter 4 Results and discussions

From figures 4.16 to 4.19, one can clearly see the effect of heat pipe cooling on
the castings and how the heat pipes managed to reduce the hot spot from the casting faces

closest to the heat pipes.

For a better understanding of the above temperature distribution results obtained
by the model, seven points in the casting have been selected and their temperatures have
been determined by the model. Figure 4.20 show the points selected. The time at which
the temperatures at these points were analyzed corresponds to the time when the casting

has just completely solidified.

Figure 4.20. Points selected for temperature measurements (H2)

The model was used to obtain the temperature at these seven points for AZ91E casting
with no heat pipe cooling, A356 with no heat pipe cooling, AZ91E casting with heat pipe
cooling, and A356 with heat pipe cooling respectively. The results obtained from the

model are shown in table 4.2.
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Table 4.2. Temperature distribution results obtained from the model (H2, 100% solid)

Casting Temperature (°C)
P1 P2 P3 P4 P5 P6 P7
AZ91E 451.4 | 458.7 | 461 461.5 | 461 458.7 |4514
A356 530 535.3 | 537 537.4 | 537 5353 530
AZ91E (HP) |385.5 |403.6 |[430.5 |440 451.5 [453.7 |451.2
A356 (HP) 488.8 |500.2 |517.2 |523.1 |530.1 |531.2 {529

P = Point, HP = heat pipe cooling

From the above table, one can see the effect of heat pipe cooling on the casting by
comparing the temperature at each location with and without heat pipe operation. The
effect reached little more than half of the casting (reaches point 5). The heat pipe has
pushed the hot spot to the other side.

Figures 4.21 and 4.22 show the temperature distribution at a plane cut through the
whole mold obtained by the model for the AZ91E and A356 casting processes with heat

pipe cooling.

From figures 4.21, and 4.22, one can see the effect of heat pipes on the mold and
the castings. The figures show heat pipes at a low temperature, which managed to
redistribute the heat in a wide region of the mold. The regions close to the heat pipes

have lower temperatures compared to other regions of the mold.

As mentioned earlier, by examining the ‘castings produced with no heat pipe
cooling during the industrial trials of the aluminum A356 alloy, one can see huge
shrinkage voids in both sides of the castings as seen in figure 4.7, and this agrees very

well with the computer modeling results seen in figure 4.10.

As seen in figure 4.8, the heat pipe was successful in forcing the shrinkage void
from the side facing the heat pipe to the other side far from the heat pipe as expected by
the computer modeling results seen in figure 4.11. The casting side closer to the heat

pipe started to solidify sooner compared to the other side of the casting far from the heat
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pipe and that was due to the rapid cooling provided by the heat pipe. In such cases, liquid
metal flows towards the solidifying side to compensate for the solidification shrinkage.
This leads to greater shrinkage voids at the casting side far from the heat pipe as seen in

figures 4.8 and 4.11.

As mentioned earlier, when the magnesium AZ91E castings were examined, the
expected shrinkage voids on both casting sides were not observed even though the
computer modeling results showed hot regions on both sides of the casting as seen in
figure 4.12, which leads to shrinkage void presence. As seen from figures 4.2 and 4.4, no
concentrated shrinkage voids were seen on either casting face. Instead, widely
distributed micro-shrinkage voids were observed in the AZ91E castings as seen in

figure 4.23.

The above observation (different shrinkage types between the AZ91E and A356)
has raised a flag and a further investigation was conducted to reveal the difference in
solidification behavior between magnesium AZ91E and aluminum A356. Another look
at the computer results was needed to further understand the solidification behaviors of

these alloys.

The modeling results of the critical fraction solid time for both alloys were
obtained. The critical fraction solid time records the time, in minutes, for each part of the
casting to reach the critical fraction solid point. This is the point at which the alloy is
solid enough that liquid feed metal can no longer flow. Therefore, for judging
directionality of solidification, and whether any isolated areas have formed within the
casting that cannot be fed by risers, the critical fraction solid time is generally a better
measure than the solidification time [105]. Figures 4.24 and 4.25 show the modeling
results of the critical fraction solid time for the AZ91E and A356 castings respectively
with no heat pipe cooling. In these two figures, the time scale is in minutes and time = 0

indicates the time when the mold cavities were completely full with the liquid metal.

92



Chapter 4 Results and discussions
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Figure 4.21. A plane cut temperature distribution results obtained from the model for the
whole mold (AZ91E casting with heat pipe cooling)

Figure 4.22. A plane cut temperature distribution results obtained from the model for the
whole mold (A356 casting with heat pipe cooling)
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Figure 4.23. Micro-shrinkage defect in AZ91E

Figure 4.26 and figure 4.27 show the modeling results of the critical fraction solid time in
minutes for the two casting sides of AZ91E and A356 respectively with heat pipe

cooling.
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Figure 4.24. Critical fraction solid time results obtained from the model for AZ91E

casting (with no heat pipe cooling)

rltlcalrt _ |e:.[]?8—l].946

Figure 4.25. Critical fraction solid time results obtained from the model for A356

casting (with no heat pipe cooling)
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Figure 4.26. Critical fraction solid time results obtained from the model for

AZ91E two casting sides (with heat pipe cooling)
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Figure 4.27. Critical fraction solid time results obtained from the

model for A356 two casting sides (with heat pipe cooling)

The critical fraction solid time modeling results for both alloys showed different
solidification behavior. By looking at the modeling results shown in figures 4.24 and
4.25, one can see that AZ91E solidifies faster than A356 alloy where the maximum
critical fraction solid time for AZ91E is 0.76 min and for A356 is 0.95 min. This shows
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that the critical fraction solid time for AZ91E is 20% less than that for A356. In both

figures the time scale was set to 0.95 min for better comparison between the alloys.

Reasons for the above are related to the fact that AZ91E has a density of 1810
kg/m’ which is substantially less than the density of A356, 2685 kg/m3. This leads to a
lower latent heat per unit volume for AZ91E (371904 J/kg) as compared to A356
(388175 J/kg) and this, in turn contributes to the poor solidification behavior of AZ91E
and the presence of micro-shrinkage voids. In addition to that, it explains the critical

fraction solid time difference between both alloys.

The shorter critical fraction solid time of the AZ91E alloy allowed solid islands to
be formed in the early solidification stages and those islands are solid enough that liquid
metal can no longer flow through. This is an important factor, which can explain the
micro shrinkage defects present in the AZ91E castings as seen in figure 4.23. In the case
of A356 which has a longer critical fraction solid time, the formation of those solid
islands happens at later stages of the solidification process, thus there is less chance for
micro shrinkage formation. The concentrated shrinkage void normally found is

shown in figure 4.7.

Figures 4.28 and 4.29 show the critical fraction solid time in minutes at a plane
cut (1 cm from the top of the casting) of the AZ91E and A356 castings simulated with no
heat pipe cooling respectively. Figures 4.30 and 4.31 show the critical fraction solid time
in minutes at a plane cut of the AZ91E and A356 castings simulated with heat pipe
cooling respectively. From these figures, one can see the effect of heat pipe cooling on
the critical fraction solid time where the casting side facing the heat pipe has shorter time

compared to the other side.

The freezing range of the alloy is an important factor, which determines the type

of shrinkage present in a casting. The two alloys studied in this work, AZ91E and A356,
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have different freezing ranges. AZ91E has a long freezing range (128 °C) compared to
A356 (70 °C), and that leads to different solidification patterns.

Critical F ac':pun'S_nlld Time »

Figure 4.28. The critical fraction solid time at a plane cut of AZ91E casting

simulated with no heat pipe cooling

Figure 4.29. The critical fraction solid time at a plane cut of A356 casting
simulated with no heat pipe cooling
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As mentioned earlier, in the case of alloys with long freezing range such as
AZ91E a mushy or pasty solid plus liquid region develops before solidification is
complete [106]. This will lead to the formation of solid and liquid islands. Because of
this mushy zone, the liquid does not flow easily to compensate for the solidification
shrinkage, and widespread interdendritic shrinkage is typically found. In this case, even
using massive risers may not be sufficient. Figure 4.6 shows a schematic for the effect of

freezing range on shrinkage.

This is not the case for A356, which has a relatively shorter freezing range with
little mushy region where the liquid metal flows easily to compensate for shrinkage. In
this case typical concentrated shrinkage voids can be controlled by risers. Such a

shrinkage is clearly seen in figure 4.7.

The above explanation also shows the reason behind the longer critical fraction solid time

for A356 compared to AZ91E.

Another look at the critical fraction solid time results was obtained by looking at the
values of the critical fraction solid time at the seven points seen in figure 4.20. The

results are shown in table 4.3.

Table 4.3. The critical fraction solid time for AZ91E and A356 (H2)

Casting Critical Fraction Solid Time (min)

Pl P2 P3 P4 P5 P6 P7
AZ91E 0421 10.656 |0.711 10.727 [0.711 10.656 |0.421
A356 0.615 10.841 |0.893 10905 [0.893 |0.841 |0.615
AZ91E (HP) |0.125 |0.252 |0.535 |0.605 |0.644 |0.612 |0.414
A356 (HP) 0.203 ]10.379 10.698 |0.758 [0.797 |0.77 0.584

P = Point, HP = heat pipe

From the above table, one can see that AZ91E has much shorter critical fraction
solid time compared to A356 and hence, AZ91E tends to have more micro-shrinkage

instead of a concentrated shrinkage void.
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The above table also shows the great effect of the heat pipe in reducing the critical
fraction solid time for both alloys. The heat pipe with its rapid cooling reduced the
overall critical fraction solid time by 13% for AZ91E and 14% for A356. However, for
regions close to the heat pipe the reductions in the critical fraction solid time was

substantially greater.

4.4. Microstructural Analysis of Magnesium AZ91E

The effect of heat pipe cooling on the magnesium castings was also demonstrated
by measuring the secondary dendrite arm spacing, (SDAS) and the grain size. A
specimen was cut from the center of each casting through the thickness of the casting.
Figure 4.32 shows the specimen location. Three points were chosen for the SDAS and
grain size measurements. Point number 1 is close to the heat pipe, point number 2 is
inside the casting and point number 3 is on the far side of the casting. Point numbers 1
and 3 are 2 mm away from the edge to avoid mold chilling effects. The SDAS and grain
size measurement results obtained for pairs of magnesium castings are given in the

following sections.

N
Sl 5

: -

17mm 17mm

Figure 4.32. SDAS measurement specimen
After polishing and etching the specimens, the SDAS and grain size analyses were

performed using an optical microscope with a digital image analysis system (CLEMEX

Vision ™).
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4.4.1. SDAS Analysis for Magnesium AZ91E

After polishing, the specimens were etched using acetic glycol (20ml acetic acid,
I ml HNO; (conc.), 60 ml ethylene glycol, 20 ml water) for 10 seconds. The line
intercept method was used to measure the SDAS. The SDAS results obtained for two

pairs of castings are shown in Figures 4.33 and 4.34. The standard deviation is shown on

the figures.

40
with heat

pipe cooling

35

30

SDAS (um)

-
[$,)

10 1

point 1 point 2 point 3

Figure 4.33. SDAS results for magnesium AZ91E (casting no. 46&47 H1)

From Figure 4.33, one can see the effect of heat pipe cooling on SDAS at all three
points, especially point number 1 which is close to the heat pipe. At point number 1, a
reduction of 19% in the SDAS is obtained by using heat pipe cooling. At the other two

points, point 2 and point 3, reductions of 20% and 22% were obtained respectively. The
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standard deviation for the SDAS analysis was reasonable (1~ 4 um ) as shown on the

figure.

The SDAS results demonstrate clearly the effect of heat pipe cooling on the
SDAS. The SDAS at point number 2 tends to be larger than that at point number 3. This
is because there is not much mold mass near point 2 to enhance cooling. The effect of

heat pipe cooling on SDAS of magnesium casting is very well pronounced in figure 4.34

40
without heat with heat
pipe cooling pipe cooling

35

30

25 -

SDAS (um)
8

15 +

10

point 1 point 2 point 3

Figure 4.34. SDAS results for magnesium AZ91E (casting no. 46&47 H2)

as well. Figures 4.35 and 4.36 show the microstructure (SDAS) obtained for point
number 1 for magnesium castings produced without heat pipe cooling and with heat pipe

cooling respectively (casting no 52&53 H1). A reduction of 23% is observed when heat

pipe cooling is applied.

104



Chapter 4 Results and discussions

Table 4.4 shows the SDAS results obtained for all selected magnesium castings
for microstructural analysis. The effect of heat pipe cooling can be clearly observed from
the table. The results shown in table 4.4 suggest that, in general the higher the mold
temperature, the larger the SDAS. The previous observation can be seen when for
example comparing castings number 46 and 52, or 46 and 49. The results also showed
the effect of heat pipe cooling in reducing the SDAS. One more observation can be
obtained from these results, where it shows that the heat pipes have better performance

when graphite coating was used and that is shown in the larger reduction in the SDAS.

Figure 4.35. Microstructure (SDAS) obtained for point number 1

(casting no. 52 H1, without heat pipe cooling)
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Figure 4.36. Microstructure (SDAS) obtained for point number 1

(casting no. 53 H1, with heat pipe cooling, reduction of 23%)

The previous observations obtained from AZ91E SDAS results were as expected.
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Table 4.4. SDAS results obtained for magnesium castings

Casting (H1) Casting (H2)
SDAS (um) SDAS (um)

No [MT.T. | MD.T. | Coating | P1 P2 P3 P1 P2 P3
46| 704 370 B.N. 2913 | 33+4 | 3013 29+2 | 35+3 | 28+2
47| 704 365 B. N. 2441 | 2642 | 2443 2343 | 262 | 2442

Percentage of reduction 19% | 20% | 22% 20% | 26% | 13%
52| 704 340 B.N. 28+3 | 31x4 | 2912 2913 | 32+2 | 31#2
53| 704 310 B.N. 2242 | 2522 | 2413 2113 | 263 | 2523

Percentage of reduction 23% | 18% | 19% 27% | 20% | 18%
56| 704 275 B.N. 3043 | 31+3 | 2942 3043 | 32+3 | 2942
49| 704 265 B. N. 232 | 27+3 | 25x2 2412 | 28+1 | 26+2
57| 704 290 B.N. 256+2 | 29+3 | 27+2 256+2 | 29+2 | 26x2

Percentage of reduction 21% | 13% | 13% 18% | 13% | 11%
62| 704 260 | Graphite | 29+4 | 3023 | 2914 3143 | 3243 | 28+3
66| 704 270 | Graphite | 212 | 253 | 2413 232 | 29+4 | 2613

Percentage of reduction 28% | 16% | 19% 25% 9% | 9%
68 | 747 370 Graphite | 29+3 | 3013 | 2944 30+3 [ 33+2 | 322
69| 747 350 Graphite | 22+3 | 27+2 | 24+4 22+2 | 27+3 | 2443

Percentage of reduction 24% | 12% | 19% 27% | 19% | 23%

* (MT = melt, MD = mold, T = temperature, B. N. = boron nitride, P1, P2, P3 = points 1,

2 & 3 respectively, % = percentage of reduction when heat pipe cooling was used).

4.4.2. Grain Size Analysis for Magnesium AZ91E

The grain size measurements for magnesium AZ91E require a special heat
treatment before polishing and etching the specimens (etched with acetic glycol). The
heat treatment conducted to reveal the grain size is 413°C for 6 hours, 352°C for 2 hours,
and 413°C for 10 hours. The different stages of this heat treatment were conducted with
no cooling down to room temperature in between stages. The heat pipe causes an

increase in grain size of AZ91E [109]. All samples were heat treated for the same length
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of time. Consequently, the effect of heat treatment on the grain size should be the same

for all samples.

The general intercept procedure was used in the measurements. The grain size

results obtained for two pairs of castings are shown in figures 4.37 and 4.38.

From Figure 4.37, one can again see the effect of heat pipe cooling on all three
points. At point number 1, a reduction of 22% in the grain size is obtained by using heat
pipe cooling. At the other two points, point 2 and point 3, reductions of 21% and 18%
were obtained respectively. These results demonstrate clearly the effect of heat pipe
cooling on the grain size. The grain size at point number 2 tends to be larger than that at

point number 3; and that is because there is not much mold mass near point 2 to enhance

without heat with heat
pipe cooling pipe (Tzooling
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Figure 4.37. Grain size results for magnesium AZ91E (casting no. 68&69 H1)
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Figure 4.38. Grain size results for magnesium AZ91E (casting no. 68&69 H2)

cooling. The effect of heat pipe cooling on the grain size of the other the magnesium

casting is very well seen in figure 4.38 as well.
Figures 4.39 and 4.40 show the microstructures obtained for points number 1 for

castings produced without heat pipe cooling and with heat pipe cooling respectively

(castings no 68&69 H1). A reduction of 22% in the grain size is accomplished.
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Figure 4.39. Microstructure obtained for point number 1 (casting no.68 H1)
(without heat pipe)

Figure 4.40. Microstructure obtained for point number 1 (casting no.69 H1)

(with heat pipe)
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Table 4.5 shows the grain size results obtained for all selected magnesium
castings for microstructure analysis. The effect of heat pipe cooling can be clearly
observed from the table. The reduction does not always follow the same trend and that is
because of the non-uniformity of the mold temperature resulting from the preheating

procedure.

Table 4.5. Grain size results obtained for magnesium castings

Casting (H1) Casting (H2)
Grain Size (um) Grain Size (um)
No | MT.T. | MD. T. | Coating P1 P2 P3 P1 P2 P3

46 704 370 B.N. 196425 | 210427 | 208+26 | 245435 | 236425 | 262+29
47 704 365 B. N. 137+14 | 145z+21 150+7 153+14 | 194120 | 185125

Percentage of reduction 30% 31% 28% 37% 18% 29%
52 | 704 340 B.N. 27332 | 31633 | 239131 | 247428 | 26331 | 199+18
53| 704 310 B.N. 17318 | 231421 | 218£29 | 182424 | 229423 | 189z22
Percentage of reduction 36% 27% 9% 26% 13% 5%
56 | 704 275 B.N. 224128 | 262131 | 23720 | 235+31 | 261131 | 260%35
49 | 704 265 B. N. 102+12 | 107410 | 158114 | 190424 | 207120 | 177+21
57 704 290 B.N. 108+26 | 112120 | 164420 | 187223 | 21024 | 180+23

Percentage of reduction 54% 59% 33% 19% 21% 32%

62| 704 260 Graphite | 24933 | 29731 | 267433 | 287433 | 295235 | 294433
66 | 704 270 Graphite | 198£19 | 250+£20 | 22320 | 23124 | 27526 | 236+21
Percentage of reduction 20% 16% 17% 19% 7% 20%

68 | 747 370 Graphite | 123+13 | 133#11 | 125419 | 14030 | 175+28 | 13721
69 | 747 350 Graphite | 9619 105+16 | 102+19 | 10920 | 14818 114211
Percentage of reduction 22% 21% 18% 22% 16% 17%
* MT = melt, MD = mold, T = temperature, B. N. = boron nitride, P1, P2, P3 = points 1,
2 & 3 respectively, % = percentage of reduction when heat pipe cooling was used.

4.5. Microstructural Analysis of Aluminum Alloy (A356)

The effect of heat pipe cooling on the aluminum castings has been conducted by
measuring the secondary dendrite arm spacing, (SDAS) and the grain size. The
specimens were similar to those of the magnesium alloy, and the analyses were

conducted at the same points (1,2, and 3).
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4.5.1. SDAS Analysis for Aluminum alloy (A356)

After polishing and etching (using nital, 100ml methanol, 3ml HNOs) the
aluminum specimens, the SDAS were measured using the line intercept method

performed using CLEMEX Vision ™.

SDAS measurements for the A356 castings have been conducted to evaluate the
HP cooling effect. Figure 4.41 shows the results obtained for one pair of aluminum
castings. The three locations chosen for SDAS measurements are the same locations that
were chosen for the analysis of the magnesium AZ91E castings. From the figure, the
reduction in SDAS due to HP cooling is clearly pronounced. Reductions of 29%, 13%
and 11% were obtained for points 1, 2 and 3 respectively. These results demonstrate
clearly the effect of heat pipe cooling on the SDAS of A356. Similar results are obtained

for a second pair of aluminum castings shown in figure 4.42.

Figures 4.43 and figure 4.44 show the microstructures of an A356 casting at point
1 for castings produced under the same casting conditions except the first was produced

without heat pipe cooling and the other with heat pipe cooling.

A reduction of 29% in the SDAS by using heat pipe cooling is clearly observed in
figure 4.44 compared to that shown in figure 4.43.
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Figure 4.41. SDAS results for aluminum 356 (casting no. 81&83 H1)
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Figure 4.42. SDAS results for aluminum 356 (casting no. 81&83 H2)
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Table 4.6 shows the SDAS results obtained for all selected aluminum castings for
microstructural analysis. The effect of heat pipe codling can be clearly observed from the
table. In general, the results showed that the higher the mold temperature, the larger the
SDAS. The reduction does not always follow the same trend and that is because of the

non-uniformity of the mold temperature that resulted from the preheating procedure.

Table 4.6. SDAS results obtained for aluminum castings

Casting (H1) Casting (H2)
SDAS (um) SDAS (um)

No |[MT.T. |MD.T. P1 P2 P3 P1 P2 | P3
74 728 370 3915 | 4716 | 4115 50+4 | 6245 | 4613
75 728 360 39+4 | 5345 | 4413 45+2 | 5616 | 49+3
76 728 360 29+2 | 4143 | 3743 34+2 | 5215 | 4515

Percentage of reduction 26% | 22% | 16% 24% | 7% | 8%

79 728 300 3916 | 5114 | 434 4315 | 575 | 45+2
80 728 310 284 | 4516 | 3914 2913 | 4243 | 4043
Percentage of reduction 28% | 12% | 10% 33% | 26% | 10%

81 722 260 33+£3 | 4944 | 3843 35+4 | 5314 | 4614

83 722 245 2413 | 42+4 | 3443 2821 | 4644 | 3945
Percentage of reduction 29% | 13% | 11% 19% | 13% | 16%
*MT = melt, MD = mold, T = temperature, B. N. = boron nitride, P1, P2, P3
= points 1, 2 & 3 respectively, % = percentage of reduction when heat pipe
cooling was used.

4.5.2. Grain Size Analysis for Aluminum Alloy A356

A unique technique developed at McGill University was used to measure the
grain size for A356 alloy [107]. After polishing and etching the sample with a proper
etch (35g ferric chloride, FeCls, and 200ml water), lamps with different color filters are
used to reveal the macrostructure of the A356 sample. The distance from the light source
to the sample surface, as well as the incident angle were adjusted according to the

contrast required. A 1 cm paper bar was placed beside the sample to be used later by the
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CLEMEX Vision ™ system as a calibration reference. A digital camera with a macro

feature was used to take images of the sample. The setup used is shown in figure 4.45.

Figure 4.45. The setup used to view the macrostructure of A356

The macrostructure images obtained by the digital camera were transferred to the
CLEMEX Vision ™ system. Before analysis of any image, a new calibration procedure
was conducted based on the 1 cm paper bar shown in the image. Based on the
calibration, the system correctly identified the magnification of the image and the

measurements were taken.

The general intercept procedure was used in the measurements. The grain size

results obtained for two pairs of castings are shown in figures 4.46 and 4.47.
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Figure 4.46. Grain size results for aluminum alloy, A356 (casting no 81&83 H1)
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Figure 4.47. Grain size results for aluminum alloy, A356 (casting no 81&83 H2)
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From figure 4.46, one can clearly see the effect of heat pipe cooling on all three points,
especially point number 1 which is close to the heat pipe. At point number 1, a reduction
of 33% in the grain size is obtained by using heat pipe cooling. At the other two points,
point 2 and point 3, reductions of 23% and 39% were obtained respectively. These
results demonstrate clearly the effect of heat pipe cooling on the grain size. The effect of

heat pipe cooling on the grain size of the aluminum casting is also very well observed in

figure 4.47.

Figures 4.48 and 4.49 show the macrostructure obtained for A356 castings
produced without heat pipe cooling and with heat pipe cooling respectively (casting no.

74&76 H2). The effect of heat pipe cooling on the grain size can be visually observed.

Table 4.7 shows the grain size results obtained for all selected aluminum castings
for macrostructure analysis. The effect of heat pipe cooling can be clearly observed from
the table. Once more, the reduction does not always follow the same trend and that is
because of the non-uniform mold temperature that resulted from the preheating

procedure.
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Figure 4.48. Macrostructure obtained for A356 (casting no. 74 H2)
(without heat pipe cooling)

Figure 4.49. Macrostructure obtained for A356 (casting no. 76 H2)
(with heat pipe cooling)
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Table 4.7. Grain size results obtained for aluminum A356 castings

Casting (H1) Casting (H2)
Grain Size (um) Grain Size (um)
No | MT.T. | MD. T. P1 P2 P3 Pl P2 P3
74 728 370 1125£122 | 938498 85849 886+55 | 87261 868+118
75 728 360 1195+128 | 980+101 | 10132110 | 947+59 | 849+88 855+110
76 728 360 783+116 765+53 81859 641+31 | 681+36 654152
Percentage of reduction 34% 22% 19% 32% 19% 23%
79 728 300 1063£115 | 846+77 867+66 952+89 | 812471 947+110
80 728 310 680+54 66044 647+44 629+39 | 752443 776+61

Percentage of reduction 36% 22% 25% 33% 7% 17%
81 722 260 84982 636+68 | 89395 765+84 | 68880 | 717100
83 722 245 562+49 484457 | 541+19 523+43 | 558433 | 546255

Percentage of reduction 33% 23% 39% 31% 18% 23%

* (MT = melt, MD =mold, T = temperature, P1, P1, P3 = points 1 to 3 respectively,
% = percentage of reduction when heat pipe cooling was used).

4.6. Thermal Analysis of Heat Pipe Permanent Mold Casting Process

This section deals with the estimated heat fluxes extracted by the novel industrial

heat pipes developed in the present work.

The heat pipe designed in the present work is effective and capable of absorbing
the high heat fluxes generated from the mold and the molten metal poured into the
casting cavity. The response of the heat pipe is rapid (less than 5 seconds) when turned
on and off. The heat extraction rates were high and very well handled by the heat pipe

and this is reflected in the microstructures.

As mentioned earlier, in a permanent mold casting process the mold has to be
preheated for better mold filling and to eliminate some casting defects. There are
reasonable heat flux values that need to be absorbed by the heat pipe in order to show a
significant refinement of the microstructure. The heat fluxes extracted by the heat pipes

developed in the present work were estimated based on the heat pipe and the cooling air
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temperatures. As shown earlier in chapter 3 (figures 3.7, 3.10, and 3.11), each heat pipe

is located facing one side of the casting cavity to extract heat.

The results of the average heat flux estimations are given in table 4.8. A sample
calculation for a transient heat flux is given in section 4.6.1. The heat flux results
demonstrate the ability of the designed heat pipes to extract significant heat flux values.
The results showed an increase in the heat flux with the increase of mold temperature.
For example, when comparing A356 castings (number 76, 80, and 83) one can clearly see
that the heat flux values increase with the increase of mold temperature. Also, in the case
of AZ91E, the same observation can be drawn as seen when comparing castings number
47 and 49 where casting number 47 has a higher mold temperature and higher heat flux
extracted by the heat pipe. Also, when comparing the heat fluxes obtained during A356
casting processes with those obtained during AZ91E casting processes at similar mold

temperatures, one can see that those obtained during A356 casting processes have higher

heat fluxes and that is due to the higher latent heat of A356 compared to AZ91E.

Figure 4.50 shows a typical temperature measurement obtained during a casting

process

Table 4.8. Estimated heat fluxes for both heat pips

Casting | Melt Mold | Average Transient Heat
No. Temp. Temp. Flux (kW/m?)
(°C) (°C) HP 1 | HP2
AZ91E
47 704 365 196 210
49 704 265 150 180
53 704 310 153 124
57 704 290 267 294
66 704 270 160 175
69 747 350 212 229
A356
76 728 360 263 253
80 728 310 208 220
83 722 245 138 147
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Figure 4.50. Temperature measurements obtained during

aluminum casting process

From figure 4.50, one can see that the heat pipe temperature increases almost
immediately after the heat pipe is switched on. One can also notice that the temperature
of the air is increasing and the mold temperature is decreasing after the heat pipe is
switched on. A slight jump in the mold temperature is observed due to the introduction
of the molten metal into the mold cavity before it declines again due to the intensive
cooling by the heat pipes. The temperature measurement is very sensitive to the
thermocouple location. Measurements of the temperature of the casting and the mold at
locations very close to the casting/mold interface are not possible due to space constraints

around the casting machine.

4.6.1. Sample Calculation for a Transient Heat Flux

As mentioned earlier in chapter 3, the heat fluxes were estimated based on the

heat pipe, air inlet and air outlet temperatures, where 70% of the heat was assumed to be
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absorbed by the chill and 30% dissipated by the condenser cooling air. The following is

a sample calculation for a transient heat flux at time = t second:

q= [(T(air outlet)t ~T(air inlet)) * Air flow rate * Cp(air) * Pin T ((T(HP)t *0.7+ T(air outlet)t

*0.3) — (Tapyar * 0.7 + Teair outlenyt-ac * 0.3)) * chill mass * Cp13) ] / evaporator area

where

Teair out ten= 64.33 (°C), Teair intery =20 (°C), Air flow rate =0.01413 (m’/s), Cpain=0.001
(J/kg-"C), pain = 1.3 (kg/ m®), Tawy = 11499 (°C), Twir outeny = 64.33 (°C),
Tapyae = 114.76 °0), Tair outtetiar = 64.27 (°C), chill mass = 14.5 (kg),
Cp13,= 483 (J/kg-°C), and evaporator area = 0.01021 m*.

Thus,
q = [(64.33 —20) * 0.01413 * 0.001 * 1.3 + ((114.99 * 0.7 + 64.33*0.3) — (114.76 * 0.7 +
64.27 * 0.3)) * 14.5 * 483]/0.01021 =122.78 (kW/mz)

4.7. Estimation of the Local Cooling Rates from the SDAS Measurements

As mentioned in chapter 2, equations have been developed to correlate the SDAS
to the local cooling rate. Equations (2.12) and (2.13) were used to estimate the local
cooling rates at all casting points selected for analysis. Table 4.9 shows the results for the
estimated cooling rates for AZ91E alloy. Table 4.10 shows the results for the estimated
cooling rates for A356 alloy. The castings produced with heat pipe cooling were

highlighted in bold numbers.
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Table 4.9. Estimated cooling rates for magnesium AZ91E castings

Casting (HI) Casting (H2)
Estimated Cooling Rate (°C/s) | Estimated Cooling Rate (°C/s)
No | MT.T. | MD.T. P1 P2 P3 P1 P2 P3

46| 704 370 2.69 1.80 2.42 2.69 1.49 3.00
47| 704 365 4.86 3.78 4.86 5.55 3.78 4.86

52| 704 340 3.00 2.18 2.69 2.69 1.98 2.18
63| 704 310 6.38 4.28 4.86 7.37 3.78 4.28

56| 704 275 242 2.18 2.69 2.42 1.98 2.69
49| 704 265 5.55 3.36 4.28 4.86 3.00 3.78
57| 704 290 4.28 2.69 3.36 4.28 2.69 3.78

62| 704 260 2.69 2.42 2.69 2.18 1.98 3.00
66 | 704 270 7.37 4.28 4.86 5.55 2.69 3.78

68 | 747 370 2.69 242 2.69 2.42 1.80 1.98
69 | 747 350 6.38 3.36 4.86 6.38 3.36 4.86
* (MT = melt, MD = mold, T = temperature, P1, P1, P3 = points 1 to 3 respectively)

Table 4.10. Estimated cooling rates for aluminum A356 castings

Casting (H1) Casting (H2)
Estimated Cooling Rate (°C/s) | Estimated Cooling Rate (°C/s)
No | MT.T. |MD.T. P1 P2 P3 P1 P2 P3

74 728 370 3.02 1.87 | 2.65 1.60 | 0.92 1.98
75 728 360 3.02 1.38 | 2.22 209 1.19 1.68
76 728 360 6.44 2.65| 3.45 429 | 1.44 2.09

79 728 300 3.02 152 | 235 235 1.14 2.09
80 728 310 7.056 2.09| 3.02 6.44| 2.50 2.83

81 722 260 4.63 1.68| 3.22 3.98 1.38 1.98
83 722 245 | 10.46 250 | 4.29 7.05 1.98 3.02
* (MT = melt, MD = mold, T = temperature, P1, P1, P3 = points 1 to 3 respectively)
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From the above results shown in tables 4.9 and 4.10, one can see the enhancement
of the cooling rates when the heat pipe is used and that typically will reflect on the

microstructure and better mechanical properties can be obtained.

The higher cooling rates were naturally achieved at point number 1, which is close to the
heat pipe. Point number 2 has the lowest cooling rates compared to points 1 and 3; and

that is because points 1 and 3 are closer to the casting/mold interface.

The cooling rates obtained with heat pipe cooling are considered as high cooling rates

because they range from 4.2 °C/s to 10.46 °C/s at point number 1.

It is possible to further enhance the casting cooling rate using the heat pipe developed in
the present work. The key here is to install the heat pipe in a location closer to the

casting cavity. With such modification, further SDAS reductions could be achieved.
4.8. Comparison of a Water Cooling Channel and a Heat Pipe

As mentioned before, the value of the interfacial heat transfer coefficient, h, used
at the mold/heat pipe interface during the computer modeling was 20,000 W/m*K. Given
that the diameter of heat pipe (H2) is 3.8 cm, a calculation for a water cooling channel
with a similar 3.8 cm diameter was conducted to determine the velocity of water required

to reach an interfacial heat transfer coefficient of 20,000 W/m?K.

The heat transfer between a fluid flowing in a circular passage and the wall can be

described for a turbulent, forced convection flow by the Dittus-Boelter equation (5) as:

Nu, =0023Re%* Pr** ... (3.1)

where Nu, = the average Nusselt number based on the pipe diameter, D

Rep = the Reynolds number of the fluid
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Pr = the Prandtl number of the fluid
In the experimental mold, the diameter of the passage for the heat pipe (H2) was 3.8 cm.

Equation (3.1) can be rewritten as:

0.8
h =f(o.023){i’v—D} Prot (3.2)
D 7

or

V0'8 _ ]’_ID0'2 1 _/i 0.8 (3 3)
(0.023)k Pl p) T )

Thus

B 7 D2 123 1 u
v-[(0.023)kJ Pro's(p) ........ (3.4)

v = average velocity of the water flow, m/s

where

= average heat transfer coefficient = 20,000 W/m’K

h
D = internal diameter of the passage = 0.038 m

k = thermal conductivity of water = 0.647 W/mK
Pr = Prandtl number of water = 3.55

1 = viscosity of water 555.1x10° Ns/m?

p= density of water = 988.1 kg/m’

The properties of water were assumed for a temperature of 50°C. Thus, substitution of the
above values into Eq. (3.4) yields
v==6(m/s)

The mass flow rate of water at this velocity is then computed to be:

m= 7:(0.019)2m2(6m/s)(988.1kg/m3)= 6.7 kg/s = 403 kg /min
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In other words, to duplicate the cooling that was achieved with the heat pipe (H2) would
require a water flow of 403 kg/min. The water flow calculated is especially large when
compared to the 300 g of water the heat pipe contained and this was confined in a sealed

chamber. Moreover, the overall dissipation of heat from the heat pipe was with air.

Figures 4.51, 4.52, and 4.53 show the actual mold temperature measurements obtained
from the AZ91E casting process with heat pipe cooling (industrial experiment), AZ91E
casting process with heat pipe cooling (computer modeling), and AZ91E casting process
with water channel cooling (computer modeling) respectively. The locations of the three

thermocouples used in the measurements are shown in figure 4.54.
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Figure 4.51. Mold temperature measurements obtained from AZ91E casting process with

heat pipe cooling (industrial experiment)
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Figure 4.52. Mold temperature measurements obtained from AZ91E casting process with

heat pipe cooling (computer modeling)
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Figure 4.53. Mold temperature measurements obtained from AZ91E casting process with

water channel cooling (computer modeling)
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Location 2

Location 3 Location 1

Figure 4.54. The locations of the three thermocouples used in the measurements

The initial mold temperature for all three cases was 275 °C. Also, in the case of water
channel cooling, it is worth mentioning that the software package SOLIDCast
recommends that if water is to be used as the coolant, the user should select a heat

transfer coefficient of 1532 W/m?K.

From figures 4.51, 4.52, and 4.53, one can clearly see that the actual mold cooling
obtained by the heat pipes is substantially higher than what was expected by modeling.
Also, one can see that modeling showed a higher mold cooling obtained when heat pipe
cooling was used compared to water cooling. When comparing the actual heat pipe
cooling with water cooling, a significantly better performance obtained by the heat pipe

was observed. Thus, one can conclude that this novel heat pipe is capable of achieving
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heat extraction rates that are difficult and costly to attain with conventional water cooling

channels.
4.9. The Interfacial Heat Transfer Coefficient, h

As discussed in chapter 2, the interfacial heat transfer coefficient, h, is an
important parameter in a casting process. The interfacial heat transfer coefficient, h,
represents the behavior of the casting/mold interface during the solidification of the

casting. Cooling is very much limited by the value of h during the solidification process.

When the casting is solidifying and due to the shrinkage of the casting and the
expansion of the mold, a gap is present at the casting/mold interface. This gap becomes
the key issue controlling the heat flow through the casting/mold interface. The value of h
depends on many parameters related to the gap such as width, nature of gases present in

the gap, ...etc

The external cooling is effective when a perfect contact between the casting and
the mold is maintained as seen in figure 2.1. After the molten metal is poured into the
mold, it takes the casting some time to start solidifying. It loses temperature and parts of
the casting next to the mold wall become solid. The casting tends to shrink in size based
on its thermal contraction coefficient value. The mold might increase in size depending
on its thermal expansion coefficient. Here the perfect contact between the casting and the
mold will transform into imperfect contact. This kind of imperfect contact will
dramatically cut the heat transfer across the interface. With such an imperfect contact,
the cooling provided by the heat pipe or any external source will not be efficient and the
solidification pattern will be totally controlled by the thermal properties of the casting

alloy.

The above contribute to the explanations of the difference in the solidification

behavior between the AZ91E and the A356 where the air gap formed due to the thermal
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contraction of the alloys allows the thermal properties of the alloys to play a significant
role in their solidification patterns. The shorter solidification time for AZ91E reduces the
effect of heat pipe cooling since the gap at the casting/mold interface forms at an early
stage. This can be clearly seen in the different shrinkage types found in the AZ91E and
A356 castings.

As presented in chapter 2, a considerable amount of work has been conducted by
many investigators to determine the time for air gap formation. The heat pipe group of
researchers at McGill University managed to determine the time for air gap formation
during casting of A356 alloy in a step mold cooled by the first version of the McGill heat
pipes [76], where thin thermocouples, K type, were introduced into the mold at a location
very close to the casting/mold interface. They concluded that rapid temperature changes
occur in the mold at the time of air gap formation, where the mold temperature suddenly
declines after a sharp initial increase due to the introduction of the molten metal. The
reason for the temperature decrease is the presence of the gap, which cuts the heat

transfer from the casting to the mold dramatically.

In the present work, due to the limitation of space around the casting machine, it
was not possible to insert thermocouples into the mold or the casting at locations close
enough to the interface to monitor the change in the temperature when the air gap is

formed, which indicates the air gap formation time.

As mentioned in chapter 3, the value of the interfacial heat transfer coefficient, h,
between the casting and the mold for both alloys was 4000 W/m*-K as recommended by
the AFS-SolidCast manual, except for the upper edge of the cavity, where the h value
chosen was 100 W/m*-K. During modeling, the value of h is decreased by 70% when the

air gap is formed.
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4.9.1. Sensitivity Analysis for the Interfacial Heat Transfer Coefficient, h

As discussed in the above section, the heat transfer coefficient, h, plays a major
role in the solidification process. It has been shown in this work that choosing a suitable

h value will lead to better computer modeling and reasonable results can be obtained.

Sensitivity analysis was conducted to determine the effect of the h value on the
casting results obtained by modeling. The shape and location of the shrinkage void in the
aluminum A356 casting as shown in figure 4.7 is used to determine the sensitivity of the

results to h values.

Figures 4.55 (a to f) show the temperature distributions of the A356 casting
obtained by the model using different h values of 4000, 2000, 1000, 700, 300, and
100 W/m*-K respectively at the upper casting edge interface with the mold. The value of
h at the casting/mold interface at the other edges was set to 4000 W/m?-K.

From figure 4.55, one can see that the shape and location of the hot region
changes with the change of h value. When the value of h is chosen as 4000 W/m?-K, the
shrinkage was exactly in the middle of the casting. With the reduction of h value, the
shrinkage started to move up and to be became U-shaped. The final position and shape
of the shrinkage with an h value of 100 W/m?-K is very close to the real shrinkage shape
and position obtained in a real casting as shown in figure 4.7. The above analysis showed
the importance and the effect of h value on casting solidification. It also showed the

imperfect contact between the upper casting edge with the mold.
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4.10. The Importance of Thermocouple Location

It is a useful design step to determine the thermocouple locations by using
computer modeling. In the present work, computer modeling was used to determine the
location sensitivity of the thermocouples. Simulations of the mold temperature
measurements using thermocouples during the casting processes of the magnesium and
aluminum alloys (AZ91E and A356) were conducted using the AFS-SoildCast package.
For each casting, one thermocouple is located 5 mm away from the face of the casting
and the other one is 5 mm away from the casting side. In the simulations, when the
thermocouple location is facing the casting cavity, one can see an increase in the mold
temperature due to the introduction of the molten metal. If the thermocouple is not facing
the cavity, not much change in the measurement can be noticed when the molten metal is
introduced. Figure 4.56 shows simulated temperature measurements for thermocouples
located on the mold during the AZ91E casting process. From the figure, it is clear that
the thermocouple has to be close enough to the casting cavity to observe any change in
the mold temperatures, and this will make it possible to determine the time for air gap

formation.
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Figure 4.56. Simulation of temperature measurement for thermocouples located in
permanent mold during casting of AZ91E magnesium alloy
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CHAPTER 5 SUMMARY AND CONCLUSIONS

This work presents an alternative cooling method for the permanent mold casting
process. The design, modeling, construction of a permanent mold and associated novel
heat pipes, and industrial trials for a permanent mold casting of non-ferrous alloys are
presented. The mold was designed to produce shrinkage defects and the heat pipes were
designed to demonstrate that it is possible to force the shrinkage away from selected
locations and hence improve the casting quality. Computer modeling was used in
designing the mold and the heat pipes. Visual and microstructural analysis of selected

castings are presented and discussed.

5.1. Design of Permanent Mold and Novel Heat Pipe for Nonferrous Casting Process

A novel heat pipe has been developed and comes as a continuation of the work
that has been done at McGill University. The condenser and the evaporator of the heat
pipe are connected by flexible hoses, which allow placing the condenser in a desired
location. An external chill is incorporated in the condenser. The water inside the
reservoir has been successfully returned to the bottom of the evaporator by using a

separate return line. An on/off feature is incorporated in the heat pipe design.
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Novel features have been incorporated in the heat pipe design such as:

1)

2)

3)

4)

5)

On/Off capability: a valve is placed on the return line to fully control the heat pipe
cooling operation. Another valve is placed on the hose connecting the evaporator and
the condenser to prevent any water which might remain in the hose from falling back

into the evaporator when the heat pipe is off.

Water reservoir: a water reservoir is incorporated in the design, where the condensate
is collected and directly returned to the bottom of the evaporator. The water inside
the reservoir has been successfully returned to the bottom of the evaporator by using a

separate return line.

Flow modifier: a flow modifier has been used to reduce the chance of forming film

boiling inside the evaporator.

Flexible hoses: the condenser and the evaporator of the heat pipe are connected by
flexible hoses, which allow placing the condenser in the desired location. This
feature proved to be a desirable feature in the industrial environment where the space

is limited. Flexible hoses are also used as a return line and as a vent line.

Sleeve: a novel technique to cool only the desired locations and not the entire
evaporator has been developed where inserts (sleeves) have been used to control the
heat extraction areas. This novel technique could be used in many different

applications and equipment where selected areas need to be cooled or perhaps heated.

From the above five features one can conclude that a new novel heat pipe was

developed and tested successfully in a laboratory and in an industrial environment.
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In order to evaluate the effect of mold cooling using heat pipes, a permanent mold
for magnesium and aluminum casting has been designed and constructed with the

intention of introducing shrinkage defects.

Computer modeling has been used to design the mold and the heat pipes. The
AFS SolidCast modeling package was used. The modeling results showed promising

applications for heat pipes in permanent mold casting of nonferrous alloys.

The preliminary testing of the heat pipe conducted in the laboratory and in the plant

showed good results.

From this work, one can clearly see that the developed heat pipe can handle high
heat fluxes. The preliminary testing of the heat pipe showed that it could handle heat
fluxes as high as 800 kW/m?, and this provided more confidence in handling heat fluxes

obtained in a typical permanent mold casting process.

Mathematical calculations and computer modeling showed that the novel heat
pipe developed in this work is capable of attaining heat extraction rates that exceed those

of comparable water cooling passages.

Thus, this work showed that the developed heat pipe with a small amount of water
could achieve high cooling rates without any external pumping requirements. The heat
transfer coefficient at the heat pipe/mold interface can reach 20,000 W/m?K. The high
heat transfer coefficient can be reached because of the turbulence generated inside the
evaporator of the heat pipe. Such a high heat transfer coefficient is not achievable with

conventional water cooling.
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5.2. Analysis of Permanent Mold Castings of Magnesium and Aluminum Alloys

Visual and microstructural assessments have been conducted for AZ91E and

A356. The effect of freezing range on the shrinkage type has been discussed.

From the discussion given in this work, one can conclude that heat pipe cooling is
very effective in reducing the SDAS and the grain size for AZ91E and A356. Aluminum
A356 showed a slightly better response to heat pipe cooling compared to magnesium
AZ91E in term of SDAS and grain size measurements. Also, heat pipe cooling is very
effective in reducing the shrinkage defect for A356 where the shrinkage is a typical
concentrated shrinkage void, but not effective to deal with the micro-shrinkage voids

found in AZ91E.

A typical shrinkage void was found in A356 castings and the heat pipe managed
to push it to the other side of the casting as expected. This was not the case when AZ91E
alloy was cast. The metallurgical differences between AZ91E and A356 were discussed.
Extensive computer modeling was conducted to enhance the design and to understand the

metallurgical differences between the two alloys.

This work showed clearly that cooling is better used to improve the casting
quality of alloys with short freezing range. The results presented showed an obvious
reduction in casting shrinkage defects when the casting was of an alloy with a short

freezing range.

The SDAS was directly related to the cooling rate. The local estimated cooling
rates were calculated. Higher cooling rates lead to smaller SDAS. In the setup
developed in the present work, the distance between the heat pipe and the casting was
10mm. It is possible to obtain higher casting cooling rates with the existing setup,

however, would one need to move the heat pipe closer to the casting cavity. This will
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increase the casting cooling rate provided by the heat pipe and will consequently provide

further reduction in the SDAS and grain size.

The interfacial heat transfer coefficient, h, and the time for air gap formation were
discussed. Interfacial heat transfer coefficient sensitivity analysis was conducted using
computer modeling and the results were presented.

This work showed the importance of the effect of the gravity force on the casting
during solidification. Gravity will pull the casting downward away from the upper mold

surface. Thus, this effect has to be considered in permanent mold casting design.

Because of the thermal properties of AZ91E, it is relatively difficult to cast this

alloy. A proper design and choice of an effective casting process are necessary.

Based on the present work, one might conclude that the pressure casting process
is the solution to improve the casting quality of AZ91E castings by reducing the micro-

shrinkage defects typically present.

The results showed that AZ91E is not a good alloy to be used to study casting
parameters such as mold temperature and coating type. Its low thermal conductivity
(almost half of A356), low latent heat per unit volume, and long freezing range make it

behave in a different way during solidification compared to A356 alloy.

The industrial trial results of magnesium AZ91E and aluminum A356 showed an

encouraging future for heat pipes in permanent mold casting.
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STATEMENT OF ORIGINALITY

The present work marked the application of heat pipes in the permanent mold
casting of magnesium alloys for the first time in both laboratory and industrial
environment. InterMag Technologies was the first company to test this novel heat pipe in
a commercial casting process. The door is now open for more companies to incorporate
heat pipes in their cooling systems for permanent mold casting. This work focused on
developing a novel heat pipe, permanent mold design and studying the cooling effect on
two popular nonferrous alloys, AZ91E and A356. This research comes as a continuation
of novel work that has been conducted at McGill University. The major original

contributions to knowledge made in this particular research are summarized as follows:

1. Development of a Novel Heat Pipe
This is the first time that a McGill heat pipe with the following features has been
designed, constructed, and tested in the permanent mold casting of AZ91E magnesium

alloy. The features of the McGill heat pipe are:

* The heat pipe is fully controlled by inserting valves on the return line and on the main

line.
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Flexible hoses are used and the condenser is located away from the heat pipe to suit

the industrial environment.

Sleeves (inserts) have been used. This technique made it possible to cut down the

area of the evaporator.

High heat flux can be easily handled by the heat pipe.

The water inside the reservoir has been successfully returned to the bottom of the

evaporator by using a separate return line.

The heat pipe performance has been improved by incorporating a flow modifier in the

design. The flow modifier reduces the chance of operating in the film boiling regime.

. Heat Pipe Cooling of Permanent Mold Casting

This work was the first application of heat-pipes in an industrial permanent mold
casting environment where the heat pipe installation and handling have to follow the

regulations of the plant.

The chill, which is normally inserted into the mold, has been moved away from the
mold and can be located at any desired location. Such a technique made it possible to
absorb the heat when required and to continuously dissipate the heat into the air

during the entire casting cycle.

This is the first time that heat pipe cooling technology has been successfully applied

to a magnesium alloy casting process.
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It is the first time that a comparison is made of the heat pipe cooling of castings of

both aluminum and magnesium alloys in permanent molds.
The studies conducted in this work showed the improved cooling capabilities of the

novel heat pipe developed in this work compared to conventional water cooling

systems.
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