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Abstract

Impeding problems experienced in the valve manufacturing industry has resulted in

the cost of locally manufactured valves to be up to 60% more expensive than imported

products. The overall cost of manufactured products may be reduced by increasing

the efficiency of manufacturing methods.

A review and investigation of various manufacturing methods have led to the selec-

tion of the magnetic moulding process for further investigation. It was determined

that due to the traditional mould materials used for the casting of cast irons, variation

and control of the microstructure, determined by cooling rate, is limited. If the thermal

conductivity of the mould material can be varied or controlled, substantial microstruc-

tural variation becomes possible that can substantially improve the strength of the cast

product and lower the overall cost of local valve manufacturing.

The feasibility of the magnetic moulding process on the casting of a ductile iron valve

was tested by implementing this casting method. A casting was performed with an

additive manufactured PMMA pattern and due to inconclusive results, a wire-cut EPS

pattern with a square geometry was cast successfully with this method. The results of

both castings were analysed by means of microstructural inspection and the testing of

mechanical properties.

Ultimately, it was concluded that the magnetic moulding casting process is a feasible

manufacturing method with the potential to increase the affordability of locally man-

ufactured valves if a low-density pattern material, such as EPS, is used. Additionally,

it is a viable method that offers a vast amount of opportunities to vary the microstruc-

tural properties of cast iron if it is to be further implemented in valve casting.

Keywords: Magnetic Moulding, Ductile Iron, Valves
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Chapter 1

Introduction

The rationale of the research topic is discussed in this introductory chapter. Background on the

current status of valve manufacturing and impeding factors experienced in the foundry indus-

try are briefly discussed. The background leads to the problem statement and the aim of the

research presented in this study.

1.1 Background

South African foundries have been under remarkable pressure over the past 27 years.

In 1980 local foundries totalled 450 [1]. Today, the South African foundry industry

consists of 170 foundries since 100 foundries closed down as of 2003 [2] as shown in

Table 1.1. The decrease in valve manufacturers in South Africa is directly related to the

reduction in foundries.
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Chapter 1 Background

Table 1.1: The decrease in South African foundries over 13 years as determined by
Davies[2] in 2015

Number of Foundries

Province 2003 2007 2015

Gauteng 143 141 114
Kwa-Zulu Natal 26 25 20
Western Cape 33 32 14
Eastern Cape 20 20 8
Free-State 13 13 5
North-West 13 13 4
Northern Cape 7 6 3
Mpumalanga 15 15 2
TOTAL 270 265 170

There are approximately 24 valve manufacturers in South Africa. Additional supply

to the local valve market is through a further 60 importers through resellers [3]. The

factors contributing to the contraction of the valve manufacturing industry forms the

foundation of various attempts to promote the regrowth of the industry.

Inefficient energy supply and a constant increase in electricity costs have a signifi-

cant impact on the competitiveness of local manufacturing [4]. In 2012 the National

Foundry Technology Network (NFTN) listed seven foundries that closed down with

electricity cost hikes being the main cause [5]. Studies on the energy consumption of

foundries indicate that 70 % of electrical energy is consumed in the melting division [6],

which involves the melting of mainly scrap metal [4].

Scrap metal pricing is a conflicting subject between the scrap metal industry and foundries.

Encouraging exchange rates and high foreign demand motivates high scrap metal

prices. The conflict exists due to the fact that the government directive to offer a 20%

discount to local foundries and secondary smelters is not implemented [7]. Scrap metal

is sold at the same high price to local foundries as it is sold abroad. It is a matter of

localisation, which is a major challenge on its own.

The factors mentioned in the preceding paragraphs, contribute to the fact that locally

manufactured valves are between 10% and 30 % more expensive than imported prod-
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Chapter 1 Background

ucts [8]. Merchantec Capital (Pty) Ltd performed industry research for the Department

of Trade and Industry (DTI) and claims a difference of up to 60% between local and im-

ported valves, where local valves are more expensive [3].

The mining industry is the largest local customer group. The rest of the valve and

actuator market in South Africa consists of state-owned enterprises such as Eskom

and Transnet, municipalities and water boards [4]. Existing Eskom power plants are

estimated to increase the demand for valves in the next few years as more than 5500

valves need to be replaced in ongoing operations and maintenance projects [9].

In 2013 the total South African valve market revenue was around R4.15 billion, of

which R2.7 billion pertained to imported products [4]. There is also a perception in

the local market that imported valves are of higher quality [8], despite the fact that

numerous valve manufacturing companies have been exporting locally manufactured

valves for years [5].

In March 2014, the DTI required that 70% of all valves used by State-owned Company

(SOC) be locally manufactured [5] [10]. As a result of the designation, the Valve and

Actuator Manufacturers Cluster of South Africa (VAMCOSA) was established and lo-

cal valve manufacturing companies are now competing with international producers,

quality and standards.

The challenge that South African manufacturers now face is evident in the following

facts. The average age of South African foundry furnaces is 25.5 years, where foundries

in China and India are fairly new, with furnaces aged between 6 and 11 years. South

African foundries are operational 242 days of the year, whilst China and India operate

300 days per annum. When the contribution of labour costs to the combined expenses

of foundries are compared, South Africa has the highest labour costs when compared

to China, India and Brazil [11].

Furthermore, Figure 1.1 indicates that our material costs and labour costs are the high-

est contributing factors to the typical combined cost of foundries. These factors, among

various other factors, indicate why locally manufactured valves are more expensive
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than imported valves.

Figure 1.1: The contribution of various aspects to the overall expenses of foundries in
South Africa as determined by Davies[2] in 2015

The affordability of locally manufactured valves is a key aspect demanding attention.

Methods to lower the cost of locally manufactured valves are of great importance in

order to utilise the opportunities in the valve manufacturing industry.

As a result, valve manufacturing processes are placed under scrutiny to find methods

to use less material, increase the efficiency of production and improve manufacturing

techniques to lower the cost of locally manufactured valves.

In 2013, 61.4% of all castings in South Africa were cast iron products. Ductile cast iron

contributes to 12% of these castings [12]. The second largest end use of ductile iron is

for pressurised water and wastewater systems, which includes vales [13]. Ductile iron

is a favourable valve material due to its mechanical properties, castability and low

cost. Therefore it is sensible to investigate processing methods of ductile iron for the

application of valve production as it will contribute to the affordability of local valves.
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1.2 Problem Statement

The problem is that foundries in South Africa are not functioning optimally which

results in the high cost of locally manufactured valves. It is a collective problem con-

sisting of high scrap metal prices, inefficient energy supply at increasing costs, gov-

ernment directives that are not implemented and manufacturing methods that are not

optimised. The manufacturing method is the only factor local valve manufacturers

have control over and holds the key to affordable local products.

If foundries were to implement technologies and strategies that use less material, less

energy and increase production volume, the overall production cost of products will

significantly decrease, resulting in a decrease in the cost of locally manufactured valves.

1.3 Aim

Firstly, to review and investigate manufacturing methods that can positively enhance

both the process steps and produce higher quality valves at lower costs. Secondly, to

select a manufacturing method and determine the feasibility of the selected processing

method.
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Literature Study

Literature on aspects that are associated with the problem statement is addressed within this

chapter. Essential information on valves and valve material selection leads to a discussion of

cast irons. There is an evident focus on valve manufacturing and more specifically, the manu-

facturing of valve bodies. Finally, a manufacturing method is selected within the conclusion of

the literature study performed.

2.1 Valves and Valve Material Selection

Processing plants rely on a vast selection of mechanical equipment to transport and

regulate product under controlled conditions [14]. Valves are one of the basic, yet sig-

nificant elements contributing to the effective transportation of products in processing

plants, daily life and numerous industries.

In its most basic definition, valves are mechanical devices that regulate, control and/or

direct the flow of fluids [14]. A wide variety of valve types exist, but the most common

types of valves are check, ball, gate, globe and butterfly valves. Detailed literature on
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the specific design of the various valve types and the components that a typical valve

consists of is not within the scope of this study.

The valve body is the main element of a valve assembly and the primary boundary of

a pressure valve [15]. The valve body is equipped with flanges that allow piping to be

connected to the valve. Valve bodies are cast or forged in various forms and materials,

depending on the specific function of the valve.

For the purpose of this study, the valve body is isolated from the rest of the valve

assembly due to the importance and significant influence of the valve body on the

design and manufacturing of the overall valve. A sketch of a typical valve and its basic

components is shown in Figure 2.1. The valve body is indicated in the sketch.

Figure 2.1: Sketch of a typical valve assembly

The variety of valve types emerges from the vast amount of applications of valves. The

type of fluid that passes through the valve significantly impacts the choice of valve

design as well as the valve material selection. In Table 2.1, considerations associated

with the valve fluid is tabulated. It can be observed that the selection of the valve

material and valve design choice may be very complex depending on the fluid [14].
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Table 2.1: Considerations for the selection of valves based on the valve fluid

Fluid Type Considerations

Water Demineralised Chemically active

Fresh pH Value
Hardness of water
Carbonic acid and carbonate equilibrium

Brackish Suspended solids
Possible industrial waist contamination
Micro-organisms

Seawater Temperature
Seawater quality
Corrosion

Produced Temperature
pH
Calcium/Magnesium hardness
Sodium
Potassium
Chlorides
Suspended solids
Dissolved gasses
etc.

Oils Mineral
Animal
Vegetable

Cloud point
Pour Point
Solidifying point
Viscosity

Liquid-solid
Mixtures

Sewage
Sludge

Pure Liquid Properties
Size of solid particles
Density of solid particles
Shape, hardness and abrasiveness of solid
particles
Concentration of particles in solid

Pulp Pulp quality
Air content
Solid particle content
Pressure drop
Tendancy to thicken in reducing sections
Blockage characteristics
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When the fluid is known and the considerations associated with the fluid are confined,

the external operational environment should also be accounted for. Additional design

and manufacturing requirements arise from factors such as exposure to vibrations,

external temperatures, corrosive environments, etc. It is evident that the exact applica-

tion and function of the valve should be known in order to select the most appropriate

material, type of valve and therefore the appropriate manufacturing method.

The South African valves and actuator market is dominated by processing sectors such

as the metals and mining, chemicals and petrochemicals sector [8]. The high percent-

age revenues in these sectors are based on the strict safety and efficiency demands of

these specific sectors. Proportionally, the chart in Figure 2.2 is still relevant today. The

chart represents the percentage revenue by the end-user market in the South African

valves and actuator market of 2008 [8]. It is therefore meaningful to invest in technol-

ogy to increase the affordability of valves in these specific sectors.

Figure 2.2: South African valves and actuator market by consumption in 2008 [8]

Finally, the cost is the determining factor that narrows down the selection of the mate-

rial. Typical valve materials and their applications are shown in Table 2.2. A compar-

ison of the average costs of these materials per kilogram is then shown in Figure 2.3.

The costs were obtained using GRANTA CES EduPack, a material selection software

program.
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Table 2.2: Typical valve materials and their applications

Valve Material Application

Grey cast iron Low-pressure applications.
The graphite film provides good corrosion protection as it
is not damaged by high velocities, aeration, cavitation or
erosion.
Clean liquids and gasses.

Brass Low-pressure clean non-corrosive gases.

High Tensile Steel High-pressure applications with non-corrosive clean liq-
uids and gases.

SG iron
Nodular Iron
Ductile Iron

Slightly higher pressure and temperatures than grey cast
iron.
Graphite film not as tough.
Clean liquids and gasses.

11/13Cr Steel De-aerated hot water up to 350°C.
Non-oxidising gases up to 650 °C.
A good replacement for carbon steel for applications over
200 °C; better thermal stability, higher pressure capabilities.

Ni-Resist iron Hot NaOH, seawater, some acids, coke oven gas, coal tar,
wet hydrogen sulphide, paper making, hydrocarbons with
HCl and H2S, sewage, low pressure steam.

Gunmetal, Bronze Saltwater, seawater, brine and other moderately corrosive
aqueous solutions.
Aluminium bronze and nickel aluminium bronze better
than tin bronze in seawater. Nickel aluminium bronze for
high pressures.

Austenitic Stainless
Steels

Hot water, hot gases. General corrosive applications at low
to medium pressures up to high temperatures. Cycogenic
applications.

Higher Steel Alloys
Nickel Alloys
Titanium

Corrosive or oxidising applications with acids or high tem-
perature/pressure. Chloride compounds or hot flue gases,
paper making.

Non-metallic Materi-
als

Acids, Alkalis, corrosive reagents and solvents at a
low/moderate temperature and pressure. Can be resistant
to erosion.
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Figure 2.3: The compared cost of valve materials per kilogram

It can be observed in Figure 2.3 that cast irons, such as grey, ductile and malleable iron

are significantly lower in costs when compared to other valve body materials. Based

on affordability and other beneficial properties of cast irons, cast irons may be selected

as the primary material to be investigated in more detail. The next section will focus

on cast irons as valve body materials.

2.2 Cast Irons

Cast irons are iron alloys with a carbon content higher than 2%. Cast irons are known

for their good castability as they have lower melting points, higher fluidity and are less

reactive with mould materials than other casting materials such as steel [13]. There are

five types of cast iron, namely white, malleable, grey, ductile and compacted graphite.

Unlike steels, cast irons are not designated based on the chemical composition because

cast irons have very similar chemical compositions. The solubility of carbon in an iron-

carbon alloy is limited to 2% within a single phase during solidification [13]. The type
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of cast iron is defined by their unique microstructure with different graphite and/or

iron carbide elements which form during solidification due to the excess carbon that

was not absorbed. The chemical composition of the various cast irons may be observed

in Table 2.3.

White cast iron is characterised by the formation of iron carbide which is known as ce-

mentite. The formation of iron carbide is highly dependent on the solidification cooling

rate of a given composition. An increase in the cooling rate of a composition with lower

carbon and/or silicon contents will result in an increase in the formation of cementite.

Rapid solidification in thin section sizes of cast irons may result in the formation of

white cast iron. The formation of white cast iron may also be the result of low pouring

temperatures or slow pouring rates. These properties of white cast iron may be ad-

vantageous, but may also be undesirable in cases where another type of cast iron was

required. When the formation of white cast iron is undesirable, heat treatment may

convert the iron carbide to iron or graphite [13].

Malleable iron was discovered during the heat treatment of white cast iron. The iron

carbide in white cast iron dissociates and forms temper carbon when it is subjected

to heat treatment. Temper carbon is irregularly shaped nodules of graphite and in

malleable cast iron it is distributed within a matrix structure that can be varied in order

to obtain different mechanical properties.

When an inadequate amount of magnesium or cerium is added to molten iron during

the casting of ductile iron, a compacted graphite shape forms during solidification.

The nodular shape of ductile iron is not formed, but rather a vermicular morphology

is observed. In recent years, it is known that the addition of a small, but significant

amount of titanium results in the reproducible production of compacted graphite cast

iron [13]. This type of iron is therefore a combination of both grey and ductile iron.

12



Chapter 2 Cast Irons

Table 2.3: Range of compositions for common cast irons

Composition [%]

Type of iron C Si Mn P S

Grey 2.5-4.0 1.0-3.0 0.2-1.0 0.002-1.0 0.02-0.25
Compacted Graphite 2.5-4.0 1.0-3.0 0.2-1.0 0.01-0.1 0.01-0.03
Ductile 3.0-4.0 1.8-2.8 0.1-1.0 0.01-0.1 0.01-0.03
White 1.8-3.6 0.5-1.9 0.25-0.8 0.06-0.2 0.06-0.2
Malleable 2.2-2.9 0.9-1.9 0.15-1.2 0.02-0.2 0.02-0.2

When considering valve body materials, grey and ductile iron are the most commonly

used cast irons due to their favourable characteristics. These two types of cast iron

have compositions that are fairly easy to obtain and control at a lower cost when com-

pared to other cast irons. A summary of the different specifications, characteristics

and applications of the five different types of cast irons may be obtained in Appendix

A [16].

It is in the subsequent sections where the focus is placed on grey cast iron and ductile

iron. Detailed information on these cast irons is discussed due to their applicability to

the research topic.

2.2.1 Grey Iron

The transformation of austenite during the eutectoid reaction on the Fe-C phase dia-

gram determines the matrix structure of cast irons. The graphite flakes found in grey

cast iron results in low strength and ductility of the material, however, grey cast iron is

the most widely used cast iron [17].

The metallurgy of grey cast irons is based on the fact that the material undergoes eu-

tectic solidification with a solid-state eutectoid transformation. An understanding of

the influence of carbon and silicon on the solidification of grey cast iron may be ac-

complished with the calculation of the Carbon Equivalent (CE) using Equation 2.1. In

general, grey cast irons has an CE <4.3 [18].
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CE = %C +
%Si + %P

3
(2.1)

The fluidity of grey cast iron is a critical factor as it often causes misruns, cold shuts

and other defects [18]. The fluidity of grey cast iron at a specific pouring temperature

decreases when the carbon content decreases as the liquidus temperature increases.

Phosphorus is an important minor element that increases the fluidity of iron. Although

it is not intentionally added to the melt, the level of phosphorus should be controlled

as high levels may cause shrinkage porosity. Sulfur is also a minor element in grey iron

which significantly influences the nucleation of graphite. Manganese is usually added

to form manganese sulphides to balance the sulphur content.

The cooling rate of grey cast irons varies from section to section as the volume to sur-

face area changes. Grey cast iron is, therefore, section sensitive and mechanical prop-

erties may vary in different sections of the casting [19]. This implies that the selection

of the composition should account for critical sections in the part where specific me-

chanical properties are desired.

Graphite flakes are not only responsible for the mechanical properties of grey iron, but

also the physical properties. Different types of graphite flakes with different morpholo-

gies form depending on the amount of undercooling. Coarse graphite flakes produce

low tensile strengths. Inoculation results in smaller eutectic cells which in turn may

increase the strength of grey cast iron.

The flake size may be associated with various mechanical properties as shown in Ta-

ble 2.4. Large flakes are obtained with high carbon equivalents and found in heavy

sections. On the other hand, low carbon equivalents and fast cooling rates result in

smaller flakes.
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Table 2.4: Grey cast iron flake size and associated mechanical properties

Large Flakes Small Flakes

Good damping capacity Increased tensile strength
Dimensional stability High modulus of elasticity
Resistance to thermal shock Resistance to crazing
Ease of machining Smooth machined surfaces

Grey cast iron is weak in tension due to the stress raised by the flakes and therefore it

has very low ductility. It does however have an application in the casting of valves as

a favourable property of grey cast iron, is pressure tightness. In this application of the

material, uniform wall sections are required.

The various types and grades of grey cast iron make it just as versatile as ductile iron

for a different set of applications. Grey cast iron does present favourable mechanical

properties and is reasonably easy to obtain. The pressure tightness of grey cast iron

is more often applied to pressurised parts such as engine blocks. Ultimately, the low

ductility of grey cast irons limits its applicability to the casting of valves. When Fig-

ure 2.3 is observed, it can be noticed that grey cast iron is slightly cheaper than other

valve casting materials, but consequently, its mechanical properties are inferior. The

mechanical properties of grey cast iron and ductile iron is compared in Table 2.5 [19].

Table 2.5: Mechanical properties of grey cast iron and ductile iron compared

Cast Iron Type Ultimate
Tensile
Strength(MPa)

Yield Strength
(MPa)

Elongation
in 50mm
(%)

Grey Ferritic 170 140 0.4
Pearlitic 275 240 0.4
Martensitic 550 550 0

Ductile Ferritic 415 275 18
Pearlitic 550 380 6
Martensitic 825 620 2

Ductile iron is basically a variant of grey cast iron which increases the mechanical prop-

erties of grey cast iron and extends the applications of grey cast iron.
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2.2.2 Ductile Iron

Ductile iron is obtained when a small amount of magnesium or cerium is added to

molten iron. The magnesium/cerium acts as a noduliser and causes the graphite to

form spheroidal shapes during solidification. Ductile iron is therefore also known as

nodular or spheroidal graphite(SG) iron.

In order to obtain ductile iron, it is necessary to remove sulphur and/or oxygen in

the liquid metal by adding desulfurising agents. Calcium oxide is typically used in the

desulfurising step. Although magnesium is the nodulising agent, the low boiling point

of magnesium inhibits the addition of pure magnesium to the molten metal [17]. To

prevent excessive loss of magnesium during inoculation, magnesium is added in the

form of magnesium ferrosilicon (MgFeSi).

The mechanical properties of ductile iron highly depend on the level of the residual

magnesium. If the level of magnesium is too low, the nodularity of the material will

be insufficient which implies a deterioration of the mechanical properties. The cooling

rate determines the exact amount of residual magnesium, which is in the order of 0.03

to 0.05% for ductile iron [18].

Graphite degeneration may be caused by the presence of anti-spheroidising minor el-

ements [18]. These minor elements have acceptable maximum limits, which are speci-

fied in Table 2.6 below. The presence of these elements should not exceed the specified

limits.
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Table 2.6: Maximum acceptable limits for minor elements in ductile iron

Type of iron Composition [%]

Aluminium 0.05
Arsenic 0.02
Bismuth 0.002
Cadmium 0.01
Lead 0.002
Antimony 0.001
Selenium 0.03
Tellurium 0.02
Titanium 0.03
Zirconium 0.10

The minor elements in Table 2.6 are also responsible for the shape of the graphite that

forms during solidification. The shape of the graphite determines the type of cast iron

and therefore the mechanical properties. The spheroidal shape of the graphite in duc-

tile iron may also be influenced by calcium, yttrium and rare earths such as cerium.

The final step in ensuring the formation of ductile iron is inoculation. Inoculation with

ferrosilicon (FeSi) prevents the formation of white cast iron by promoting the hetero-

geneous nucleation of graphite [17]. An increase in the nodule count results in a higher

as-cast ferrite/pearlite ratio, which implies an increase in mechanical properties.

In a study performed by the American Foundry Society (AFS) in 2003, positive results

were obtained with late sulphur-addition during post-inoculation and after magne-

sium treatment. The results included increased nodularity, increased nodule counts

and a decrease in carbide occurrence [20].

A completely new set of applications for ductile iron is obtained with austempering.

Austempered Ductile Iron (ADI) has a bainitic ferrite structure. The transformation in

a matrix structure in various steps from ferrite to bainite results in increased hardness,

strength, wear and impact resistance and also a decrease in machinability [18]. ADI

is an exceptional material with strengths up to 1379MPa. The enhancement of the

mechanical properties does however come at a higher cost as more processing steps

are required.
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There is a loss in volume during the liquid-to-solid phase change of ductile iron, but

the formation of graphite counteracts this phenomenon as an increase in volume is ex-

perienced [18]. This phenomenon is advantageous as it results in a higher mould yield

due to minimal use of risers. It also implies that minimal compensation is required for

shrinkage, which means there is no need for much bigger patterns, which lowers the

cost of patterns [18]. Generally, an allowance of 0-0.7% is used in the patternmaking of

ductile iron [18].

In the production of ductile iron, metallurgic and process control is key to ensuring

specifications are met. Carbon, silicon and other minor elements should be held at spe-

cific levels as these elements effect the nodulising properties of the melt, as discussed

earlier. This means frequent mechanical, chemical and metallurgic testing needs to be

applied. Less process control is required with the casting of other cast irons.

Although heat treatment may reduce fatigue properties, most ductile iron castings are

used as-cast [18]. If heat treatment is necessary, ductile iron has the advantage that it

may be cast and shipped on the same day, due to minimal dimensional changes after

heat treatment [18].

An additional advantage of ductile iron is a decrease in machining costs as there is

less material to remove. Ductile iron castings are also easy to machine and cutting tool

wear is lower [18].

The manufacturing processes used in the casting of ductile iron require high density,

rigid moulds with good heat transfer. The reason being the fact that molten ductile

iron (in its liquid form) has a high surface tension which may cause mould collapse.

In summary, ductile iron is a very versatile material used in a wide range of applica-

tions due to its favourable characteristics and properties. The production of ductile

iron requires evaluation and control of material elements and a rigid mould with good

thermal properties is advised. It is a relatively cheap material with numerous oppor-

tunities for cost reduction in the manufacturing process.
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2.3 Valve Manufacturing Methods

Valves are manufactured either by forging or casting, depending on the application

of the specific valve. Both forging and casting have various extensions of the process

with different parameters and steps to produce a specific set of material properties,

functions and qualities.

2.3.1 Forging

Interest in near-net-shape manufacturing technologies has led to great developments

in the cold and hot die forging industry [21]. Forging is known to result in high-quality

products with increased material properties. Despite the numerous merits of forging,

it is an expensive manufacturing technique with numerous considerations.

One of the factors contributing to improved grain alignment is the fact that the metal

to be forged consists of a billet which was previously cast and then rolled. Hot forging

requires the metal billet to be pre-heated to its forging temperature. The heated billet

is then placed in a press where a significant force is applied to force the metal into the

shape of the die. This is shown in Figure 2.4.

Figure 2.4: Demonstration: forging of hot metal billet in the hot-die forging process

The heating and pressing of the already rolled billet results in a part with higher in-

tegrity due to the grain structure re-alignment. The directionality of grain flow leads

19



Chapter 2 Valve Manufacturing Methods

to increased ductility, toughness and fatigue resistance of the forged part [19].

The increased strength-to-weight ratio provides optimised part design opportunities.

A reduced section thickness is possible as well as a reduction in the overall weight of

a part. It is therefore economically attractive to invest in forging.

The short lifespan of forging tools is a major drawback affecting the feasibility of the

manufacturing method. High, cyclic mechanical loads and high temperatures are the

main factors affecting the durability of forge tooling [21]. The quality, surface finish

and dimensional accuracy of the forged part depend on the wear of the tooling. Tooling

such as dies is costly as it has to accommodate these extreme working conditions and

is machined from specialised materials [22]. When considering the contribution to the

total production costs, the damage on tools and the time spent to replace tooling adds

up to 40% [21].

Although forging is a near-net-shape manufacturing technique, finishing operation

such as heat treating and machining accuracy is required [19]. It is possible to minimise

finishing procedures by means of other forms of forging such as precision forging. The

advantages and limitations of the various forging processes are shortly described in

Table 2.7 as documented by [19].
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Table 2.7: Summary of various forging processes and their limitations and advantages

Process Advantage Limitations

Open die Simple and low-cost die; numer-
ous part sizes; good strength
characteristics; most appropri-
ate for small quantities

Not appropriate for complex
shapes; close tolerances not eas-
ily held; machining required;
low production rate; material
not optimally used; high degree
of skill required

Closed die Material well utilised; Increased
properties when compared to
open die; good dimensional ac-
curacy; high production rate;
good reproducibility

High die cost; not economically
appropriate for small quantities;
machining necessary

Blocker Low die costs; high production
rates

Machining required

Conventional Less machining required than
blocker type; high production
rates; material well utilised

Higher cost than blocker type

Precision Good dimensional tolerance;
thin section sizes possible; little
to no machining required; good
material utilisation

High forging forces; intricate
dies; provision for removing
forged part from die

In summary, forged valves are considered for high-pressure and high-temperature or

other specialised applications. Several factors influence the economics of forgings and

therefore the size of forgings, the material to be forged, die material, die design and

production method are important considerations. Forging is therefore only applied in

specialised cases of valve manufacturing. As feasibility is an important factor, the cast-

ing of valves is the most feasible and therefore most popular manufacturing method

in the industry.
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2.3.2 Casting

The casting process involves the manufacturing of a specific product by means of pour-

ing molten metal into a special container or cavity, called a mould. The casting of metal

dates back to 4000 B.C [19]. Over time numerous casting methods were developed for

different applications and requirements.

The ability to cast complex shapes has led to a vast variety of products being cast.

The mechanisation and automation of casting operations have changed the traditional

methods of casting. Advancements in the casting industry are driven by the need to

cast high-quality products with close dimensional tolerances. Post-production pro-

cesses such as heat treatment result in added flexibility and increase in mechanical

properties of castings. A summary of casting processes are shown in Table 2.8 [19].

Table 2.8: Casting processes and their limitations and advantages as described by
Kalpakjian and Schmid [19]

Process Advantage Limitations

Permanent
mould

Good surface finish and dimen-
sional accuracy; high produc-
tion rate

High mould costs; limited part
shape and complexity; not ap-
propriate for high melting point
metals

Die Excellent dimensional accuracy
and surface finish; high produc-
tion rate

High die cost; limited part size;
limited to non-ferrous metals;
long lead time

Sand Wide variety of metals can be
cast; part size, shape and weight
unlimited; low tooling costs

Finishing required; coarse sur-
face finish; wide tolerances

Investment Intricate part shapes; excel-
lent surface finish and accuracy;
wide range of metals can be cast

Limited part size; expensive pat-
terns, moulds and labour

Evaporative
pattern

Most metals can be cast; no limit
to size; complex shapes can be
cast

Low strength patterns; costly for
small quantities
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The mould plays an important role in the success and quality of the casting. Casting

techniques are therefore categorised based on the type of mould and the type of pat-

tern. A pattern is used to imprint the form of the product to be cast, into the mould.

Therefore, the pattern is a replica of the part or component to be cast.

The molten metal feeding systems may be very complex and depend on the type of

moulding process and materials. The process steps used in the casting of parts vary

and require experience and extensive knowledge. It is, therefore, an exhausting exer-

cise to present detail on each aspect of all the casting process.

Foundry moulds are required to have specific characteristics to ensure the success of

the casting. The mould should be formable into a desired shape and be able to hold this

shape while the molten metal is poured and while it solidifies [13]. After solidification,

the mould should be easy to break down in order to obtain the cast product. Typically,

the mould shape is a mirror image of the part or component being cast. In order to

remove the cast product, the mould should typically consist of two or more parts and

the pattern should be designed to increase the ease of de-moulding.

The selection of the moulding method is based on factors such as the part shape and

size, the number of castings required, the tooling available and the metal being poured

[13]. The feeding system which includes the runners, risers and gates forms part of

the mould. The mould material should, therefore, be able to withstand the erosion

action of the molten metal as it is poured. Only when these factors are considered, the

mould and pattern material may be selected based on the most appropriate moulding

method.

The various forms of casting may be categorised by their moulding process. The mould

and the pattern are interlinked as the mould is formed by the imprint of the pattern.

The casting processes will briefly be discussed in each moulding process section.

Permanent moulds are made of materials with high melting points and good resistance

to erosion and thermal fatigue. The gating system and the cavity usually created with

a pattern is machined into the mould. The surface of the mould cavities is often coated
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with refractory materials to serve as a thermal barrier, to protect the mould and to aid

in the ease of the removal of the part. Examples of these processes are vacuum casting

and die casting.

Expendable mould, expendable pattern casting processes include sand moulding, no-

bond sand moulding, shell moulding and slurry moulding methods. Expendable mould

methods may result in lower production costs. These casting processes re-use mould

materials and use patterns that are destroyed during each casting.

Expendable patterns are not reusable and are made for each individual casting. The ex-

pendable patterns are the positive shape of the part or component being cast. Castings

with expendable patterns may increase the tolerance from 1.5 to 3.5 times that of per-

manent patterns [13]. Investment casting, replicast casting and the lost-foam casting

process are all expendable pattern, expendable mould casting methods.

It is sensible to focus on the casting processes as a whole and then scrutinize and criti-

cally evaluate each process according to the feasibility of that process for valve manu-

facturing. The casting processes are discussed in the subsections that follow.

Vacuum Casting

Vacuum casting is often confused with vacuum moulding. The vacuum in vacuum

casting is used to draw the molten metal into the mould cavities and therefore the

vacuum is not used to hold the mould in place, unlike the vacuum moulding process.

This is a relatively new casting method that increases the effectiveness of traditional

gravity casting methods.

The mould in vacuum casting is produced by using amine vapour to cure a mixture

of fine sand and urethane which is moulded over metal dies. The mould is partially

immersed in molten metal in an induction furnace. The vacuum reduces the air pres-

sure and a syringe action causes the molten metal to fill up the cavity. This process is

a casting process that forces directional solidification, similar to forging. It, therefore,
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produces products with enhanced mechanical properties for specialised applications.

The process is an alternative for investment casting, shell moulding and green sand

casting. It is especially used to cast thin-walled, complex shapes with uniform proper-

ties, which are all favourable properties for the casting of valve bodies. It is, however, a

high precision casting method used to cast parts such as gas-turbine components with

wall thicknesses in the order of 0.5mm. This type of precision may be excessive when

considering the requirements of most industrial valves.

Although this process may be applied to the casting of valve bodies, the execution

of the process requires specialised machinery. The process costs are similar to that of

green sand moulding and parts up to 70kg have been cast with this method. However,

cast iron has not been cast with this method before [19].

Die Casting

Die casting is particularly used where high production volumes are required. The

weight of typical die casting parts range between 90g and 25kg. With this method, full

automation is possible which dramatically reduce labour costs. Equipment cost is a

major concern with this method, as the costs of dies and pressurising equipment are

very high [19].

The process involves molten metal forced into a cavity at high pressures. A specific

volume of molten metal is forced into the cavity with a piston in the hot-chamber pro-

cess and the mould is held under pressure during solidification. With high pressures

and high temperatures, cooling is required to extend the equipment life.

Die casting processes allow the casting of complex shapes and thin-walled parts with

good dimensional accuracy and surface details. An added advantage of this method

is the increase in cooling rate due to the rapid solidification of molten metal at the die

walls. This results in increased strength-to-weight ratios.

It should be considered that weight-to-part rate of die casting dies is extremely high.
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A 2kg part may require a 2000kg die [19]. The high temperatures required for the

casting of cast iron will require specialised dies with high-temperature materials and

may result in an even higher weight-to-part ratio.

It is evident why die casting is most appropriate for high volume casting. The pro-

cess does present favourable advantages, but the high equipment costs outweigh the

advantages.

Sand Moulding

Sand moulding is the most commonly used method for the casting of cast irons [18].

There are two main types of sands used for the fabrication of sand moulds. Naturally

bonded (bank sand) and synthetic (lake sand) where the latter is preferred by most

foundries. The characteristics of the sand determine the characteristics of the mould

such as surface finish, permeability and collapsibility [19]. A typical sand mould and

its components are shown in Figure 2.5.

Figure 2.5: Illustration of a sand mould assembly and the casting components

The three basic types of sand moulds are green sand, cold-box and no-bake moulds.

Green moulding sand refers to a moist sand mixture which consists of a sand, clay and

water mixture. Green-sand moulds are the least expensive moulds and are generally

used for large castings [13].
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The cold-box mould is dimensionally more accurate than the green-sand moulds. The

sand is chemically bonded by binders, and therefore more expensive. The sand-binder

mixture hardens at room temperature and therefore it may be referred to as a cold-

setting process.

No-bake moulds are also a cold-setting process. The no-bake mould consists of a syn-

thetic liquid resin which is mixed with the sand. It is possible to oven dry sand moulds

prior to casting in order to obtain stronger bonds. This may be advantageous as it will

produce higher dimensional accuracy and smoother surface finishes to castings. The

downside of oven baking is the fact that the production rate is lower (due to additional

drying time required) and distortion of the mould is greater. Due to lower collapsibility

of the mould, hot tearing may also occur.

A great advancement in the sand moulding industry is the use of Additive Manufacturing

(AM) as mould manufacturing method. With additive manufacturing of sand moulds,

no pattern is required which drastically reduces costs. However, additive manufactur-

ing has major limitations. Even with the elimination of the pattern, additive manufac-

turing is not yet more feasible for mould making.

The cost of additive manufacturing machines are extremely high and the cost of the

specialised sand used, also increases the cost. The slow speed of additive manufac-

turing is hampering the growth of this method as it is not suitable for large-scale pro-

duction [23]. It is also not feasible to install a series of 3D-printers for large-scale pro-

duction of moulds. Furthermore, there is currently a limitation on the size of moulds

that can be printed with additive manufacturing. Figure 2.6 shows a 3D-printed sand

mould produced at the facilities of Vaal University of Technology (VUT).

Additive manufacturing technology may also be used in the manufacturing of pat-

terns, both as expendable and permanent patterns. Rapid advancements in the field

of AM will soon result in dimensionally more accurate patterns. As with the printing

of moulds, the cost and time constraints of AM does not allow its application for high

production rates. Additive manufacturing is therefore preferred for a limited amount
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of castings.

Figure 2.6: Photo of additive manufactured sand mould half

No-bond Sand Moulding

No-bond moulds consist of free-flowing particles which do not require binders, addi-

tives or mulling equipment. The sand or mould particles are held together by com-

paction in the casting box or flask (as with the lost-foam process) or by an applied

force.

Magnetic moulding is an extension of the lost-foam process where the sand is replaced

by mould material of magnetic iron. A coated Expanded Polystyrene (EPS) pattern is

positioned in a flask and the flask is filled with magnetic shot particles. A magnetic

field is then applied to provide rigidity to the mould prior to casting the molten metal.

Vacuum moulding also referred to as the V-process, is a process where sand is held in

place by means of a vacuum on a flask. The V-process is popular for castings with high

surface-area-to-volume ratios.

Shell Moulding

Shell moulding is a sand casting process where a box filled with fine sand that is mixed

with a thermosetting resin, is clamped to a mounted pattern. The pattern is mounted,

heated and coated with a parting agent before it is clamped to the sand box. The box
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is then turned upside down or the sand mixture is blown over the pattern. The resin is

cured when the box and pattern are placed in an oven for a short period. The process

is shown in Figure 2.7

Figure 2.7: Illustration of the shell moulding process

Shell moulds are light-weight and thin, which provides different thermal characteris-

tics when compared to other moulds. High quality and complex shapes are cast with

shell moulding which requires minimum finishing operations.

The grain size of the sand is much smaller when compared to green-sand moulding

and the resin produces high volumes of gas when it decomposes. Defects may result

due to the lower permeability of the mould if the moulds are not well vented.

This process uses less sand and it provides more design flexibility when compared to

green sand moulding. A disadvantage is the high cost of patterns that are machined

from metal. The resin binder is also very expensive [13].

Shell mould thicknesses range from 5 to 10mm and can be controlled with the time the

pattern is in contact with the mould. The rigidity and strength of the mould may then

be sufficiently controlled to hold the weight of the molten metal. The thin thickness of

the mould may pose advantages as the cooling rate may be faster than other traditional
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sand moulds which may increase the mechanical properties.

Slurry Moulding

Plaster moulding and ceramic moulding are the two types of slurry moulding methods

known as precision casting [13]. These methods are used for applications requiring

high dimensional accuracy, smooth surface finish and fine detail.

Plaster mould casting is a casting process used to cast lightweight castings in the range

of 125-250g [19]. The mould is made of a mixture of plaster of paris (gypsum or calcium

sulphate), talc powder, silica powder and water. The slurry is then poured over the

pattern. The mould is removed from the pattern once set and dried at 120-260°C.

The low permeability of the mould requires molten metal to be cast in a vacuum or

under pressure. Methods to increase the permeability of the mould involves the use of

foam plaster (containing trapped air bubbles) or by means of the Antioch process. The

mould is dehydrated in an autoclave for 6-12 hours and re-hydrated in air for 14 hours

during the Antioch process.

The materials cast by means of plaster moulding all have melting temperatures below

that of the plaster mixture. This implies that aluminium, magnesium, zinc and copper

base alloys are cast with plaster moulds. The low thermal conductivity of the plaster

allows for slower cooling rates and thus more uniform grain structures.

Ceramic moulds consist of refractory materials for high-temperature applications. The

ceramic moulds differ from those of investment casting as it consists of a cope and a

drag and in some cases a drag only.

The application of ceramic moulding includes the manufacturing of castings that re-

quires patterns too large for investment casting. It is also ideal for castings in limited

quantities.

The cost of slurry moulding is very high as it is a lengthy process. The mould materials
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are also not reusable. It is a process requiring more equipment than other moulding

processes. The permeability of slurry moulds are very low which results in slow cool-

ing rates and pressure or vacuum is required during pouring of molten metal.

Investment Casting

Investment casting is also referred to as the lost-wax process. The process involves

the melting of a wax or plastic pattern. Prior to melting the pattern, the wax or plas-

tic pattern is dipped into refractory coatings, dried and dipped again to increase the

layer thickness. The mould material is, therefore, the refractory coating. The wax is

then melted out in an inverted position. Once the wax is melted out, the mould is

heated at high temperatures to drive off the water and fire the refractory material. The

investment casting process is illustrated in Figure 2.8.

Figure 2.8: Illustration of the investment casting process

The mould materials and labour involved in this process are rather costly. The use of

wax has the advantage that it may be reused, but it is more fragile than plastic patterns

and may easily be damaged during the mould making process [19]. Wax-blends are

often preferred as the addition of resins, plastics and fillers increase the properties of

the wax pattern [13].
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Urea-based patterns are also developed and used in the investment casting process.

Urea-based patterns are strong and are dissolved out in water. This pattern material is

advantageous as it decreases the cost of the casting, by decreasing the production time

by eliminating the step where wax is melted out at an elevated temperature [13].

EPS has been used in the investment casting process, but the dimensional accuracy is

lower than when wax patterns are used. EPS is therefore mostly used in the gating

systems of investment castings.

Investment casting is, therefore, the preferred casting method when high dimensional

accuracy is required. It is also used when the complexity of the part exceeds the ca-

pabilities of other casting methods and where parting lines are not normal. Another

advantage of this process is the freedom of alloy selection. High-temperature alloys

may be cast with this method as well as alloys that are too difficult to machine [13].

Replicast Casting

The Replicast process is a modification of both investment casting and the lost-foam

process. A refractory covered polystyrene pattern is burned out prior to casting the

molten metal. The Replicast moulding process is patented by a UK company Casting

Technology International [13].

The lost-foam casting process is prone to carbon defects due to the carbon residue

produced by the decomposition of the polystyrene mould. The Replicast process was

therefore developed to overcome this problem by burning out the pattern prior to cast-

ing, as with investment casting. The Replicast process can, therefore, be used for a

wider range of alloys, such as low carbon stainless steels [13].

The advantages of both the lost-foam casting process and investment casting are there-

fore combined and result in the decrease of casting costs. The ceramic mould is thinner

than the shells used in investment casting. Sand-mould related problems as experi-

enced with the lost-foam process are eliminated and carbon residues are no longer a
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problem. The Replicast process is however not suitable for thin sections and is more

expensive than the lost-foam process [13].

Lost-foam Casting

The lost-foam casting process is also referred to as evaporative-pattern casting. Typ-

ically, a polystyrene pattern is used and the molten metal is directly cast on to the

pattern. Unlike investment casting and the Replicast process, the pattern is not melted

out prior to casting. The molten metal takes on the shape of the pattern as the pattern is

evaporated. By means of thermal degradation, the pattern is replaced with the molten

metal.

The process starts with the manufacturing of the pattern. Polystyrene beads are placed

in a pre-heated die. The beads expand and take the shape of the cavity. The beads are

bonded together by additional heat. Once the die has cooled, the pattern is released.

The pattern is then coated with a refractory slurry and dried.

The pattern is placed in a flask which is filled with fine, loose sand. In some occasions,

additional strength of the mould is obtained with bonding agents. After the sand is

compacted, the molten metal is poured. The vapours and degradation of the pattern

are vented into the sand. The process is illustrated in Figure 2.9.

Directional solidification and microstructure improvements are obtained by the lost-

foam process due to the large thermal gradient at the metal-polymer interface [19].

This process is simple and no parting lines or cores are required. The affordability

of the pattern material also contributes to the economics of this process. It should,

however, be considered that the cost of the die used in pattern manufacturing is high

and results in the need for additional tooling [19].

An impressive advancement in the lost-foam process is the production of Metal-Matrix

Composites (MMC). The pattern is embedded with fibers or particles that become part

of the casting. Fibres such as graphite, boron, silicon carbide and alumina have been
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Figure 2.9: Illustration of the lost-foam casting process

used in this process. Typical matrix materials are aluminium, magnesium, copper and

superalloys [19]. MMC increases the properties of these materials. If applied to valve

casting, less material may be used to obtain the same mechanical properties. In effect,

the cost of valve manufacturing may decrease.

An extension of the lost-foam casting method was developed by Wittmoser in the

1960’s [13]. The process is referred to as magnetic moulding and instead of loose un-

bonded sand, iron or steel shot is used as the mould material. This process allows

the casting of complex shapes at significantly lower costs [24]. Machining steps are

minimised and the operating costs are reduced by this method.
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Although the process has been investigated since the 1960’s, the process has not made

it to the industrialisation phase. Reasons may involve the lack of understanding the

electromagnetic concepts [24]. In 2004 a co-operative research project was launched

where the magnetic moulding process was investigated by various European foundries

[25]. The project acronym was MAGNET.

The MAGNET research team concluded that the magnetic moulding process is indeed

an economical extension of the lost-foam casting process. A reduction in grain size

was observed which resulted in an increase in the mechanical properties of ferrous and

non-ferrous metals. Furthermore, it was found that the magnetic field has a positive

effect on the dimensional tolerances of grey cast iron castings. Various metal flow

orientations are also possible with this method [25].

In 2006 the MAGNET project was completed and Suganth kumar et al. continued re-

search in 2007 on the magnetic moulding process by investigating the mould strength

of magnetic moulding. Insight into the mould properties, packing arrangement of steel

shot and pattern position was obtained in this study [26].

Geffroy et al. continued with an investigation of the thermal and mechanical behaviour

of ductile iron and grey cast iron castings using magnetic moulding in 2008. Geffroy et

al. concluded that steel shot moulds lead to higher cooling rates which result in finer

grain structures, which supports the findings of the MAGNET project [24].

The advantages of magnetic moulding build on the advantages of the lost-foam pro-

cess. The decrease in cooling rate is significant and the flexibility of the process at

decreased production costs makes this process a viable variant of the lost-foam pro-

cess. The question is then raised why this process has not been applied in more recent

years. There is still very little information available on this process. A wide range of in-

vestigations are yet to be performed before foundries will be comfortable to implement

the process.

The lost-foam casting process has numerous extensions and is a very versatile casting

process. It may be concluded that this process has low production costs without com-
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promising the quality and dimensional accuracy of the casting. The absence of binders

in the sand makes it environmentally more friendly and no mixers and moulding ma-

chines are required [27]. The effect of carbon residue, should however, be considered

when selecting a casting material.

2.4 Summary

A review of manufacturing methods resulted in significant insight into methods to

lower production costs. It is evident that the application of the valve and the material

selection of the valve will greatly influence the manufacturing method.

Ductile iron is a versatile material with an extensive list of applications. It is particu-

larly suitable for the casting of industrial valves. Close control of minor elements and

magnesium will aid in the successful casting of ductile iron. The increased mechanical

properties at a similar cost as grey cast iron, makes ductile iron the preferred material

for the casting of an affordable valve body.

Forging is a costly valve manufacturing method, often applied when a special set of

mechanical properties are required, such as directional strength. Casting is the most

commonly used valve manufacturing method with a wide range of possibilities.

Permanent mould castings present favourable advantages such as high casting tem-

peratures, complex and thin-walled parts may be cast and the process is ideal for high

production volumes. The cost of the dies and equipment for permanent mould casting

is very high and due to the high melting temperature of cast irons, cast irons are not

usually cast with permanent mould casting methods.

The lost-foam process is a viable manufacturing method. The process has gained pop-

ularity as complex, high-quality castings may be cast at a relatively low cost. It is a

simple process with exceptional variants. The use of an alternative mould material,

other than sand, may result in significant advancements in the casting industry.
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Due to the traditional mould materials used for the casting of cast irons, variation and

control of the microstructure, determined by cooling rate, is limited. If the thermal

conductivity of the mould material can be varied or controlled, substantial microstruc-

tural variation becomes possible that can also substantially improve the properties of

the cast product and contribute to technology intellectual property development and

lower the overall cost of local valve manufacturing. The magnetic moulding process

was therefore selected as valve body manufacturing method.

Casting methods have unique processing parameters and vary in complexity. The se-

lection of the magnetic moulding process necessitates a thorough understanding of

each step involved in the process. Only then can the feasibility of the process be re-

vealed in the application.
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Magnetic Moulding

An in-depth investigation of the magnetic moulding process as an extension of the lost-foam

process is revealed within this chapter. This chapter builds on the literature study and serves as

the foundation of the process design with the aim of investigating the feasibility of this manu-

facturing method.

Magnetic moulding shares common processing steps with the lost-foam process in pat-

tern design and selection as well as refractory coating selection. The most influential

difference in this method is the mould material. Limited information on magnetic

moulding required deeper insight into the principles of the lost-foam process. Ulti-

mately, the extent of knowledge on the process steps and components will reflect in

the feasibility of this method.

3.1 Pattern Making

The pattern material and manufacturing method is critical in the lost-foam casting pro-

cess, and therefore also in the magnetic moulding process. The pattern is an exact copy
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of the part to be cast. The dimensional accuracy of the pattern and the quality of the

pattern material contribute to the final quality of the cast product.

The pattern manufacturing method greatly impacts the surface finish and contributes

to the overall quality of the pattern and therefore the cast part. Depending on the

material, the manufacturing method differs. It is only in recent years that additive

manufacturing has been recognised as an alternative to pattern making.

Additive manufacturing is well known for rapid prototyping and has cumulatively

been used in the casting industry. Additive manufacturing has successfully been ap-

plied to investment casting where 3D printed materials are melted out of the mould

prior to casting [28]. The application of additive manufacturing in lost-foam casting is

an initiative with potential to change lost-foam casting drastically and therefore change

the casting industry for years to come.

In 2016 research was presented on Polylatic Acid (PLA) and Acrylonitrile Butadiene

Styrene (ABS) 3D printing material as pattern material for the use of thermal destruc-

tive casting, as applied in the lost-foam casting process [29]. The properties of these

materials include low melting temperature, biodegradability and stability during pro-

duction. Complex shapes are easily obtained at a lower cost. The possibilities of addi-

tive manufacturing in the foundry industry are endless.

Typically patterns are machined from blocks of expanded polystyrene EPS with Computer

Numerical Control (CNC) machines or by wire-cutting simple patterns. A process sim-

ilar to injection moulding is also used to create a pattern by injecting pre-expanded

polystyrene beads into a pre-heated die [19]. The cost of complex pattern manufactur-

ing for the lost-foam casting process may be decreased when additive manufacturing is

applied. Ultimately, the choice of material will impact the choice of the manufacturing

method.

EPS is the most commonly used pattern material for lost-foam casting [13]. It is also

the only material that has been used in research on the magnetic moulding process.

Styrene-Methyl Methacrylate co-polymer (STMMA) is a popular pattern material used

39



Chapter 3 Pattern Making

especially in China and Japan. In recent years Poly Methyl Methacrylate (PMMA)

was specifically developed for the lost-foam casting process for the casting of ferrous

materials. These materials are discussed in more detail in the subsections.

3.1.1 EPS

EPS is a relatively inexpensive material and readily available, hence its popularity in

the industry. High-quality castings are obtained with high-quality foam patterns. The

quality of the foam pattern depends on the polystyrene beads.

There are several grades of EPS depending on the bead size. The raw bulk density

of EPS (640kg/m3) needs to be reduced to a value between 16 and 27 kg/m3. After

expansion, EPS with a bulk density of 24kg/m3 and bead sizes of 0.75 - 1.5mm and 0.61

- 1mm are generally accepted as the preferred grades for lost-foam casting applications

[13].

Pattern moulding proceeds with filling of the mould with the pre-expanded beads at

the desired density. The beads are then fused together by adding heat in the form of

steam to the filled mould. The material in the mould softens and expands again in

order to fill the air gaps between the beads to form a solid mass of EPS. The cavity

walls are then cooled to stop the expansion process of the beads. The pattern is then

ejected.

Typical casting defects experienced in lost-foam casting include fold defects, misruns,

inclusions, flow marks and pores. Fold defects are associated with bead fusion and

are common among aluminium alloy castings [30]. The other defects are caused or

influenced by the pyrolysis of the EPS.

In recent years methods to increase the speed of degradation has been implemented

to increase the casting quality of the lost-foam process. One of these methods is the

addition of organic brominated additives to the EPS pattern. Brominated additives

release hydrogen bromide gas during the casting process which reduces the number
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of byproducts entrapped in castings [31].

Although the speed of degradation may be increased, the pyrolysis of EPS remains dis-

orderly and carbon residue is still formed. The chemical formula of EPS is (C6H5C2H3)n

which contain a carbon content of up to 92% [32]. Due to the problem experienced with

the high carbon content of EPS, various other materials have been investigated to re-

duce the number of defects experienced with the lost-foam casting process.

3.1.2 PMMA

PMMA decomposes with minimal carbon residue. The resin was specifically devel-

oped for the application of lost-foam ferrous castings. The chemical composition of

PMMA has three carbon atoms less than EPS, as observed in the chemical structures in

Figure 3.1 [18].

Figure 3.1: Chemical structures of a) PMMA and b) Polystyrene (EPS)

The oxygen atoms in PMMA also aid in decreasing the carbon residue. At high casting

temperatures, excess carbon may escape in the form of carbon monoxide. The most

significant difference between PMMA and polystyrene is the absence of a carbon-rich

benzene ring in the PMMA structure. The thermal decomposition of EPS is made more

difficult due to the stability of the benzene ring [18].

A study on the fraction liquid viscous residue formed by the decomposition of EPS

and PMMA, supported the reduction in carbon residue expected when observing the

chemical structures of these polymers. At a temperature of 750°C, PMMA produced
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30% residue whilst EPS formed 60% liquid viscous residue in aluminum alloy castings

[31].

The fact that PMMA produces lower carbon residue is also linked to the observation

that 60% of the PMMA pattern decomposes as gaseous product at the metal front [31].

The gas layer at the metal front of PMMA degradation was also observed to be thicker

than with EPS [31]. The gaseous product results in a new limitation. The formation of

the gas layer during degradation of PMMA results in a decrease in the velocity of the

molten metal during casting as observed by Shivkumar et al., which in turn may result

in casting defects.

The casting process and the study of defects are constantly under scrutiny to improve

casting quality and to lower production costs. A material with similar advantages as

PMMA was developed by Caschem (Hangzhou, China) in 2001. This material contains

30% styrene and 70% methyl-methacrylate with a carbon content of 69.6% [32]. China

and Japan particularly use STMMA for ductile iron castings. Both PMMA and STMMA

are manufactured similarly to EPS.

3.1.3 PLA and ABS

PLA is an organic polymer manufactured from corn starch or sugar cane. The ad-

vantage of this material is the fact that it is biodegradable and does not produce toxic

gasses. ABS, on the other hand, does emit low-level toxic agents.

Although PLA is environmentally more friendly, it is prone to distortion. The uneven

cooling of layers in the printing of PLA is more prominent than with ABS [29]. A

problem encountered with the printing of a stop valve is the fact that the holes are

often not circular and out of the plane. Dimensional control of 3D printed parts is a

field not extensively investigated yet. An image of the 3D printed ABS valve halves is

shown in Figure 3.2

The thermal destruction of both PLA and ABS was investigated by Olkhovik et al. and
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Figure 3.2: Image of 3D-printed ABS stop valve halves as printed by Olkhovic et al.

by burning of a PLA and ABS filament wire, the speed of burning PLA was 2.25mm/s

whilst ABS was much higher at 3.33mm/s. An increase in the filling temperature may

overcome the problem experienced by low thermal destruction of plastics [29].

In the study performed by Olkhovik et al., it was concluded that additive manufactur-

ing can be used as pattern material in applications such as the lost-foam process. It

should, however, be noted that in their investigation, the casting of metal was not per-

formed. A refractory coating was applied to the patterns, and patterns were burned

out with an induction oven. It was observed that the 3D printed material transforms

to a liquid and is not fully burned out. In the casting of metal, this may be problematic

and may result is casting defects.

3.2 Refractory Coating of the Pattern

It is possible to successfully cast products without coating the pattern prior to casting.

These castings do however have a rougher surface finish than castings with a refractory

coating.
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The role of the refractory coating is evident in the quality of the casting. Not only is

it a barrier between the steel shot and the pattern, but it performs a vital role in the

escape of gaseous products produced by the degradation of the pattern as illustrated

in Figure 3.3. If the refractory coating permeability is too low, gaseous products cannot

escape, which may lead to defects in the casting. In magnetic moulding, it prevents the

diffusion of molten metal into the mould material.

Figure 3.3: Illustration of the permeability of the coating during the gasification of the
foam pattern

The properties of the refractory coating depend on the metal being cast, the volume of

the pattern, the pattern material and density and also the wall thickness of the pattern.

In the case where ductile iron is the casting material, it is important to note that the

higher casting temperature will result in increased volumes of gas released during the

degradation of the pattern. It is required that the coating material have good ther-

mal resistance to avoid mould collapse and good permeability to allow the escape of

gaseous product. Coating thickness is, therefore, an important factor to consider.

The coatings typically applied in the lost-foam casting process are ceramic coatings

such as Talc, Mullite, Zirconium and Cordierite. The composition of these coatings

are foundry specific and recipes may vary. Typical compositions of these coatings are

tabulated in Table 3.1 [33].
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Table 3.1: Percentage composition of various ceramic coatings used in the lost-foam
casting process

Refractory [%] Binder [%] Agent keeping suspension
stable [%]

Zirconium: 90
Granulation 35-40 µm

Bentonite: 3-4
Bindal H: 5-6

Dextrin: 0.5-1
Lucel: 0.5-1

Talc: 88
Granulation: 30-35 µm

Bentonite: 5-6
Bindal H: 6-8

Dextrin: 0.5-1
Lucel: 0.5-1

Mullite: 90
Granulation: 40-45µm

Bentonite: 3-4
Bindal H: 5-6

Dextrin: 0.5-1
Lucel: 0.5-1

Cordierite: 92
Granulation: 35-40 µm

Bentonite: 1-2
Na5P3O10: 6-10

Carboxymethil cellulose: 0.5-1

A water base suspension with densities ranging between 2-3g/cm3 are used in the

lost-foam casting process [33] [34]. Solvents containing hydrocarbons and chloride

will break down an EPS pattern, and therefore water is the most popular solvent.

Research performed on the coating of EPS patterns with these coating materials, indi-

cated that a coating layer thickness higher than 0.5mm and lower than 1.5mm is most

effective for casting aluminium alloys [34]. The layer thickness will differ for ductile

iron castings, but these values may be used as guidelines.

The application of the refractory coating may be performed by dipping the part in the

refractory coating, by brushing, spraying or flow coating. The method of applying the

coating depends on the size of the pattern. Dipping is usually performed on small to

medium patterns.

Mullite is widely used as a coating material in the lost-foam casting process. It is an

aluminosilicate refractory with an ideal composition of 62.92 wt% alumina and 37.08

wt% silica [35]. Mullite is rarely found in nature, but the base minerals are readily

available in big quantities. Mullite has a high thermal stability, low thermal expansion

and thermal conductivity and the highest fracture toughness when compared to the

other coating materials [36]. Mullite is manufactured using refractory clays, bauxite

45



Chapter 3 Mould Making

and alumina silicates such as sillimanite, andalusite and kyanite [35].

3.3 Mould Making

The principal of magnetic moulding is based on replacing the conventional sand of

the lost-foam process with magnetic iron or steel shot. In addition to the lost-foam

casting advantages the process inherits, it adds profound value to the application of

the process on complex shapes, such as valve bodies.

This process allows for the production of parts without joint-lines, which is especially

applicable to the production of valve bodies. The absence of a joint-line implicates

an increased pressure resistance of the valve. Defects associated with joint-lines are

eliminated and the accuracy of castings are increased. A higher quality valve may thus

be cast at a lower cost.

Furthermore, the increased thermal conductivity of steel shot or iron has numerous

microstructural advantages, such as grain refinement of the cast metal [13]. According

to Geffroy et al., the increase in thermal conductivity results in an increase in the cooling

rate [24]. An increase in the cooling rate results in grain refinement, which increases

the nodule count and may lead to the improvement of the mechanical properties of the

cast material [24].

The shape of the iron or steel shot is important as the homogeneous and good com-

paction of the mould material increases the mechanical properties of the magnetic

mould [26]. According to Geffroy et al. and Suganth kumara et al., a spherical par-

ticle with a diameter between 0.4mm and 1mm and a bulk density of 4.5g/cm3 has

shown to result in successful castings.

Suganth kumara et al. has studied the nature of the packing of the spheres during

magnetisation. In their numerical prediction, the Specific Grain Number (SPG) was

determined based on the assumption that the spheres arrange themselves in a Face
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Centered Cubic (FCC) structure when closely packed [26]. In an FCC arrangement,

4 atoms exist in a unit cube and under observation, the majority of spheres are sur-

rounded by 4 spheres in one plane, hence the assumption of an FCC packing structure.

The packing factor was verified by the analysis of images produced by a boroscope

inserted at various points in a mould. The results are shown in Figure 3.4. The exper-

iment was conducted with 0.4, 0.6 and 0.8mm diameter spheres. From the histogram,

the numerical prediction of a coordination number of 4, is justified.

Figure 3.4: Histogram of the occurrence of the coordination number of steel shot
spheres obtained from boroscope images by Suganth kumara et al. [26]

In the same study, the effect of shot size on the strength of the magnetic mould was

studied [26]. It was concluded that the strength of the magnetic mould is highest with

a sphere diameter of 0.4mm. This is seen in Figure 3.5. Although smaller spheres have

increased strength characteristics, it should be noted that a smaller sphere diameter

also implicates lower permeability, which is associated with defects such as porosity

and blow holes [26].

The cooling curves and thermal conductivity of grey cast iron were measured by Gef-

froy et al. The solidification curves for a sand mould, steel shot mould and steel mould

were documented in the histogram shown in Figure 3.6. It can be observed that the

solidification time decrease with an increase in the thermal conductivity.

With the use of Chvorinov’s rule, the solidification times of the casting in sand, steel

and steel shot moulds were calculated by Geffroy et al. It was then compared with

47



Chapter 3 Mould Making

Figure 3.5: Histogram of the influence of sphere size on the strength of magnetic mould
as studied by Suganth kumara et al. [26]

Figure 3.6: Solidification curves of different moulds as experimentally determined by
Geffroy et al. [24]

experimentally measured values and it was found that the values do not coincide with

the theoretical values for the steel mould. Geffroy et al. concluded that Chvorinov’s

rule cannot be applied to steel due to the fact that the thermal resistance of the metal/mould

contact has a very similar value to that of a steel mould [24]. Table 3.2 indicates the

correlation between the calculated solidification times and the measured solidification

times.
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Table 3.2: Thermal properties and solidification times of various moulds obtained by
Geffroy et al. [24]

Properties (at room temperature) Sand
Mould

Steel Shot
Mould

Steel
Mould

X: Thermal conductivity(W/mK) 1 1.2 17
C: Specific heat(J/kgK) 730 475 475
ρ : Specific heat(Kg/m 3 ) 1770 4710 7800
Calculated solidification time/ solidi-
fication time in sand mould

160 80 3

Measured solidification time 160 85 30

The number of steel shot spheres surrounding the pattern should be sufficient to en-

sure effective heat transfer. The conduction from one steel sphere to the next steel

sphere most definitely impacts the rate of cooling. It can be assumed that the cooling

rate of the molten metal is faster when more spheres are available to transfer the heat.

In the case where too little shot is used as mould material, the steel shot may reach

the magnetic transition temperature (Curie temperature) at 770°C and the mould may

collapse. Ideally, a 3-dimensional heat distribution analysis of the part being cast in the

steel shot would give significant insight into the determination of the optimal amount

of steel shot for a specific part being cast.

The thermal properties obtained by Geffroy et al. may be used as starting point to min-

imise the number of unknown parameters in a Computational Flow Dynamics (CFD)

analysis. A thermal analysis may also shed light on the possibility of casting func-

tionally graded materials. An investigation of various steel shot sizes at strategically

positioned areas such as the use of larger diameter shot at thin sections may slow the

cooling rate and prevent cold shuts. Revolutionary insight may be gained into the al-

teration and enhancement of mechanical properties of castings by the thermal study of

magnetic moulding.

When the microstructure of ductile iron obtained with magnetic moulding was com-

pared with the microstructure obtained with a standard sand mould, an increase in the

nodule count was observed as shown in Figure 3.7 [24]. The increase in nodules cor-

relates with the increase in mechanical properties obtained with the magnetic mould.
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This is shown in Table 3.3.

Table 3.3: Mechanical properties of ductile iron castings obtained with a steel shot
mould and a sand mould as determined by Geffroy et al.

Process Lost-Foam Magnetic
Moulding

SSM/SM

Young’s Modulus 152GPa 166GPa 1.09
Yield Strength 292MPa 318MPa 1.09
Ultimate Strength 450MPa 453MPa 0.99
Elongation 15.5% 14.8% 0.95

Figure 3.7: The difference in microstructure of ductile iron between a sand mould and
a steel shot mould as obtained by Geffroy et al. [24]

The function of applying a magnetic field to the steel shot mould, is primarily to in-

crease the cohesion of the mould. In Figure 3.8 the cohesion of a sand mould and steel

shot mould were modelled. It is evident that the magnetic field results in increased

cohesion of the mould.
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Figure 3.8: Simulation of the distribution of force between steel shot spheres in mag-
netic moulding and the force between sand grains in lost-foam casting, compared by
Goni et al. Better cohesion is obtained with the magnetic steel shot mould.

The increase in cohesion leads to an increase in the dimensional accuracy of the cast-

ings when compared to the conventional lost-foam process [25]. The increased co-

hesion of the mould also results in a decrease in casting defects, such as shrinkage.

This is shown in Figure 3.9 where two grey cast iron casting were cast with the mag-

netic moulding process where no magnetic field was applied and in the case where the

magnetic field was applied [25]. The electromagnet thus plays an important role in the

quality of castings.
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Figure 3.9: Castings performed with steel shot as mould material with the magnetic
field on and off. A decrease in shrinkage is observed in the casting with the magnetic
field on [25]

3.4 Electromagnet Configuration

An ”u”-shaped magnet or solenoid coil magnet has been used in the magnetic mould-

ing process. The main difference between the two types of equipment lies within the

orientation of the magnetic field. The right-hand rule applies and the direction of mag-

netic field in a u-shaped magnet is horizontal, whilst the direction of the magnetic field

for a solenoid is vertical. The flow of the magnetic field in both cases are illustrated in

Figure 3.10.

The influence of the magnetic field on the microstructure of aluminium alloys and

grey cast iron castings was studied by a co-operative research project group in 2004.

The group concluded that no influence on the orientation of the microstructure of any

phase due to the magnetic field alone, was observed [25]. The influence on the direction

of the magnetic field was also studied.

In an experiment where a part was cast with the magnetic field direction parallel and
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Figure 3.10: Direction of magnetic field in U-shaped and solenoid electromagnet

perpendicular to the part being cast, it was found that no appreciable difference be-

tween the two castings could be observed [25]. In an additional experiment, the same

pattern was cast, but different pattern orientations in the mould were used.

In the lost-foam casting process where sand is used, different orientations of patterns

in moulds are not always possible due to low rigidity of the sand mould [25]. Both

orientations produced sound casting and it was concluded that the cohesion of the

magnetic field allows for different orientation castings, without any loss in integrity of

the cast part [25]. The selection of the type of electromagnet, therefore, depends on the

available materials and manufacturing capabilities, and not on the orientation of the

magnetic field.

The literature review on magnetic moulding may now be applied in the design of the

casting process. The appropriate selection of process components will reflect in the

success or failure of the cast part.
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3.5 Scope

The extensive literature review on valve manufacturing and magnetic moulding in

particular, contributed to the establishment of the scope. The scope is listed below:

1. Configure all components of the magnetic moulding process based on knowledge

obtained in literature.

2. Use software packages to simulate and investigate the electromagnetic field and

the feeding system design with casting simulation software.

3. Manufacture the components of the designed magnetic moulding process.

4. Assemble all components of the magnetic moulding process and verify design

parameters.

5. Define a casting procedure with specifications associated with the implementa-

tion of the process during casting.

6. Complete a safety study with precautions to prevent damage to equipment or

injury of personnel during operation of magnetic moulding process.

7. Perform a set of castings with the magnetic moulding process.

8. Evaluate the casting process and the results obtained with the magnetic mould-

ing casting process.

9. Summarise the observations and evaluation to establish the feasibility of the pro-

cess.

10. Conclude on the feasibility of the magnetic moulding process and recommend

improvements for future studies.
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Magnetic Moulding Casting Process

The implementation of the magnetic moulding casting process is established with the selection

and design of various components in the process steps. The rationale behind the design of the

process components is discussed and finally a casting procedure is developed with detailed steps

and instructions.

4.1 Configuration and Setup

The application of magnetic moulding in the casting of a ductile iron valve started with

the drawing of the part to be manufactured, which is the pattern of a valve body. The

pattern dimensions and geometry determined the size of the electromagnet. The exact

dimensions and geometry of the electromagnet were determined by iterations of var-

ious simulations performed in Finite Element Method Magnetics (FEMM), a software

package that simulates the electromagnetic field.

The complete SolidWorks model of the magnetic moulding process components is

shown in Figure 4.1. The components are discussed in the subsequent sections.
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Figure 4.1: The magnetic moulding casting assembly as modelled in SolidWorks

4.1.1 Pattern Selection

In the lost-foam process, the pattern is a replica of the final part to be cast. It was,

therefore, necessary to select a valve and design the pattern based on the selected valve

design.

Sketches with dimensions of industrial valves are not easily obtained and generally

have to be purchased. A valve was available for measuring to create a Computer

Aided Design (CAD) drawing. The use of a 3D-scanner was considered, but it was

not financially feasible to apply this method to this project.

Manual measurements were made with the use of a vernier and measuring tape and a

1:1 scale model was created in the software program, SolidWorks. The software model

of the complete valve assembly is shown in Figure 4.2 below. As discussed earlier,

the valve body was considered the primary focus and therefore the part to be cast.

The valve body was scaled to 40% of the original part size. The scaling comparison is

shown in Figure 4.3.
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Figure 4.2: Model of the valve assembly

Scaling was necessary due to the following considerations:

• A decrease in the size of the pattern results in a decrease in pattern material

(Lower pattern material costs)

• The manufacturing cost of the pattern is lowered by a decrease in size of the

pattern (Fewer machine hours)

• The pattern manufacturing facility’s capabilities limit the size of the pattern

• A smaller part requires less casting material

• The required capabilities of the casting facility depends on the scale of the part to

be cast

• The size of the electromagnet depends on the size of the pattern

• The overall cost of the project is decreased by a decrease in the scale of the pattern

• It is easier to handle and control a smaller pattern, and therefore a smaller elec-

tromagnet

The pattern material requirements were:
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Figure 4.3: Illustration of scaling of the valve body to 40% of the original size

• Low thermal conductivity for fast thermal degradation

• Ease of manufacturing

• Cost of manufacturing

• Material cost

The properties of EPS, PMMA, ABS and PLA were compared as shown in Table 4.1. It

is interesting to observe that EPS has the lowest thermal conductivity and the lowest

cost. The carbon content of the cast part was not a high priority as the feasibility of the

method of casting was the main focus. With the aim of a very low quantity of castings,

the low volume of patterns required and the complexity of the part, machining of an

EPS valve was ruled uneconomical.

The best alternative to EPS was PMMA. As with EPS, the material could not be ma-

chined. With additive manufacturing, the cost of low quantity patterns would be sig-

nificantly lower. Due to the fact that PMMA may be 3D-printed, PMMA was selected

as pattern material and the manufacturing method was additive manufacturing.
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Table 4.1: Comparison of the average pattern material properties

Property EPS PMMA ABS PLA

Density [kg/m3] 1045 1185 1050 1320
Glass Temperature [°C] 89.5 95 104 163.5
Thermal Conductivity [W/mK] 0.126 0.209 0.230 0.280

4.1.2 Mould Material and Electromagnet

The shot material plays an important role in the cohesion of the mould. The selection

of the shot material required a spherical shape with a diameter between 0.4 and 1mm

and a ferritic chemical composition. Shot in an austenitic state would be of no use as

the magnetic field would have no influence on this non-magnetic material.

Spherical steel shot used for blasting abrasives were selected as mould material based

on the available chemical composition. The selected steel shot material correlates best

with the composition of an AISI 1095 steel. The steel shot and AISI 1095 composition

are shown in Table 4.2. The composition of the mould material is important as the

calculations of the magnetic field produced by the electromagnet is influenced by it.

Table 4.2: Chemical composition of the selected steel shot and AISI 1095 steel

Element Steel Shot AISI 1095

Iron (Fe) >96% 98%
Carbon (C) 0.8 - 1.2% 0.9 - 1.03%
Silicon (Si) 0.3 - 1.2% 0.15 - 0.3%
Manganese (Mn) 0.5 - 1.3% 0.3 - 0.5%
Sulphur (S) <0.04% ≤ 0.05%
Phosphorus (P) <0.04% ≤ 0.04%

The design of the electromagnet is based on the principles of electromagnetism as de-

scribed mathematically. In most cases, the aim is to increase the magnetic field inten-

sity. A magnetic field(H) is produced when electric current (I) is passed through a coil

with n amount of turns and a length of l meters. The relationship is shown in Equation
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4.1.

H =
nI
l

(4.1)

From the equation, it can be derived that the magnetic field is increased by an increase

in the number of turns of the coil or by an increase in the current. The number of turns

is often limited due to the increase in length with more turns. An increase in the length

of the coil will decrease the magnetic field. It is also most often more practical to vary

the current, rather than changing the number of turns of the coil.

The magnetic field intensity in ampere-turn/m produces insufficient information to

describe the effect of the induced magnetic field or the effect of the materials involved.

This is where the magnetic flux density comes in. The flux density of inductance(B)

is the number of lines of flux that are induced when a magnetic field is applied in a

vacuum and is given by Equation 4.2. The magnetic permeability of vacuum, µ0, is a

constant with a value of 4πx10-7.

B = µ0 H (4.2)

In the case where a material is placed in the magnetic field, the magnetic flux density

change according to how the magnetic dipoles of the material interact with the field.

According to Wittmoser, a flux density between 0.1 and 0.5T is sufficient to increase the

mechanical properties of the steel shot mould [24]. The permeability of the material(µ)

is incorporated in Equation 4.3 below:

B = µH (4.3)

The relative permeability µr is a relationship between the permeability of the mate-

rial and the permeability of vacuum given by Equation 4.4. If the permeability of the

magnetic material is very high compared with the material surrounding it, such as free

space, most of the flux is confined to the highly permeable material [37]. A material

with a large permeability carry magnetic flux easily and increases the magnetic field.

µr =
µ

µ0

(4.4)

The effect of the magnetic material may be included in Equation 4.2. This is known as

the magnetisation(M) which is responsible for the increase in inductance. Equation 4.2
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can then be written as:

B = µ0 H + µ0 M (4.5)

Equation 4.5 may be simplified to Equation 4.6 in the case of ferromagnetic and fer-

rimagnetic materials because µ0M >µ0H. In order to produce a high inductance or

magnetisation, materials with high relative permeabilities should be selected.

B ≈ µ0 M (4.6)

Another indicator of the degree to which the material enhances the magnetic field is

the magnetic susceptibility xma, which is the ratio between magnetisation and the mag-

netic field. Steel shot is a ferromagnetic material with a susceptability of xma >>1 for

low magnetic fields where B <0.4T [24].

xma =
M
H

(4.7)

Ferromagnetic and ferrimagnetic materials have permeabilities that depend on the ap-

plied magnetic field, and therefore their permeabilities are not constant [17]. Each mag-

netic material has a magnetisation characteristic curve, referred to as a B-H curve. The

saturation region of each magnetic material is of importance, as it is the point where all

magnetic dipoles are aligned with the applied magnetic field. The flux density is then

at a maximum. At this point, a saturated magnetic material has a permeability very

close to that of free space. It may be assumed that all non-magnetic materials have the

same permeability as free space, which is 1.00 [37].

A magnetic circuit can be analysed by using an equivalent reluctance circuit, which is

similar to resistance in an electric circuit [37]. This rule may only be applied in a linear

magnetic circuit. This implies that the permeability of each section of the magnetic

circuit should be linear, which is not the case in magnetic moulding.

It is, however, possible to determine the required magnetomotive force (mmf) to main-

tain a certain flux density. In a magnetic circuit, the total current enclosed is referred to

as the mmf which is measured in ampere-turn (A.t). The flux density in each magnetic

section may be calculated and the magnetic field, H, may then be obtained from the

B-H curve. The mmf drop over each magnetic section may then be determined and

61



Chapter 4 Configuration and Setup

summed to obtain the total mmf required. This method also has its limitations, due to

the fact that it is an iterative process.

A guess value is required in one of the sections of the magnetic circuit. The applied

mmf and the calculated mmf is compared and the guess value is adjusted for the next

iteration. The application of this technique to the magnetic moulding process is unpro-

ductive as it is time-consuming and inaccurate. Today there are numerous software

packages that may be used to simulate and design magnetic circuits. Examples are

Ansys, COMSOL Multiphysics and FEMM.

FEMM is a user-friendly computer software program with a platform that enables the

user to create or import drawings and solve magnetic problems by simulation. The

program was used to obtain valuable information associated with the magnetic field

and the design of the electromagnet. FEMM was used to:

• obtain the best position and orientation of the pattern in the mould,

• investigate the geometry and dimensions for the best electromagnet design and

to

• select the magnetic field design parameters to obtain a flux density between 0.1

and 0.5T.

Before a simulation could be executed a basic design had to be selected and the mate-

rials of which the electromagnet will consist had to be chosen.

The dimensions of the cast box, which is the container in which the pattern is placed

and then surrounded by the mould material were selected first. It was important that

the container consists of a non-magnetic material. Based on the size of the pattern,

roughly 20mm was added to the sides of the pattern in all directions. A cubic container

was selected as the shape of the casting box.

The wall thickness of the casting box was an important factor to consider because if

it is too thick, the magnetic field is weakened as the gap between the mould material
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and the electromagnet core is increased. Yet, the casting box wall had to be rigid to

withstand the force caused by the weight of the contents. The casting box also had to

be able to withstand thermal conduction and radiation. Aluminum or austenitic stain-

less steel was, therefore, the preferred materials for the manufacturing of the casting

box. Both these materials are readily available and affordable whilst adhering to the

specified requirements.

The flux density region in which the electromagnet should effectively operate is be-

tween 0.1 and 0.5T, therefore the B-H curve of the electromagnetic core should have a

knee higher than 0.5T before the saturation region starts. The knee of the magnetisa-

tion curve is the region where magnetic saturation starts to set in. Although various

materials may be appropriate to be used as an electromagnetic core, electrical steel is

widely used in the electro-mechanical industry. A typical magnetisation curve or B-H

curve is shown in Figure 4.4.

Figure 4.4: A typical magnetisation curve for a ferromagnetic material indicating the
knee of the curve

Electrical steel is also referred to as silicon steel. It may be grain orientated or non-

grain orientated. Non-grain orientated electrical steel was used. Non-grain orientated

magnetic properties are equal in all directions and are used in applications where low

cost is favoured. Electrical steel has exceptional electrical conductivity and has a lower

density, which makes it a lighter material as opposed to other standard steels and iron.
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The relative permeability of the steel shot is not linear and unknown. The packing

factor of the steel shot spheres is assumed to be 0.74 for an FCC structure [26]. This

implies that if all spheres in the casting box follow this packing arrangement, 74% of

the mould material is steel shot and 26% is air. There is no B-H curve available for this

”material”.

In order to accurately simulate the shot material, each individual sphere should be

drawn in a FCC packing arrangement in the casting box. This would be an extremely

labour intensive and time-consuming task, especially in FEMM, with no guarantee of

success. Furthermore, it is not acceptable to simulate the mould by dividing the mould

material in a 26% air and 74% shot composition. The exact position of each sphere and

air gap directly influence the magnetic flux density and field. With no other alternative,

the mould material was simulated as if the casting box was filled with AISI 1095 steel,

without any air gaps.

The first set of simulations were performed on a fixed geometry with fixed dimensions.

The aim of the simulations was to investigate the effect of the orientation of the valve

on the magnetic flux density. The current, number of turns and materials were kept

consistent in each simulation, as shown in Figure 4.5.
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Figure 4.5: Pattern geometry and parameters kept constant for orientation and position
simulations

The number of possible orientations was limited as FEMM is not equipped to simulate

complex three-dimensional parts. A depth can be specified as an approximation as

it assumes the geometry is consistent through the z-plane, but in the case where the

valve is to be positioned as shown in Figure 4.6, the flux density is even more difficult

to simulate.

When the valve pattern is positioned in the casting box and the box is filled with steel

shot, the steel shot should effectively fill up all cavities because no cores are used in

this method. The cohesion of the steel shot in these cavities should be very high to en-

sure dimensional accuracy. The orientation of the pattern should thus allow maximum

cohesion.

If the positions shown in Figure 4.6 are discarded, four other orientations are possible.

If the valve is positioned as shown in A of Figure 4.7 and it is flipped or the direction

of the magnetic field is changed to flow in the opposite direction, similar results are

obtained. The magnetic field always follows the path with the highest permeability,

and due to the low permeability of the PMMA, a very low flux density is observed in
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Figure 4.6: Illustrations of pattern orientations not suitable to simulate in FEMM

area 1. In orientation position A, maximum cohesion cannot be assured in the fluid

pathway of the valve pattern. The three main orientations are A, B and C as shown in

Figure 4.7.

Figure 4.7: Illustrations of pattern orientations suitable for FEMM simulations

66



Chapter 4 Configuration and Setup

The orientation shown in C permits similar magnetic fields and flux densities as shown

in orientation B. The difference in orientations are the flux densities observed at area 2

and 3. Area 3 in orientation C has a lower cohesion than area 2 in orientation B. Areas

1, 2 and 3 are areas where the wall thickness of the valve pattern is low. Good cohesion

and rigidity of the mould in these areas will ensure a dimensionally accurate casting.

Orientation B was therefore selected as the preferred orientation for the valve pattern,

based on the following considerations.

When the flux densities and magnetic field lines are observed, better cohesion of the

mould is obtained when the valve is in orientation position B, with top flange facing

up. In this position, the magnetisation of steel shot through the pattern openings are

most advantageous. The upward facing flanges in orientation B provides room for a

feeding and riser system. If the feeding system is to be mounted on the top flanges, the

flanges are likely to be machined after casting to remove the feeders. The slightly lower

flux densities experienced at the top flange in orientation B is therefore not a problem.

In the unlikely case where dimensional accuracy is insufficient due to lower cohesion

of the mould at the top flange, the holes may be bored and the flanges machined as

part of the finishing process. In orientation C, the bottom part of the valve may not be

machined as easily as the top flange.

Once the orientation was determined, the optimum position could be evaluated. Five

positions and the flux densities in the surrounding areas were simulated and com-

pared as shown in Figure 4.8. It was concluded that a position closer to the coil core

resulted in higher flux densities in most of the surrounding areas (area 1,3,4). It should

be noted that the maximum flux density of the core was higher when the valve pattern

was placed close to the core of the coil. This implies that although a higher flux density

is achieved in this position, saturation may result in the coil core quicker than other

orientations. All flux densities in area 6 are equal as the same electromagnetic param-

eters were used in all the position simulations. The colour differences in the schematic

indicate the density plot. A deep pink indicates maximum flux density.
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Figure 4.8: Pattern positions and flux densities in specified areas obtained by FEMM
simulations

The flux densities of position C, D and E correlates with the findings of Suganth kumar

et al [26]. They concluded that the best position to place a valve is in the centre of the

casting box. Due to the magnetic field flowing in one direction, a slightly increased

magnetic flux density is experienced at the side where the magnetic field originates

and flows from. On the other side of the pattern, the magnetic flux density is lower.

Position C allows for uniform magnetisation as there is no advantage in placing the

pattern on either side of the electromagnet.

When Figure 4.9 is observed, low flux densities are seen in the top and bottom cor-

ners of the electromagnet. Furthermore, saturation may occur at the inside corners

of the electromagnet core due to high flux densities, as indicated by the arrows. The

possibility to increase the efficiency of the electromagnet by preventing saturation and

utilising the complete geometry of the electromagnet was investigated. The possibility

to exclude the corners indicating low flux density was also simulated.

The effect of various geometries and electromagnet dimensions were investigated. Ge-

ometry has a significant effect on the distribution and value of the flux densities. The

maximum flux density should be lower than the knee of the core material’s B-H curve.

The selected electrical steel used in the simulations has a knee of 1.49T at 2500H.
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Figure 4.9: Low flux densities and saturation in original model of electromagnet in a
FEMM simulation

In an effort to eliminate unutilised material and reduce the magnetic flux concentra-

tions caused by sharp corners, the geometries seen in Figure 4.10 were some of the con-

cepts investigated. The concentration of high flux densities at the coil core is expected.

If the high concentration of the flux density at the coil core is better distributed, the

heat generated by the coil will be lower and therefore the electromagnet will function

more effectively.

Figure 4.10: Various geometry concepts for the effective use of material and to limit
saturation in sharp inside corners as simulated in FEMM

The geometries with the possibility to increase the efficiency of the electromagnet by

reducing the areas of low flux density such as geometry A, B and D have the added
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advantage of decreasing the weight of the electromagnet. The use of electrical steel

has the advantage of lower weight than other core materials, but depending on the

selected depth and number of electrical steel plates used, the weight of the complete

electromagnet was a factor to consider.

Ultimately the ease and cost of manufacturing were considered and it was established

that geometries C and D do present a better distribution of flux densities when the

sharp corners are eliminated, but it results in a higher concentration of flux in the coil

core. The U-shape will also lead to the insufficient use of electrical steel plates, which

in turn will increase the cost. This is also true for geometry A and B.

Furthermore, the possibility of saturation in the sharp corners of the electromagnet

may result in the saturation of the steel shot in the corners. This, however, will not

result in dimensional defects in the casting due to the position of the pattern in the

casting box. For this project, it was not worth the additional costs to implement the

geometries as shown in Figure 4.10.

A simple rectangular shaped electromagnet was selected as the geometry to be used for

further simulations. Various dimensions of the electromagnet and the effect of chang-

ing the parameters of the electromagnet were investigated to obtain the best combina-

tion for the electromagnet design. The result is shown in Figure 4.11. A drawing with

dimensional and material information may be found in Appendix B.

The results in Figure 4.11 were obtained with the following parameter values in Table

4.3. In the positions indicated on the figure, it can be seen that all values were below

the knee flux density of the material. The requirement to maintain a magnetic flux

density between 0.1T and 0.5T was also satisfied in all areas surrounding the valve.
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Figure 4.11: Flux densities at various points of final FEMM simulation model

Table 4.3: Parameter values used in the FEMM simulations to obtain satisfying design
results

Parameter Value

Current (I) 5A
Turns (n) 300
Coil Diameter 1mm
Relative permeability: Air 1
Relative permeability: PMMA 1
Relative permeability: Stainless
Steel

1

Relative permeability: Silicon
Steel

Non-linear
B-H Curve

Relative permeability: Steel
Shot

Non-linear
B-H Curve

4.1.3 Feeding System Design

The molten metal is poured into an opening referred to as the pouring cup or feeder. In

complex pattern geometries, it may be necessary to include runners, which are path-

ways that direct molten metal to areas, especially where there is a risk of casting de-
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fects. The production of gaseous products during the degradation of the pattern often

requires the need for risers that allow the escape of gasses and force impurities to the

surface in the risers, rather than in the part itself. Risers may also be used as an indica-

tion of a fully filled mould and as the part cools, risers may provide additional molten

metal as required by the solidifying casting.

The design of a feeding system may be very complex as it is influenced by the geom-

etry of the pattern, the casting material, the casting process and various other limiting

factors. In the past, the implementation of feeding systems greatly relied on the expe-

rience and workmanship of individuals in the foundry industry. A process of trial and

error significantly increases expenses.

In recent years advanced computer software programs have been developed to simu-

late the flow of molten metal in a part that is cast. It is now also possible to predict the

position and severity of casting defects of most casting techniques. Other tools such

as video x-ray radiography have significantly contributed to the understanding of the

behaviour of metal liquids in real life casting applications [13].

An initial design is, however, necessary before a casting simulation can be performed.

The designer is required to make an informed decision on the position of the feedings

system and the initial dimensions and geometry. The simulation results are often used

to alter the design to obtain satisfactory casting results.

The orientation of casting the valve was determined in the previous subsection. The

flanges of the valve are the heaviest sections and require immediate filling and there-

fore the top of the side flanges was considered the most viable position for the pouring

cup. On the scale of this casting, it is advisable that molten metal is poured into one

pouring cup. A conical pouring cup is used for small castings. The highest point of a

casting is used to position a riser, and therefore the top flange was selected as a possible

place to mount the risers. The concept design is shown in Figure 4.12.

The first step in the calculations of the feeding system is determining the liquid metal

volume that will be poured. The weight of total metal to be poured should be incor-
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Figure 4.12: Model of concept designs of the feeding system

porated and therefore the design in Figure 4.12 was used to estimate the weight of

the metal to be poured. Ductile iron with a density of 7100kg/m3 was assigned to the

valve assembly and an estimated weight of 1172.65g was obtained from SolidWorks.

V =
W
ρ

∴ V = 0.165` (4.8)

The pouring rate was determined with experimentally determined equations for grey

iron castings. Equation 4.9 that applies to thin-walled castings with thicknesses be-

tween 2.5 and 15mm and a weight below 450kg was used:

t = S
√

W (4.9)

where S = 1.85 is the coefficient for wall thicknesses between 3.5 and 8mm. Therefore:

t = 1.85
√

1.173 ∴ t = 2s (4.10)

The average filling rate is therefore:

F =
W
t
∴ F = 0.587kg/s (4.11)

The choke area can be determined and used as the sprue exit area. The choke area is the

smallest area that may regulate the flow of liquid metal. The exit area of the pouring
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cup may then be determined. In order to determine the choke area, the effective metal

head of the casting should be known. This is determined as follow:

hp = Hs − 0.5(
h2

1
h2
) (4.12)

The value of the height of the sprue(Hs) may be varied as this value depends on the

position of the pattern in the mould. The casting box has a height of 150mm, and the

height of the casting(h2) is 92mm. The maximum height of the pouring cup and sprue

was limited to 58mm, as the feeding system should also be submerged in the steel

shot, which is effectively the mould. It was also considered that the pattern cannot be

placed directly on the floor of the casting box. A 5mm shot layer below the pattern

was incorporated in the calculation of the height of the sprue and pouring cup. An

allowance of 30mm was allocated to the pouring cup, and therefore the maximum

height of the sprue was limited to 23mm. A program may be written to enable the

possibility of various iterations to obtain a satisfactory choke area if the height of the

sprue is varied.

As discussed the point of metal entry was selected as the side flanges. The height of the

casting above the points of metal entry h1 is 9mm. This value too may be varied if the

point of metal entry is moved. The effective head was therefore calculated as follow:

hp = 0.023− 0.5(
0.009
0.092

) ∴ hp = 0.023m (4.13)

The choke area was then calculated with the equation below. The discharge coefficient

(Cd) is 0.8, g is 9.8 m/s2, which is gravitational acceleration. With all values known,

the choke area was calculated.

A =
W

ρtCd
√

2gH
=

1.173
7100× 2× 0.8

√
2× 9.8× 0.023

∴ A = 155× 10−6m2 (4.14)

Another method to calculate the choke area is when the velocity of flow is accounted

for. The velocity of flow of the metal should be lower or equal to the critical velocity of

the liquid. For copper based alloys and iron alloys, the critical velocity (V) is 0.5m/s.

Therefore:

A =
W

ρtV
=

1.173
7100× 2× 0.5

∴ A = 165× 10−6m2 (4.15)
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The use of the metal head in Equation 4.14 may be inaccurate because the metal head

is very low since metal at the metal entry point is not much lower than the entrance of

the sprue. The pressure head is thus very low. On the other hand, the velocity of flow

of the liquid metal is very difficult to control by hand. The most conservative value for

the choke area will thus be used to determine the area of the top of the sprue.

When Bernoulli’s Theorem, v2 = 2gh is rewritten and substituted in the Law of Con-

tinuity Q = A1v1 = A2v2, the equation to calculate the area of the top of the sprue is

formulated:

A1 = A2

√
d1

d2
(4.16)

The distance between the ladle and the sprue top d1 is the height of the pouring cup,

which was limited to 0.03m and the distance from the ladle to the bottom of the sprue is

the distance from the top of the pouring cup/feeder to the bottom of the sprue, which

is 0.058m. The area is then calculated:

A1 = 155× 10−6

√
0.058
0.03

∴ A1 = 216× 10−6m2 (4.17)

The radius of the top of the sprue should, therefore, be in the range of 8mm, there-

fore 16mm diameter. The top area of the sprue is also the bottom area of the pouring

cup/feeder. A conical feeder may be used for small castings. The dimensions of the

feeder should be compatible with the ladle that will be used. The feeder should also

allow a slight pressure head to form prior to entering the sprue.

It is possible to additive manufacture the pattern and the feeding system as one unit,

but due to the reasons that follow, it was not considered an option. The high thermal

gradient formed at the metal-PMMA interface results in faster cooling of the molten

metal. By the time the molten metal reaches the pattern, a significant amount of energy

will be lost and this may result in the inadequate filling of the pattern and possible

defects.

Although the pattern and feeder may be coated with a refractory coating, the erosion

caused by the flow of the molten metal may be too high and may lead to the collapse

of the feeding system, resulting in poor to no feeding of the pattern.
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Other materials were considered when a refractory coating alone could not be used for

the feeding system. High-temperature materials with high thermal shock resistance

were required for this application. Furthermore, the molten metal should not wet the

feeding system.

Limited funding and the appropriateness of the use of a ceramic, such as alumina for

a feeding system resulted in the selection of alumina as feeding system material. The

feeder was designed based on available alumina fibre board. These boards are often

used as insulation materials due to its high heat capacity, ease of machining and light

weight. This material was selected for the feeder.

The selection of an alumina pipe significantly influenced the design of the feeding

system. The limitation involved with the selection of alumina pipe as sprue material is

the fact that bends are not possible. The implication of this is that both side flanges can

no longer be fed from the same feeder. The concept design in Figure 4.12 then becomes

impractical and irrelevant.

The final design of the feeding system is shown in Figure 4.13. An alumina pipe with

an outer diameter of 17mm and an inner diameter of 15mm was used as sprue material.

The sprue size was well within the range of the theoretically calculated estimate of

16mm. The feeder design is shown in Figure 4.14. Risers to allow for the escape of gas

during the pyrolysis of the PMMA was added to the design of the feeding system.
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Figure 4.13: Model of the final design of the feeding system

Figure 4.14: Model of the feeder/pouring cup

The feeder design was then simulated with MAGMASoft® to investigate the effective-

ness of the feeding system. The use of steel shot as mould material has never been

defined for MAGMASoft® simulation and does not fall within the scope of this study.

Lost-foam casting with a sand mould was therefore used to simulate the filling of the

pattern. PMMA in additive manufactured form has also never been simulated as pat-
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tern material. Therefore there are two factors that influence the accuracy of the simu-

lation.

Although the results of filling time and temperature could not be accurately simulated

due to the difference in mainly the mould material and the printed PMMA pattern, the

results were still useful. The results were used to obtain valuable information on the

solidification and cooling characteristics of the pattern and feeding system.

The temperature distribution during casting was visually represented and areas with

slower cooling rates could be identified as shown in Figure 4.15. The simulation of

the flow tracer material indicated the flow of molten metal and the time an element

of the molten metal stays in the casting before solidification. The flow tracer distri-

bution and age is shown in Figure 4.16. The areas where porosity could be expected

were identified and hot spots in the casting ware identified. The hot spots are areas

that cool slower than other areas of the casting which then result in casting defects.

Figure 4.17 and Figure 4.18 shows the results of the casting simulations performed in

MAGMASoft® for the porosity and hot spot investigation.
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Figure 4.15: MAGMASoft® casting simulation indicating the temperature distribution
during casting of the molten metal

Figure 4.16: MAGMASoft® casting simulation indicating the flow of the tracer ele-
ments in the casting and the age of the particle in an area of the casting
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When Figure 4.17 is observed, it can be deduced that the expected porosity areas cor-

relate with the hot spot areas. When casting quality is considered, the high level of

expected porosity in the central valve body area is undesirable and evidence of a poor

casting. However, the effort to lower the porosity level was not essential in this study

since the focus of this study was the effective casting of a valve with this method.

Future studies may be performed to increase the quality of the cast valve with this

method.

Figure 4.17: MAGMASoft® casting simulation indicating the areas of expected
porosity
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Figure 4.18: MAGMASoft® casting simulation indicating the areas of expected hot
spots

The design of the feeding system required mounting areas on the pattern that were

3D-printed. The alumina feeder and sprue as well as the mounting of the sprue to the

PMMA may be accomplished with the use of high alumina cement.

The solidification time (ts) of a casting may be determined theoretically with Chvorinov’s

Rule as shown below. Vc is the volume of the casting and As is the surface area of the

casting, Bm is a constant taking the casting material into account and BM is a con-

stant that depends on the mould. In this case, the volume of the casting is without

the feeding system. The weight of the casting is therefore 956.92g as obtained from a

SolidWorks model estimation.

ts =
π

4
× BmBM(

Vc

As
)2 (4.18)

Where

Bm = ρm(
Cm(Tp − Tm) + ∆Hm

Tm − T0
)2 (4.19)
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and:

BM =
1

KMρMCM
(4.20)

The values of the parameters used in Equations 4.20 to 4.25 are tabulated below.

Table 4.4: Values and descriptions of parameters used in Equation 4.25 to 4.20

Description Parameter Value

Volume of the casting Vc 134.77×10-6 m3

Surface area of the casting As 0.058m2

Density of ductile iron ρm 7100kg/m 3

Pouring temperature of ductile iron Tp 1673K

Melting temperature of ductile iron Tm 1393K

Specific heat of ductile iron Cm 603J/kgK

Latent heat of solidification of metal ∆ H melt 280K

Initial temperature of mould T0 298K

Thermal conductivity of mould KM Eq.4.21

Density of mould ρ M Eq. 4.22

Specific heat of mould Cm 610.68J/kgK

The density of the mould and the thermal conductivity of the mould should account

for a combination of air and steel shot. The packing factor of 0.74 is used to estimate

the ratio of steel shot to air. The calculations are shown below.

KM = 0.74(ks) + 0.26(ka) = 0.74(49.8) + 0.26(0.0515) ∴ KM = 36.87W/mK (4.21)

ρM = 0.74(ρs) + 0.26(ρa) = 0.74(7850) + 0.26(0.524) ∴ ρM = 5809.14kg/m3 (4.22)

The constants can then be calculated to calculate the solidification time:

Bm = 169.36× 106 (4.23)
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BM = 7.65× 109 (4.24)

The solidification time is therefore

ts ≈ 5.49× 10−6s (4.25)

The value obtained for ts indicates an instantaneous solidification time that strives to

zero seconds. It is not an accurate estimation. The calculation of the solidification

time is therefore incorrect and proves Geffroy et al.’s [24] observation that Chvorinov’s

Rule cannot be applied to magnetic moulding applications due to the similarity in

parameter values between the casting material and the mould material. Furthermore,

the complexity of the design of the pattern results in a high surface area-to-volume

ratio which interferes with the accuracy of the solidification time calculations.

4.1.4 Auxiliaries

An alumina cover was designed to prevent liquid metal spillage entering the steel shot.

The Curie temperature of the steel shot is in the range of iron, which is 750°C. This

implies that the temperature of the liquid metal during pouring (1400°C) is so high

that if it is spilled on the steel shot, the steel shot will no longer be magnetic. Spillage

of the molten metal on the steel shot will also complicate the release of the cast part.

The alumina shot cover design is shown in Figure 4.19.

Figure 4.19: Model of the alumina shot cover

An alumina stand was designed to protect the coil isolation material, allow airflow

over the coil and to prevent spillage of the molten metal on laboratory equipment.
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Damage to the coil isolation material may cause an electrical short circuit. If the coil

was to be placed directly on a flat surface, the coil would heat up faster and the effi-

ciency of the coil would decrease. As multiple benefits arise from a stand to place the

electromagnet on, the stand was designed as shown in Figure 4.20

Figure 4.20: Model of the alumina electromagnet stand

Due to the high-temperature resistance, ease of machining and availability of alumina,

alumina was used for both the shot cover and the stand.

4.1.5 Refractory Coating

A typical slurry mixture recipe used in the lost-foam casting process was selected from

literature and investigated to be applied to a PMMA pattern. The selected coating was

a waterbased suspension with mullite powder as refractory and composition shown in

Table 4.5.

Table 4.5: Percentage composition of refractory coating selected for the application of
magnetic moulding

Refractory [%] Binder [%] Agent keeping suspension
stable [%]

Mullite: 90
Granulation: 40-45µm

Bentonite: 3-4
Colloidal Silica: 5-6

Not applicable for the scale
of this application

The wettability of the selected coating on the PMMA pattern had to be investigated

as part of the design. In a mini-experiment, the products of two different suppliers
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were tested in the ratios specified in the selected recipe. In Figure 4.21 it may be ob-

served that Coating 2 shows more favourable characteristics than Coating 1. Coating 2

resulted in a higher density, higher viscosity suspension, therefore fewer layers are re-

quired to obtain the desired coating thickness. Both coatings showed good wettability

to machined 3D-printed PMMA samples.

Figure 4.21: Photos of the comparison between supplier mullite products in a) the
refractory slurry and b) 2 layers of refractory coating applied to a 3D-printed sample

The coated samples were left to dry for 12 hours. Both coatings were very brittle once

dried and showed very low toughness. Bentonite is a swelling clay that undergoes a

reduction in volume when the coating dries. This may cause micro-cracks in the coat-

ing and results in the brittleness experienced in the samples. The weak spots caused by

the micro cracks in the layers of the coating may cause the coating to crack, especially

due to thermal shock of the molten metal during casting, which may have disastrous

effects.

After consulting experienced foundrymen, it was advised that a suspension consist

solely of mullite and colloidal silica with a density of 3g/cm3 should be used. The

recommended suspension was tested and the viscosity was very high as shown in

Figure 4.22. The coating was difficult to apply and the layer thickness of the coating
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was difficult to control. The fluidity was increased by adding more colloidal silica and

reducing the density to 2g/cm3. It was then established that this recipe could be used

as refractory coating in the casting process of magnetic moulding.

Due to the fact that refractory coatings are primarily used to improve the surface finish

of the product, parts are often cast without a refractory coating in the lost-foam process.

If the coating step is skipped, the production time may be increased and costs could

be saved on coating materials. It was therefore decided to perform two castings. One

casting with a refractory coating and one casting without a refractory coating. For

investigative purposes, the behaviour of the casting process and the surface finish were

then evaluated.

Casting without a refractory coating was expected to result in a deformed casting. The

high temperature of the molten metal may cause the steel shot to reach its Curie tem-

perature and loose its magnetic properties. The high fluidity of the liquid metal may

result in liquid metal seeping through the steel shot as less energy is required to move

through the air gaps than through the pattern material. It was therefore expected to be

interesting to observe the behaviour of the liquid metal, the effect on the electromag-

netic field and the casting to obtain information not yet documented.

Figure 4.22: Photo of the coating suspension containing only mullite and colloidal silica
indicating the high viscosity of the 3g/cm3
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4.1.6 Casting Material

The biggest problems experienced in the casting of ductile iron with the lost-foam pro-

cess is related to the carbon content of the casting [32]. Methods to limit the carbon

content include removing most of the carbon residue during casting by vacuuming or

by increasing the pouring temperature to promote complete classification of the pat-

tern. There is, however, a limit on the pouring temperature as an increase in pouring

temperature leads to the degradation of the spheroidising process.

The simplest way to limit the carbon residue is to select a casting material with a carbon

content lower than 3.6 % [32]. A lower carbon content leaves room for the absorption

of carbon during casting and therefore decreasing the carbon residue.

Specification ASTM A395 Grade 60-40-18 is typically used for applications requiring

high ductility and impact resistance, such as valve bodies [18]. The grade is an indica-

tion of the tensile strength, yield strength and elongation, as shown in Table 4.6.

Table 4.6: Mechanical properties of ASTM A395 60-40-18 ductile iron

Hardness Tensile Strength Yield Strength Elongation in
50mm

143-187HB 414MPa(60ksi) 276MPa(40ksi) 18

This grade of ductile iron has a carbon content between 3.2% and 3.6%. Although

it falls within the range where room is left for carbon absorption, the absorption of

carbon may be very limited if a 3.6% carbon ductile iron is cast. It may, therefore, be

expected that carbon residue may be present in the cast part.

It should be noted that due to the high casting temperature of ductile iron, the liquid

ductile iron is nonmagnetic as casting takes place above the Curie temperature of duc-

tile iron. Therefore, during casting, the magnetic field has no effect on the liquid metal

being cast.
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4.2 Assembly of Components

During the configuration of the magnetic moulding process, the interdependence of

the components was observed. It became clear that each component contributes to the

success of the casting. When each step in the magnetic moulding process is considered

in isolation, appreciation is gained for the extensive development of that specific step

over the years. The interdependence of the components does, however, complicate

the design. It is not always possible to configure the optimal combination of compo-

nents of each casting step of the complete process. In engineering design, trade-offs

are unavoidable and greatly depends on the specific part to be cast.

Financial limitations often dictated design choices, but not at the cost of the integrity

of the process. Ultimately, the availability of materials, the cost of materials and man-

ufacturing were three factors contributing to a more affordable configuration.

Once the final configuration was manufactured, the components were assembled to be

tested. The experimental setup is shown in Figure 4.23.

Figure 4.23: A photo of the assembly of the magnetic moulding setup

The power supply consisted of two 3A converters connected in series to obtain a max-

imum current of 6A at 32V. The power supply was connected to the ends of the coil
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with crocodile clamps. Prior to winding the coil, the coil area was isolated with isola-

tion tape to prevent damage to the isolation material of the coil. The bottom area of the

casting box that would be in contact with the coil, was also isolated to prevent damage

to the coil. Damage to the isolation material presents a risk of an electrical short circuit.

The coil consisted of 1mm copper wire and 300 turns were wound to form the electro-

magnet. Due to the sheer weight of the electromagnet core (27kg) and the shape and

dimensions of the core, it was not possible to wind the coil on a lathe. The electro-

magnet core was placed on one of the vertical sides on a platform that was mounted

on a shaft and placed in a bearing to enable a 360° rotation to wind the coil by hand.

The electromagnet on the platform of the equipment used to wind the coil, is shown in

Figure 4.24.

Figure 4.24: Equipment used to wind the coil of the electromagnet

Non-grain orientated V470 silicon steel plates were punched at AMC in Germiston.

To lower the material cost, the u-shape was punched in 3 separate segments of 300 ×

0.5mm thickness plates each. As a continuous u-shape was expected, provision was

only made for fastening with a threaded rod and nuts at the top. When the silicon steel

plates arrived, clamps had to be designed to fasten the lower parts of the u-shape.

The steel shot was supplied by Blastrite. A 25kg S280 bag of spherical steel shot used
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as blasting abrasive was obtained with shot diameters ranging between 0.6 and 1mm.

The bulk weight of the steel shot is 4.164kg/`. The specifications of the steel shot is

very similar to the shot used by Geffroy et al [24].

The casting box was manufactured from 3mm thick 304 stainless steel (austenitic)

sheets. Five 150x150mm squares were purchased and welded together in the faculty

workshop. The welded areas were tested for magnetic properties. It was established

that the casting box was completely non-magnetic, as required. If a ferritic material

was used, the magnetic field in the steel shot would decrease as the ferritic material

would have a higher permeability causing the magnetic field to follow the path of

highest permeability rather than the steel shot mould which contains air gaps.

After assembly of the magnetic moulding setup, the flux density produced by the elec-

tromagnet was measured with a Gaussmeter. The casting box was filled with steel

shot and a measurement was taken in the middle of the casting box, 90mm deep. It

was important to orientate the probe perpendicular to the direction of the magnetic

field to ensure an accurate measurement. The average results are shown in Table 4.7

and graphically represented in Figure 4.25.

Table 4.7: Flux densities measured in the middle of a fully filled casting box at a depth
of 90mm at increasing currents

Current (A) Voltage (V) Flux Density (T)

1 5 0.006
2 10 0.013
3 16 0.016
4 20 0.022
5 26 0.027
6 32 0.035
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Figure 4.25: Line graph of the flux density measured as the current of the electromagnet
is increased

The maximum flux density of the designed electromagnet in this area, area 4, as deter-

mined trough FEMM, was 0.616T. There was therefore an immense difference between

the designed value and the actual value. The main reason for a 94% difference be-

tween the designed value and the actual value is the fact that not all losses of magnetic

flux were compensated for in the FEMM analysis. Furthermore, the complex geome-

try of the part and the limited capabilities of FEMM inhibits the accurate design of the

magnetic flux density.

Although the values of the electromagnet was not in the range of 0.1 to 0.5T, the cohe-

sion of the steel shot during application of the magnetic field, was more than sufficient.

In photos shown in Appendix C, the characteristics of the steel shot during magneti-

sation is shown. An object was placed in the steel shot whilst the magnetic field was

switched off. The magnetic field was then switched on and adjusted to various cur-

rents. The shape of the object remained in the magnetised steel shot.

The pattern was additive manufactured at the Vaal University of Technology with a
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Voxeljet VX500 jetting 3D-printer. The pattern model was converted to an STL file and

by means of jetting technology, the PMMA pattern material was selectively deposited

onto a bed to form a 3D-part. The complete pattern is shown in Figure 4.26. The

assembly of the feeding system and coating of the pattern was performed a day before

casting to prevent damage to the assembly and limit damage and cracks of the alumina

cement and refractory coating.

Figure 4.26: The additive manufactured PMMA valve body pattern showing the feed-
ing system mounting points and surface finish of the material

The configuration and implementation of the magnetic moulding process were based

on the assumption that the part would be cast at the mechanical engineering faculty

of the NWU. Although the 20kW induction furnace is specified to reach temperatures

above 1200 °C, the furnace took more than 8 hours to reach 700 °C. In order for the

ferro silicon (FeSi) to melt, 1600°C was required. Therefore, due to financial and time

constraints, the melting of the casting material had to be performed at a facility where

ductile iron can be cast at 1400°C.

The experimental setup and therefore the casting process had to be performed at a

facility with a laboratory-scale furnace capacity. The casting facility at the Council for

Scientific and Industrial Research (CSIR) has the capacity to perform small castings up

to 15kg. Foundries did not comply with the requirements of the experiment as much

larger volume melts are performed.
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It was estimated that 1172.65g ductile iron would be sufficient to cast the valve body,

however, more material was required due to the larger scale induction furnace that

was used. In order to sufficiently melt the material, the 15kg cupola requires more

than 1.172kg melt as communicated by Mr. Pierre Rossouw from CSIR. Furthermore,

pig iron is supplied in bricks that weigh between 4 and 7kg. The pig iron was very

difficult to separate into smaller pieces without proper equipment. It was therefore

concluded that one pig iron brick would be used to determine the composition of the

ductile iron melt.

The chemical composition of an ASTM A395 Grade 60-40-18 ductile iron was known

and the weight of the pig iron brick was 4.486kg. By means of iteration, the composi-

tion of the melt could be determined in an excel program with the goal seek function,

which was developed by a colleague [38]. The materials used to obtain ASTM A395

Grade 60-40-18 ductile iron and their respective weight contribution is shown in Table

4.8. The ideal composition and the calculated composition based on the weight of the

raw materials are shown in Table 4.9.

Table 4.8: The calculated weight contribution of raw materials, in the melt required to
obtain ASTM A395 Grade 60-40-18 ductile iron

Material Component Description Kg %

Base Materials: Pig Iron (F2) 4.32 95.4
FeSi (Low Al) 0.15 3.30

Noduliser: Elkem Elmag 7311 0.02 0.40

Inoculant: Elkem Zircinoc 0.04 0.90

Total: 4.53 100
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Table 4.9: The chemical composition of ideal ASTM A395 Grade 60-40-18 ductile iron
compared to the actual composition of the raw materials, as determined by the devel-
oped material analysis Excel program

Element Ideal Actual

C% 3.70 3.60
Si% 2.59 2.60
P% 0.04 0.04
Mn% 0.03 0.15
Cu% 0.00 0.00
Mg% 0.01 0.04
Cr% 0.00 0.00
S% 0.02 0.02
Ca% 0.01 0.00
Al% 0.02 0.00
Ba% 0.000 0.00
Sr% 0.000 0.00
Zr% 0.000 0.00
Fe% 92.36 93.55

4.3 Casting Procedure

The casting procedure and detail on each step was finalised prior to the stage where the

casting of the part was performed. Once the setup was complete, the general procedure

shown in Figure 4.27, was performed.
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3D Print PMMA Pattern

Filling of casting box with steel shot

Magnetised steel shot: Electromagnet ON

Casting

Cooling: Electromagnet OFF

De-moulded, finished component

Figure 4.27: The magnetic moulding casting procedure as modeled in SolidWorks

The procedure was executed once the safety hazards were identified and precautions

were implemented and followed. A list of safety hazards involved in the casting proce-

dure may be found in Appendix D. The correct safety equipment and Personal Protec-

tive Equipment (PPE) wear, was in place prior to the execution of the procedure. The
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minimum PPE required, included safety shoes, overalls, leather apron, leather gloves,

safety mask and goggles.

The pig iron brick was melted as is, as it could not be broken down into smaller parts

with the equipment available. The FeSi, noduliser and inoculant were hammered to

smaller fragments to increase the absorption of the materials in the melt. The raw

casting materials were then weighed and packaged in labelled containers before the

casting procedure was initiated.

The pattern and feeding system were prepared and complete before the casting proce-

dure was initiated. Two PMMA patterns were 3D-printed. The feeding system of one

of the patterns was attached with alumina cement and no refractory coating was ap-

plied as shown in Figure 4.28. The other pattern was coated with the refractory coating

prior to attaching the feeding system. During the coating of the pattern, no refractory

coating came in contact with the areas where the feeding of metal occurred.

Figure 4.28: The complete PMMA pattern with ceramic feeding system attached

The size of the casting facility did not allow for direct casting from the cupola of the in-

duction furnace. A ladle was therefore used to cast more accurately. The experimental

setup was much smaller in scale than what the facility is intended to accommodate.
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The melting procedure form part of the casting procedure and was initiated before the

casting procedure. The melting procedure was performed as follow:

1. A solid pig iron brick and FeSi fragments were placed in the cupola of the in-

duction furnace to initiate the melting process. The materials were heated up to

1600°C to ensure that the FeSi melts completely

2. The noduliser (Elmag) fragments were placed in the ladle.

3. Once the pig iron was completely melted and the temperature reached 1300°C,

the molten metal was cast into the ladle to absorb the noduliser and then it was

immediately cast back into the furnace cupola to reheat the mixed content.

4. When the molten metal was probed and a temperature of 1400°C was reached,

the molten metal from the cupola was cast into the ladle and immediately contin-

uously cast without any hesitation into one of the feeders of the pattern, whilst

simultaneously adding inoculant and the rest of the noduliser to the stream.

5. Casting stopped when molten metal was observed in the other feeder, which was

an indication of a possible full casting. This is shown in Figure 4.29.

Figure 4.29: A top view of the feeders, after molten metal was cast
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Steps from the melting procedure were performed during the casting procedure as

both procedures form part of the complete magnetic moulding casting process. The

casting procedure was executed in the following order and is illustrated in Figure 4.27.

1. After step 1 and 2 of the melting procedure was performed, the magnetic mould-

ing equipment was set up as shown in Figure 4.23.

2. A 1cm thick layer of steel shot was inserted into the casting box. The casting box

was shaken to level the contents.

3. The pattern was then positioned in the middle of the casting box, on top of the

levelled steel shot. The feeders and risers faced upwards.

4. Towel paper was carefully inserted into the openings of the feeding system to

prevent steel shot from entering the feeding system.

5. The casting box containing the pattern was then completely filled up with steel

shot. During the filling of the casting box, it was ensured that steel shot surrounds

all surfaces of the pattern, especially the fluid passageway of the valve pattern.

The pattern and feeding system was very fragile and therefore, the casting box

was not shaken after the casting box was full.

6. The power supply was switched on and the current adjusted to 5A. The magnetic

field was then tested with the Gaussmeter to ensure that the shot was magnetised.

7. It was determined that the shot was magnetised and the shot cover was placed

in position.

8. Step 3 to 5 of the melting procedure was then performed.

9. After 5 minutes, the magnetic field was switched off by adjusting the current to

0A and switching off the power supply.

10. The shot cover was removed and solidified metal was observed in the top layer

of the steel shot. Once the shot cover was removed, it was clear that the liquid
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metal observed in the other feeder was not due to a full casting, but rather liquid

metal leakage from the main feeder.

11. Once the metal in the feeders turned grey/blackish in colour, the casting box was

removed from the electromagnet. The casting box was tilted at a 45degree angle

in order to release the part from the loose steel shot. The casting box and steel

shot was still very hot.

12. The part was air cooled at room temperature.

The experiment failed to cast a complete valve body. Only a small amount of the liquid

metal reached the pattern. The remaining part of the pattern is shown in Figure 4.30.

Figure 4.30: A photo of the PMMA pattern after casting was performed

When the pattern was inspected after removal from the casting box, it was observed

that the PMMA was still very soft and viscous in the area near the feeder. The steel shot

attached to the hot pattern was in a tight packing arrangement, possibly indicating that

the magnetic field ensured sufficient cohesion of the mould. On the remaining part of

the pattern, the section of the top flange was no longer there and the part of the flange

where the feeder was situated, was no longer part of the pattern. These areas were the

areas that were cast.

In Figure 4.31 the part of the flange situated below the feeder can be observed. In

the encircled area, black steel shot spheres are noticed, indicating the carbon residue,
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possibly due to the degradation of the PMMA. The tight packing arrangement of the

steel shot can also be observed in Figure 4.31.

Figure 4.31: The PMMA pattern after casting, indicating the carbon residue due to the
degradation of the PMMA.

The small part of the metal that reached the pattern is shown in Figure 4.32. In the

photo on the right of Figure 4.32, a semi-circular path where the liquid metal degraded

the pattern to form part of the top flange, was noticed. The analysis of the cast part is

documented in the next section.

Figure 4.32: The result of the casting with the PMMA pattern indicating the part of the
top flange that was cast
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In order to evaluate the result of the casting, it was necessary to remove the alumina

feeder and ceramic sprue. The small part was then sectioned through the middle to

inspect the integrity of the part. Three sample areas were selected for microstructure

inspection. The areas are marked 1, 2 and 3 on the part shown in Figure 4.33.

Figure 4.33: The cast part after removal of the feeder and sprue, from different views,
indicating the positions of the sample areas

The samples from the sectioned cast part were mounted, polished and etched. Each

sample was then analysed under a microscope to investigate the microstructure. Etch-

ing was performed to reveal the ferrite in the microstructure. Although Nital indicates

the grain boundaries, nital is orientation sensitive and therefore, not all grain edges are

indicated. Picral was used to observe carbides and makes it easier to identify cemen-

tite. However, no significant difference between the observations of the microstructure

obtained from nital and pricral were observed. Therefore, only the nital micrographs

were used in the analysis of the material. The evaluation of the microstructure of the

samples and the results are discussed in Chapter 5.

Due to unsatisfactory results obtained in the casting with the PMMA pattern, a simple

casting was performed with an EPS pattern. A 100×100mm low density EPS pattern

with a 40mm thickness was wire-cut from an EPS block to serve as a pattern in the

experiment. High-density EPS will result in a better surface finish of a casting, but

for this experiment the focus was on the successful casting of a fully filled casting by
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means of the magnetic moulding process. The lower the density of the pattern, the

higher the chances of a completely filled casting.

In order to increase the chances of a fully filled casting, the EPS pattern was made

in two halves of which the material was slightly hollowed out. During casting there

was therefore less material to degrade, resulting in less carbon residue and increasing

the chances of a fully filled casting. The pattern prior to coating is shown in Figure

4.34. The wet, unfinished coated pattern is shown in Figure 4.35. Three layers of the

refractory coating was applied by means of dipping the pattern in the refractory slurry.

Figure 4.34: The hollowed out EPS pattern halves and the combined, glued pattern

Figure 4.35: The wet, refractory coated EPS pattern before the final layer was applied
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Casting of ductile iron at 1400°C was performed with the EPS pattern. The same melt-

ing and casting procedure was followed as with the casting with the PMMA pattern.

During casting of the liquid metal, the degradation of the EPS pattern caused flames

that continued to burn for a period after casting. In Figure 4.36 the casting of molten

metal and the flames may be observed. The result of the casting process is shown in

Figure 4.37.

Figure 4.36: The casting of ductile iron with the EPS pattern resulting in flames during
the pyrolysis of the pattern
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Figure 4.37: The cast part obtained with magnetic moulding, with the refractory coat-
ing still in place

In Figure 4.37, the coating is still intact. When the part was removed after casting,

the coating was undamaged. Small cracks were visible in the refractory coating. The

refractory coating was then removed to observe the cast part. The cast part without

the coating is shown in Figure 4.38.

Figure 4.38: The cast part after the removal of the refractory coating

The casting process where EPS was used as pattern material, was successful. A com-

pletely filled casting was obtained. The pyrolysis of the EPS was very fast as gasifica-

tion of the EPS resulted due to the high casting temperature.
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By visual inspection, the surface finish was very rough and the shape of the EPS beads

was clear. However, the visibility of the bead shapes indicates the dimensional accu-

racy of the casting with the refractory coating. If a high-quality pattern was used, the

dimensional quality of the surface finish would be immaculate.

The cast part was cut into two halves to investigate the integrity of the part. No defects

were observed on the plane of the section, as shown in Figure 4.39. No graphite flota-

tion was observed. The section where the part was cut in half, had a dull grey colour,

which was a possible indication of grey cast iron. The part was easy to machine.

Figure 4.39: The cast part with the feeder and sprue removed and sectioned in two
halves

The coating was easy to remove from the cast part. The inner layer of the coating

which was in contact with the molten metal, was covered in black powder, which is the

carbon residue formed by the pyrolysis of the EPS. The layer thickness of the coating

was measured to be 2.8mm on average. The layer thickness was not very consistent.

The thickness of the coating contributed to the high level of carbon residue observed.

The coating layer was 1.3mm thicker than the suggested coating layer thickness of

1.5mm. The correct coating thickness would be more permeable, allowing the gaseous

product to escape during casting. A photo of the coating and the carbon residue on the

inner layer is shown in Figure 4.40.
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Figure 4.40: Photo of the inner layer of the refractory coating after casting indicating
carbon residue due to pyrolysis of the EPS pattern

The absence of risers also contributed to the level of carbon residue. Impurities were

observed near the top surface of the cast part. As metal was poured into the feeder,

the impurities were entrapped and forced to the top of the casting. The impurities are

shown in Figure 4.41.

Figure 4.41: The impurities observed in the casting due to entrapment

Tension-test specimens and Charpy-test specimens were machined from the square

cast part. A material sample of the cast part was obtained just below the sprue, in the

middle of the casting. The material sample was used to investigate the microstructure

and identify the material type as discussed in the next chapter.
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Results and Evaluation

The evaluation of the casting results is documented in this chapter. Evaluation of micrographs

obtained from material samples was used to determine the success of the material casting. Vi-

sual inspection and evaluation of tests performed on the mechanical properties of the castings

performed with the EPS pattern, contributes to determining the overall feasibility of the mag-

netic moulding casting process.

5.1 Evaluation of PMMA Pattern Casting Results

5.1.1 Sample 1: From Feeder

Sample 1 is a section from the metal that solidified in the feeder of the casting with the

PMMA pattern. Cast iron with impurities was expected in this sample. The aim of the

microstructural analysis was purely to determine the type of cast iron that was cast.

The microstructure of sample 1, under magnification, is shown in Figure 5.1.
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Figure 5.1: Microstructure of Sample 1 under different magnifications indicating the
difference between no treatment and etching with 2% nital

When the sample was untreated, it was observed that the majority of the microstruc-

ture formed vermicular shaped, compacted graphite and only a few degenerate graphite

nodules. The formation of vermicular shaped graphite is an indication of insufficient

magnesium, leading to the formation of grey cast iron instead of ductile iron.

After etching with 2% nital, ferrite became visible and the spheroids were more promi-

nent. Star-like dark structures with dendrites were observed and were identified as

integrated graphite nodules surrounded by ferrite. The grain boundaries were very
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clear after etching. The ferrite and graphite nodules are indicated in the micrograph

shown in Figure 5.2.

Figure 5.2: Microstructure of Sample 1 indicating ferrite and graphite structures

The formation of grey cast iron may be expected as it is the part of the casting that

remains at a high temperature for the duration of the casting process. It should, how-

ever, be considered that the metal in the sprue and feeder will be removed from the

final casting, and therefore a compacted graphite microstructure is not problematic

given the position of the sample.

5.1.2 Sample 2: From Sprue

This sample is a section from the material that solidified just below the sprue. This

area is the first contact area where molten metal reaches the PMMA pattern. The mi-

crostructure is shown under different magnifications and treatments in Figure 5.3.
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Figure 5.3: Microstructure of Sample 2 under different magnifications indicating the
difference between no treatment and etching with 2% nital

The amount of compacted graphite observed is considerably lower in this sample. A

significant increase in the number of nodules was observed in Sample 2, which allows

this to be classified as ductile cast iron.
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5.1.3 Sample 3: From cast metal in contact with Steel Shot

Sample 3 is a section of the cast material that was in contact with the steel shot. It is the

section of the casting that included the side flange. The microstructure in the middle

of the sample is shown under different magnifications and treatments in Figure 5.4.

Figure 5.4: Microstructure of Sample 3 under different magnifications and treatments
indicating the difference between no treatment and etching with 2% nital

A high number of nodules was visible in sample 3, indicating ductile iron. It was in-

teresting to observe ferrite in the eutectic state. In Figure 5.5 parts of the steel shot
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impregnated in the cast metal is shown. From observation, the steel shot was sur-

rounded by a black powder. The black areas between the cast metal and the steel shot

were therefore, identified as carbon residue due to the pyrolysis of the PMMA.

Figure 5.5: Micrograph indicating the microstructure of Sample 3 with steel shot
spheres impregnated in cast metal

5.1.4 Summary

The use of a PMMA pattern in the casting of a valve body with the magnetic moulding

process was unsuccessful. The casting result was not sufficient to evaluate the feasi-

bility of the process. The following factors were identified as possible causes of an

unsuccessful casting:

• Poor feeding of casting material: Feeding system not functioning properly.

• Insufficient cohesion of mould material: The Curie temperature of the steel shot

was reached which causes the steel shot to lose its magnetic properties.

• Too high pouring rate: Pattern not able to degrade fast enough.
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• Too low casting temperature: Temperature not high enough to degrade pattern

material efficiently.

• Low thermal conductivity of 3D-printed PMMA: The low rate of thermal destruc-

tion of 3D-printed PMMA in combination with the high pouring rate and fluidity

of the liquid metal causes the liquid metal to seep through the steel shot mould

rather than degrading the pattern.

The feeding system did allow sufficient flow in order for the metal to penetrate the

pattern. However, the liquid metal did not follow the path of the pattern, but seeped

into the steel shot and formed a layer of metal on the steel shot surface.

The temperature of the mould during casting was not measured and therefore, there

was no way to determine whether the Curie temperature of the steel shot was reached.

It may be assumed that due to the high pouring temperature of 1400°C, it was possible

that the Curie temperature was reached. However, inspection of the part of the pattern

that was penetrated by the liquid metal during casting, showed that the packing of the

steel shot was dense, indicating no lack in cohesion of the mould.

If a refractory coating was applied, it might have increased the possibility of a fuller

casting by aiding in directing the liquid metal in the pattern and preventing leakage.

However, it was suspected that a refractory coating would not have ensured a success-

ful casting since the problem experienced with the PMMA pattern would have caused

back-flow of the molten metal and prevented further pouring of metal because the

pattern could not degrade fast enough at the pouring rate.

When casting molten metal manually, it is difficult to control the pouring rate. The

factor of a too high pouring rate should not be a problem. It is necessary to cast the

metal at a high pouring rate to prevent defects such as cold shuts. A slower pouring

rate may cause the liquid metal to cool faster, resulting in lower fluidity and decreasing

the effectiveness of casting. If fluidity is too low due to the low temperature of the

liquid metal, the metal may solidify in the feeding system or in areas with small section

thicknesses.
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An even higher casting temperature may result in the faster degradation of the PMMA

pattern, perhaps even gassification of the pattern. It is, however, not a viable solution

to the problem experienced with the slow rate of degradation of the pattern. A casting

temperature above 1400°C will result in the loss of magnesium and therefore the loss

of graphite nodules, which will imply that ductile iron will not be cast. Furthermore,

the advantage of cast irons is the fact that casting may be performed at much lower

temperatures than steels. If the casting temperature increases, the cost of the casting

increases and the advantage of lower casting temperatures is lost.

Additive manufactured PMMA has not been used in the lost-foam casting process or

the magnetic moulding casting process before. All possible causes of an unsuccessful

casting may be connected to the slow rate of degradation of the PMMA pattern in 3D-

printed form. Even though the thermal conductivity of PMMA is slightly higher than

that of EPS, the problem lies with the high bulk density of the printed PMMA. If the

bulk density can be lowered to the range of EPS, which is 24kg/m3, the casting issues

experienced in this procedure may be eliminated.

The increase in the number of nodules observed in Sample 2 and 3 when compared

to sample 1, may be due to the fact that the part of the casting where sample 2 and

3 were obtained were in contact with the steel shot. The increased cooling rate may

have lead to grain refinement, resulting in the increase in the number of nodules in the

casting. However, the vermicular graphite structure observed in sample 1 may also be

contributed to the slower cooling rate in the feeder because the feeder was a hotspot

throughout the casting process.

The direct influence of steel shot due to its close proximity to the cast material did not

result in a change in microstructure. The microstructure did not change from the edge

where the material was in contact with steel shot to the middle of sample 3.

The casting material obtained from the casting with the PMMA pattern presented non-

homogeneous microstructures. Due to the high concentration of nodular graphite ob-

served, the material may be classified as low-quality ductile iron. The casting process
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was, therefore, successful in obtaining ductile iron. With experience and small adjust-

ments in the melting and casting procedure, the quality of the ductile iron may be

increased.

The evaluation of the results of the casting obtained with the EPS pattern is presented

in the next section.

5.2 Evaluation of EPS Pattern Casting Results

5.2.1 Microstructure

In order to accurately evaluate the mechanical properties of the samples obtained from

the casting with the EPS pattern, the material had to be identified. The mechanical

properties of ductile iron greatly depend on the microstructure.

A material sample was obtained from the middle of the casting, just below the sprue.

The microstructure of the sample is shown in Figure 5.6.
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Figure 5.6: Microstructure of a material sample obtained from casting with EPS pat-
tern, under different magnifications indicating the difference between no treatment
and etching with 2% nital

Even without etching, a large number of nodules were observed. The effect of the nital

etching was very evident in the micrographs of Figure 5.6. The ferrite surrounding

the graphite nodules were clearly observed. A ferrite-pearlite matrix structure was

identified, which implies that mechanical properties of both a ferritic and a pearlitic

matrix structure was expected.
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5.2.2 Tensile-Tests

Five standard tensile-test specimens were tension tested to obtain an average ultimate

tensile strength and yield strength. Once the tensile strength was known, it could be

compared with the values of the intended casting material properties. The ultimate

tensile strength of an ASTM A395 Grade 60-40-18, is 414MPa. The tension-test results

of the 5 specimens are graphically represented in Figure 5.8 and numerical values are

tabulated in Table 5.1.

Figure 5.7: A line graph of the tensile strength versus the elongation of five tensile test
specimens

Table 5.1: The tensile strength of five tension test specimens obtained from the casting
with the EPS pattern

Specimen Tensile
Load [kN]

Ultimate
Tensile
Strength [MPa]

Yield Load [kN] Yield Strength
[MPa]

1 24.636 387.253 20.718 325.674
2 25.933 407.641 21.502 337.995
3 24.182 380.117 20.707 325.489
4 24.879 391.073 20.930 328.993
5 24.289 381.799 20.783 326.694

Average: 24.783 389.577 20.928 328.969
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From Table 5.1 it was observed that the cast material had an ultimate tensile strength

that was 25MPa lower than the specified material strength. The average value of the

yield strength was very close to the value of the ultimate tensile strength. It was inter-

esting to notice that although the ultimate tensile strength was lower than the specifi-

cation of the material, the yield strength of the cast sample was higher than the yield

strength of the required material.

Figure 5.8: Photo of the test specimens after tension tests were performed

From the evaluation of the microstructure, it was concluded that a ferritic-pearlitic

matrix structure of ductile iron was obtained during casting. The quality of the ductile

iron nodules were therefore not sufficient to qualify as an A395 Grade 60-40-18. With

the results of the tension tests, it was established that a slightly lower grade ductile

iron was obtained.

5.2.3 Charpy V-Notch Tests

Three standard Charpy V-Notch test specimens were used to perform Charpy impact

tests at room temperature (20°C). The results were compared to the typical impact
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energy absorbed by ductile iron specimens with different matrix structures. The graph

shown in Figure 5.9 was obtained in Volume 15 of the ASM Handbook, [13].

Figure 5.9: Charpy V-notch impact energy absorbed by ductile iron specimens with
different matrix structures.

The average impact energy absorbed by the specimens were 6J. When the energy value

and the temperature was plotted on the graph, as indicated with the dashed lines,

it was observed that the energy absorbed conforms with ductile iron with a pearlite

content just above 35%.

The fracture surface indicated a brittle fracture at a low impact energy. No deformation

of the specimen was observed, except at the fracture surface. In Figure 5.10 the surface

of one of the specimens is shown. All three specimens showed similar fracture surfaces.

Figure 5.11 is a representation of the specimen after the Charpy test was performed.
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Figure 5.10: The brittle fracture surface of the fracture test performed on the material
sample of the casting performed with the EPS pattern

Figure 5.11: The fractured specimen indicating the line of fracture

5.2.4 Hardness

Brinell hardness tests were performed on the same specimens used for the Charpy

tests. A 10mm steel ball was used with a load(P) of 1000kg. All three samples had the

same diameter indent d. The hardness number was then determined as follows:
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BHN =
P

(
πD

2
)(D−
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D2 − d2)

=
1000

(
π10

2
)(10−

√
102 − 2.72)

∴ BHN = 171.4 (5.1)

The value obtained from the hardness tests is well within range of the hardness speci-

fied for A395 Grade 60-40-18 which has a BHN between 143 and 187.

5.2.5 Summary

The casting obtained with the EPS pattern may be classified as a successful casting for

the purpose of this investigation. A fully filled casting consisting of the desired cast

iron type was cast with the magnetic moulding process.

Ductile iron with a ferritic-pearlitic matrix structure was cast. The results obtained

from the Charpy impact tests supported this observation by indicating the possibility

of a 35% pearlitic matrix structure. Although the majority of the microstructure is

ferritic, the presence of pearlite influences the mechanical properties obtained.

The ultimate tensile strength of the cast material was 25MPa lower than desired. The

presence of pearlite increases the hardness and decreases the ductility of ductile iron.

The observation of a lower tensile strength may be the result of the percentage pearlite

present in the matrix structure causing the material to break easier under tension. The

effect of pearlite is also evident in the brittle fracture and low impact energy absorbed

in the Charpy tests. The high yield strength obtained is desirable and the high ferrite

content of the matrix structure contributes to a higher yield strength.

The refractory coating contributed to a dimensionally accurate casting. It also pre-

vented shot-to-metal contact which eliminates the need for finishing processes. The

refractory coating does, however, limit the capabilities of the magnetic moulding pro-

cess. To a certain extent, the refractory coating becomes the mould material and the

steel shot serves as support material. The refractory coating creates a thermal barrier

that inhibits the full utilisation of thermal characteristics that a steel shot mould offers.
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The use of an EPS pattern significantly increases the ease of casting. The rate of pyrol-

ysis is significantly faster when compared to the PMMA pattern. In the evaluation of

the microstructure and the mechanical properties of the cast material, no particular in-

fluence of the EPS pattern was noticed when compared to the casting with the PMMA

pattern.
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Chapter 6

Summary, Conclusion and

Recommendations

In this final chapter, a concise summary of the preceding chapters is provided. In the conclusion,

the outcome of the feasibility of the magnetic moulding process is discussed and recommenda-

tions for future studies are presented in the last section of this chapter.

6.1 Summary

In Chapter 1, background on the current status of valve manufacturing and impeding

factors experienced in the foundry industry was briefly discussed. Locally manufac-

tured valves are up to 60% more expensive than imported valves due to inefficient

manufacturing methods.

Manufacturing processes are placed under scrutiny in Chapter 2 to find methods to use

less material, increase the efficiency of production and improve manufacturing tech-

niques to lower the cost of locally manufactured products. The magnetic moulding
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process is an extension of the lost-foam casting process and was selected as manu-

facturing method to establish the feasibility of the application of this method on the

casting of a ductile iron valve.

Chapter 3 builds on the literature presented in the previous chapter. Elements of the

magnetic moulding process as part of the lost-foam process are discussed in detail and

establish the foundation of the process configuration.

The principles introduced in Chapter 3 were implemented in the configuration of the

experimental setup in Chapter 4. Simulations performed in FEMM were used to design

the electromagnet with specifications to ensure the sufficient cohesion of the mould

material. The casting procedure and execution of the casting process are documented

within this chapter which leads to the evaluation and discussion of the results.

The results of the castings performed for both the PMMA and EPS pattern were eval-

uated by means of microstructure analysis and mechanical testing in Chapter 5. The

problem experienced with the thermal degradation of the PMMA pattern was sum-

marised. Finally, the evaluation of the results leads to the conclusion where the feasi-

bility of the magnetic moulding process is established and recommendations are pro-

posed for future studies.

6.2 Conclusion

In the process of investigating possible methods to decrease the cost of valve bodies,

the magnetic moulding process was identified. The potential of the process attributes

to positively enhance the lost-foam manufacturing technique, was argued.

The complexity of the design of valve bodies, requires considerable effort to design

and manufacture a mould with an efficient feeding system in traditional manufactur-

ing methods. With the magnetic moulding process, the mould design and manufactur-

ing step are bypassed by this process. Unlike traditional processes where sand is used
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as mould material, magnetised steel shot has sufficient cohesion to enable the possibil-

ity of multiple orientations of casting positions. The absence of split lines eliminates

defects associated with split lines and reduces finishing operations. It is true that steel

shot is more expensive than sand used in the traditional lost-foam casting processes,

but it comes with the benefits of casting flexibility and quality. When the cost of steel

shot is compared to the cost of mould manufacturing equipment and the cost of the

die material and design, steel shot is considerably more economical over the process

life-cycle. As with sand casting and lost foam-casting, the mould material of magnetic

moulding may be recycled and re-used.

The greatest attribute of this process is the ability to vary and control the microstructure

of the casting material. With the magnetic moulding process, fine-grained materials

may be utilised to adjust the cooling rate in various sections of the casting. Ductile

iron was cast with ease with acceptable material properties. Due to the high thermal

conductivity of the steel shot, the rate of cooling was favourable to the development of

ductile iron.

The implication of the ability to control the microstructure of materials is the fact that

castings with improved mechanical properties may be cast with this method. The in-

crease in the mechanical properties may lead to a decrease in material usage. The

section sizes may be decreased as the material properties increase.

The control of the microstructure which leads to desirable mechanical properties may

result in higher quality castings with fewer defects. This implies that the yield of suc-

cessful castings is higher, which also reduces material and energy costs.

Currently, the additive manufacturing of a PMMA pattern is not a viable option. The

high bulk density of the additive manufactured pattern in combination with the low

thermal diffusivity of PMMA contributes to the slow rate of thermal degradation of

the pattern.

When considering high production volumes, additive manufacturing of patterns is

uneconomical. The equipment costs, material costs, manufacturing costs and manu-
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facturing hours will significantly increase the cost of manufactured products. Additive

manufacturing cannot yet compete with the speed of contemporary machining equip-

ment.

The magnetic moulding process may be fully automated which may significantly re-

duce labour costs and increase production volume. However, the industrialisation of

the process is questionable. The up-scaling and implementation of an electromagnet

suitable for a tree of castings may be very unpractical. The weight of the casting box

with the steel shot and the cast components may require specialised machinery for

shakeout during de-moulding. A larger electromagnet will require a stronger mag-

netic flux density. In a factory setup, the influence of a large-scale magnetic field may

be dangerous and may complicate the process design. However, it is possible to con-

struct electromagnetic shielding.

The cost of locally manufactured products may be reduced with the magnetic mould-

ing process by:

• reducing the lead time by elimination of the mould design and manufacturing

stage.

• reducing lead time by reducing finishing processes due to the absence of split

lines.

• eliminating moulding equipment and maintenance on moulding machinery and

dies.

• reduce material costs by reducing defects and giving rise to the possibility to

enhance the material microstructure which leads to increased mechanical prop-

erties.

• full automation resulting in a substantial decrease in labour costs and increase in

production volume.

• ease and simplicity of de-moulding increases the production rate.
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Ultimately, the magnetic moulding casting process is a feasible manufacturing method

with the potential to increase the affordability of locally manufactured valves if a low-

density pattern material, such as EPS, is used. The magnetic moulding casting process

is a viable manufacturing method with a vast amount of opportunities to increase the

competitiveness of local manufacturing.

6.3 Recommendations

Various methods may be implemented to improve the magnetic moulding process.

Lack of scientific information on aspects such as the mould material and heat trans-

fer of the process, inhibits the development of this process. The magnetic moulding

process has the potential to permit the casting of specialised parts requiring a specific

microstructure which may not be obtained by any other manufacturing method.

The mould material which is comprised of steel shot and air is undefined in casting

simulation packages. If the mould material can be simulated in software packages such

as MAGMASoft®, it will significantly contribute to the development of microstructural

design.

The calculation and simulation of the thermodynamic behaviour of the steel shot dur-

ing the casting process will considerably increase the understanding of the cooling rate

of the cast material. If the effect of the thermal conductivity of the spheres as mould

material on the casting is understood, the optimal size and quantity steel shot can be

determined to ensure the optimal cooling rate to obtain the desired microstructure and

therefore the desired mechanical properties.

Spheres with a variation in diameter may strategically be positioned in areas to in-

crease or decrease the cooling rate and therefore ”design” of the microstructure may

become possible. The use of other materials may be investigated to determine the effect

on the cooling rate in the problem areas of castings.
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The possibility to control the microstructure provides the opportunity for the develop-

ment of shape-memory materials. By controling the cooling rate of the cast material,

different phases may coexist in the same part, which may result in shape-memory char-

acteristics.

Exploration and investigation of additive manufacturing technologies and materials

may lead to a viable alternative to lost-foam patterns. It is recommended that patterns

be printed with less filling material to obtain a lower density pattern. Less material

will decrease the material cost and the printing time, resulting in lower overall costs. It

may also contribute to a more successful casting as there is less material to decompose

and less carbon residue to be formed.

The influence of the orientation and direction of 3D-printing on the thermal degrada-

tion of a 3D-printed material, may be investigated. Directional solidification may be

manipulated with alignment of the 3D-printing direction with the pouring direction.

Various 3D-printing methods of deposition may increase the strength of the pattern

in a specific direction. The ease of thermal degradation may be increased if the direc-

tion of 3D-printing is orientated in such a way that the strength of the pattern is low

enough to speed up thermal degradation, but strong enough to avoid the collapse of

the pattern. A skeleton, hollow 3D-printed part may increase the efficiency of thermal

degradation and lead to less carbon residue.

A MMC may be obtained with specialised additive manufactured materials. The de-

sign of the casting material may include the absorption of fibres embedded in the ad-

ditive manufacturing material during the thermal degradation of the pattern.

The Replicast manufacturing method where EPS patterns are melted out prior to cast-

ing may also be applied to the magnetic moulding process. By melting out the foam

pattern prior to casting, carbon residue is reduced. It was observed that the cohesion of

the magnetic mould is sufficient to maintain a geometry over a period of time, without

a pattern.
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Appendix A

Cast Irons

The spesifications, applications and characteristics of variouse cast irons [16].
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Figure A.1: Specifications and characteristics associated with cast irons
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Appendix B

Electromagnet Drawings
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Appendix C

Steel Shot Characteristics

The steel shot cohesion increase with an increase in current. There is a drastic increase

in cohesion from 3A to 4A. A teflon cup was placed in the steel shot and the magnetic

field was switched on. The electromagnet was then adjusted to a specific current and

a photo of the steel shot behaviour was taken. In Figure C.1 the position of the cup

is shown. A steel ruler was place in the steel shot and removed slowly to observe the

behaviour of the steel shot.

Figure C.1: Position of teflon cup placed in steel shot
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Safety

Electrical Shock 

HAZARD PRECAUTION 

The copper coil is covered in a thin layer of 

isolation material which can handle temperatures 

up to 160℃. The isolation layer may easily be 

damaged by sharp edges or objects. Damage of 

the isolation layer may cause a short within the 

circuit. If a person is in contact with the wire or 

the electromagnet, the person may complete the 

circuit and suffer an electrical shock.  

Due to the low melting temperature of the 

isolation material, the isolation material may 

melt due to high temperatures. High temperature 

may be caused by currents exceeding the 

maximum capacity of the copper wire. High 

temperatures may also be caused by other 

sources such as molten metal. Once the isolation 

layer melts, the wires of the coil will come into 

direct contact with one another and also cause an 

electrical short within the circuit. 

The isolation layer at the ends of the coil is 

removed to ensure contact with the alligator 

clips. If the power supply is switched on and a 

person is in contact with the uninsulated wire, a 

short may occur. 

- Prior to handling any part of the 

electromagnet, test for shorts within the 

circuit. 

- As a general rule, do not touch any part 

of the electromagnet while the power 

supply is switched on. 

- Never exceed a maximum current of 6A 

for longer than 60 seconds. 

- Ensure that air flow over one side of the 

coil is never obstructed. 

- Keep heat sources away from the copper 

coil as far as possible. 

- If heat sources are placed in close 

proximity of the coil and cannot be 

prevented, use a fan to cool the coil or 

lower the room temperature if possible 

by means of air ventilation or air 

conditioning. 

- Do not touch the ends of the coil if the 

power supply is switched on. 

 

Heavy Objects 

HAZARD PRECAUTION 

The electromagnet and coil weigh 30kg. If 

dropped or if the electromagnet falls it may cause 

severe damage to human limbs and other objects 

in the environment it is in.  

- Care should be taken whilst handling the 

electromagnet to prevent injury or 

damage to property. 

- No person with back or knee injuries 

should carry the electromagnet. 

- Ensure that there are no obstacles in the 

way if the electromagnet is carried to 

another position.  

- Do not place electromagnet close to an 

edge where it may fall off or be caused 
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 to fall due to vibrations of other machines.  

  

Cuts  
HAZARD  PRECAUTION  

The electromagnet consists of 300 0.5mm silicon 

steel plates stacked together in a U-shape. The 

square edges of the electromagnet are very sharp 

and may cause severe cuts and bruising.   

- Use protective gloves when handling the 

electromagnet.  

- Avoid touching the edges of the 

electromagnet.  

  

  

Burns  
HAZARD  PRECAUTION  

The ductile cast iron will be cast at 1400℃  which 

is well above most material melting points. The 

molten metal itself is a burning hazard, but the 

radiation of the molten metal and the heat of the 

furnace itself should also be considered. Once the 

metal is cast, the mould material temperature will 

also remain high as well as the temperature of the 

casting box.  

- Always wear protective clothing when 

handling the molten metal.  

- Always ensure that protective trousers 

cover shoes, in order to prevent molten 

metal entering the shoe at the ankles.  

- Always use a ladle with an extension of 

at least 500mm.  

  

Fumes  

HAZARD  PRECAUTION  

The molten metal will cause the gasification of 

the PMMA pattern. The degradation of the 

PMMA will result in carbon dioxide fumes with 

a strong, unpleasant smell. It is not listed as a 

toxic material, but precautionary steps will 

ensure the health of persons in contact with the 

fumes.   

- Ensure that the room where casting takes 

place is well ventilated.  

- Wear a gas mask to prevent inhalation of 

fumes.  
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