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ABSTRACT 

Additive manufacturing has a great potential to benefit die manufacture by shortening the 

lead time considerably and lifting the limitations on design complexity imposed by 

conventional manufacturing techniques. However, AM has its own requirements that 

together are known as Design for Additive Manufacturing and account for the process 

limitations. One of the significant requirements is mass efficiency of the design (it should 

be as light as possible). If it’s not fulfilled, AM won’t be able to make an economical 

solution or substitution despite having outstanding benefits. The present investigation has 

been framed with respect to such concern. 

This investigation attempts to draw a comparison between the performance of two design 

variants. Additionally, it has been tried to study the employed method, document 

implementation of the approach, and identify the challenges in accordance with design for 

additive manufacturing. 

Simulation of thermal stresses generated in die inserts for a given component during one 

cycle of high pressure die casting is presented. Initial design of the die inserts is subjected 

to redesign with the intention of mass reduction by incorporating honeycomb structure. 

Temperature evolution and resultant thermal stresses are analyzed for redesign and 

compared to those of original design.  

Simulation of high pressure die casting was carried out in MagmaSoft to obtain 

temperature history of die inserts and cast. Implicit nonlinear elastic fully coupled thermal 

displacement model was setup in Abaqus in which Magma results were used as input for 

stress calculation. 

Results show that according to our specific design, HPDC die with thin walled feature 

cannot withstand the thermal and mechanical load. However, with iterative analysis and 

proper topology optimization, a lightweight complex geometry die can be successfully 

made.
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SUMMARY 

The estimation of die stresses is perhaps the most critical step in the process of designing 

a casting die for components. Die casting can be broadly classified as High pressure die 

casting and Low pressure die casting. During HPDC process, the die goes through high 

temperatures and high pressures. The stresses produced during this need to be measured 

so that its effect on the die during back to back production cycles can be understood. A 

damaged die would result in numerous castings having defects. There are various 

parameters that affect the generated stresses, which are listed in this paper and the values 

of which need to be tweaked and adjusted to get maximum casting quality and to ensure 

good die life.  

Die designers use their experience along with general rules that applies to die design to 

make efficient dies. As this process of designing a die and machining it out conventionally 

asks for a long lead-time until the first die can be produced, alternative ways with added 

benefits need to be thought about. The use of additive manufacturing for the manufacture 

of dies is a feasible option, if the die produced using AM can withstand the casting process. 

We have designed a light die comprising of thin walled and thicker sections, which is similar 

to designs for additive manufacturing. Our aim is to study the performance of this die 

compared to the conventional die. This is verified in this study by carrying out structural 

analysis of the die using simulations in a CAE software. 

In this thesis, we propose a way to find the thermal and mechanical stresses evolved in the 

die by mapping results from a casting simulation software to a CAE software and 

comparing the heat dissipation and stress generated. A comparison of the cast and die 

behavior of the new design is done during the cycle, which helps to determine the locations 

and magnitudes of high stresses in the die. A comparison is shown between the 

performance of both the dies during the process. 

 

Keywords: HPDC, Additive manufacturing, MAGMA simulation, Structural analysis, 

Casting Dies, ABAQUS simulation, Expansion, Die Life, HTC, Cooling Curves 
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1. INTRODUCTION 

Presented work is part of an attempt to fulfill the degree requirements for Master of 

Science in Product Development and Materials Engineering. The topic is related to die 

insert manufacture for high pressure die casting. Focus will be on designing a mold insert 

which is optimized for manufacturing by Selective Laser Melting (SLM) with regard to 

limitations and capabilities of the additive manufacturing technique.  

1.1 Background 

Additive manufacturing involves layer by layer addition of material onto a substrate to 

create parts of desired shapes. This method was developed in 1980s, and ever since has 

been widely but mainly used for rapid prototyping. Despite huge advancements which have 

been brought into the field during years, additive manufacturing cannot compete with 

conventional manufacturing techniques like injection molding and high pressure die 

casting for medium and large volume productions. The reason lies in high cost for initial 

setup, expensive material, and slow processing time for building each component up layer 

by layer. These, keep additive manufacturing mostly suitable for application areas in 

prototyping and low volume production, where taking advantage of injection molding or 

high pressure die casting is not economical because of very high cost of mold design and 

manufacture [1] [2].  

However, in recent years additive manufacturing has drawn lots of attention for mass 

customization. It is finding its way towards, if not to say becoming a mass manufacturing 

technique in near future, but a strong supplement for existing techniques imparting 

outstanding capabilities. Researches done in the recent years helped to study different AM 

process parameters like build direction, part orientation, heat source power and their 

effects on component quality. With more in-depth knowledge about involving parameters 

in AM, and thus pinpointing special considerations which should be accounted for during 

design phase, there will be a rapidly growing chance for its adaptation into mainstream 

industries [3].  

Since AM does not follow the machining and material removal processes involved in 

subtractive manufacturing methods, it opens possibilities for design freedom. Without 

having to be constrained by conventional concepts of “Design for Manufacturing” and 

“Design for Assembly”, a new platform for using the best possible design alternative 
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emerges. This allows designers to let pure creativity rules the design process rather than 

considerations for post machining and assembly. Therefore, manufacturing of complex 

shapes, which have been nearly impossible due to lack of space for further machining or 

inaccessible angels for tooling, can be readily achieved as AM utilizes no mold and tool. 

One of the industries, which has successfully adopted additive manufacturing, is injection 

molding. One benefit of using AM in mold manufacture for injection molding is 

incorporation of conformal cooling channels, which otherwise would have been 

impossible by deep drilling and CNC machining. Conformal cooling channels follow 

contour of the component close to the internal surface of core and cavity. They can reach 

hot spots in the mold and therefore make the cooling process very efficient and uniform. 

This has resulted in improved part quality and reduced cycle time as much as 50%. Another 

advantage is direct production of parts without need to invest injection molding tools. The 

very first batch of products are Additive manufactured without ordering a mold upfront. 

After receiving feedback from customers and fixing the design, production is scaled up for 

mass production. Molding by AM has significantly lower lead time than conventional 

method of CNC machining and EDM [4]. This is the main drive behind the attempts to 

adopt it into stamping tools for sheet metal forming for automotive industry or die inserts 

for high pressure die casting. Rather high cost of tooling with AM can be offset by early 

production or optimal design for AM tooling [4] [5] [6].  

In general, it can be said that additive manufacturing should be used in manufacturing the 

parts and assemblies where freedom in design creates added value, thereby justifying 

additional cost of the process. Advantages of AM can be summarized as below: 

- Large freedom in design 

- Integration of functions 

- Reduction of tooling  

- Agile manufacturing operation  

- Reduction in inventory 

- Decentralized manufacturing  

- Part consolidation  

- Light weight  

- Lattice structure  
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Alongside above-mentioned benefits of AM there is a challenge which needs to be 

overcome if AM capacity is to be exploited to the fullest. It is the necessity of new approach 

for design thinking, which needs redefined design guidelines. As of now, such design rules 

are sparse and scattered among literatures limited to case studies which only relate to 

specific combination of AM process and material. An example to this is “Design 

Guidelines for Laser AM of TiAl6V4” by Kranz et al. [7] Important design parameters 

include design features like reduced over hangs, optimum part orientation and optimum 

mass, because the larger the mass, the longer the printing process which means higher 

overall cost.  These objectives are achieved by three design strategies:  

- Density graded structures 

- Topological optimized dense structures 

- Lattice structures, Honeycombs 

Or combination of all three.  

Lack of database and unfamiliarity of designers to new design thinking and strategies leave 

them in a shadow of uncertainty about know-how of the process.  This, subsequently, 

keeps molders and tool makers from switching from traditional manufacturing to AM 

despite all proven benefits of the technique [8] [9].   

This work, in line with above discussion, tries to engage with the challenge in front of 

additive manufacturing for tooling with the aim of developing clearer insight for entire tool 

design process. It involves redesign of a HPDC mold which is light-weighted and will not 

get damaged under the cycle conditions.  

1.2 Purpose 

The research question for the thesis is formulated as: 

     “Can a lightweight HPDC die with thin/walled features withstand the thermal and 

mechanical loads that act on it during the casting cycle? “ 

When it comes to manufacture of die inserts for HPDC, it must be ensured that mechanical 

and thermal stresses generated in each cycle is withstood by the die. Likewise, cooling of 

the cast component inside and the mold itself must be carried out efficiently and uniformly. 

Furthermore, there needs to be provisions for conformal cooling channels, ejector pins, 

and in and out gates for the flow of the melt into the die. So that, the ultimate goal of the 
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work is to develop a design which incorporates all stated features in such a way that not 

only contains minimized mass and volume but also guarantees no plastic deformation in 

the die as a result of mechanical and thermal stresses during operation. The paper discusses 

the important factors that are needed to be taken into consideration during the design and 

manufacture of such a die. It also shows the results of FEM for thermal and mechanical 

analysis done on a conventional die and the die made using AM and shows relevant 

comparisons.  

1.3 Delimitations  

It should be stated that reduced mass affects thermal flow and consequently filling 

behavior of the cast. Therefore, redesign of ingates and flow channels themselves 

accordingly to control porosity formation will be required. However, such concern is not 

in the focus of the present work and the work has its concentration on thermal and 

mechanical analysis. The effect of cyclic thermal loading that happens during hundreds of 

thousands of cycles of die operation is another important factor that can cause die failure. 

However, this effect has not been studied in this thesis as well. 
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Thermal and Mechanical FEA Analysis to Predict 

Maximum Stresses and Distribution   

Develop a new design 

Thermal and mechanical analysis for new 

design 

3D Modeling of the Die Inserts  

Figure 1.1: Layout of Steps 

1.4 Outline 

Methodology of the research and flow of the work is schematically shown in Figure 1.1. 

This was split into ‘Design and Analysis of old design’ and ‘Design and Analysis of new 

design’. The various software and the steps done during each of these sections is discussed 

in the methods and implementation. 
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2. THEORETICAL BACKGROUND 

The process in which an accurately dimensioned, sharply defined, smooth or textured 

surface is made by injecting liquid metal at fast velocity and high pressure into reusable 

steel dies is known as die casting. Compared to sand casting, gravity castings and other 

casting types, die casting can be considered at the high end in terms of both velocity and 

pressure of the melt entering the die. 

In die casting, the dies are usually separated into parts which can be retracted individually 

in a way that it is easy for the part to be removed without damage. The die surfaces and 

one or many cores (loose or fixed) forms the outer profile of the casting produced. 

The die, like in most cases is divided into two halves of which one is moving (ejector die) 

and the other is stationary (cover die). The liquid metal enters the cavity between the two 

die halves. It then cools down and solidifies taking the shape of the die cavity. The die 

casting process is often considered as the fastest way to make a finished product from its 

raw material. 

Die inserts can be considered as the replaceable part of the die. To cast a new shape in a 

die casting machine, it is only necessary to replace the die insert containing the profile of 

the new casting to be made. The insert will have cooling channels usually drilled through 

it matching the position of the cooling channels in the die slab. It will also accommodate 

an ingate and runners, overflow channels and vents. 

An example for a die using inserts is given in Figure 2.1 

 

Figure 2.1: Die Slabs containing Die insert 
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Die casting is a cheaper and faster alternative to sand casting. This is due of the reusability 

of dies, which is not possible in the case of sand molds. [10] 

As die casting components are used in a wide range of industries ranging from electronics 

industries to aeronautical industry, their importance and the need to make cheaper, better 

quality components have risen. 

According to the conditions in which the melt can flow into the mold and solidify die 

castings can be of different types like: 

1. Low pressure castings 

2. High pressure castings 

Low pressure die castings involve letting the melt flow into the chamber at a maximum 

pressure of one bar. The metal enters the die from the lower side and moves against gravity 

into the die cavity. The pressure is maintained in the die to let additional melt flow into the 

cavity and compensate for the shrinkage. This process can produce parts with good 

strength values with good dimensional accuracy.  

High pressure die casting is different from the former mentioned process in terms of the 

pressure applied during the pouring and intensification phase of the casting which can 

range up to 1200 bars. A piston drives the metal into the die from the chamber where it 

solidifies at high pressure into compact components with smooth surfaces. This process 

can be further categorized into two types depending on the way the metal is fed into the 

chamber.  

A hot chamber process has the cylinder chamber of the injection mechanism immersed in 

a molten metal bath. The melt is fed into the die cavity through a gooseneck metal feed 

mechanism. Metals with low melting points and low viscosity are preferred in this process. 

Figure 2.2 Hot Chamber HPDC setup gives the illustration of a hot chamber HPDC 

process setup. 
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Figure 2.2 Hot Chamber HPDC setup 

 

A cold chamber process is one in which the metal is molten separately in a furnace and 

automatically or manually supplied into the injection chamber. This process facilitates the 

casting of metals with high melting points like Aluminum and Aluminum alloys. An 

illustration of a cold chamber HPDC setup is shown in Figure 2.3 

 

Figure 2.3 Cold Chamber HPDC Setup 
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This thesis involves the design of a die insert for a cold chamber die casting process. We 

intend to establish a method to simulate resultant stresses in the die caused by thermal load 

from the melt and the mechanical locking force of the die casting machine. 

High pressure die casting cast parts have high values of strength and surface quality. It 

causes significant weight reduction as seen in the case at the automotive manufacturing 

company Audi where a weight reduction of 10.9 kg was observed when the shock tower 

for their vehicle was given a design modification. Because of the quality of the cast 

components, it was possible to replace the old design which had 10 joined steel parts by 

an aluminum cast alternative. [11] There are many parameters in HPDC that affects the 

quality of the cast part. 

2.1 HPDC Process Parameters 

A few parameters involved in HPDC are listed below: 

Controlled Parameters 

1. Piston velocity in the first and second phase-Slow shot, Fast shot 

2. Switching point 

3. Intensification pressure 

4. Temperature of the melt 

5. The parameters of die spraying before each cycle 

6. Die closing and opening times 

7. Hydraulic pressure of the injection system 

8. Geometry of the casting design 

9. Interfacial heat transfer coefficients for different interfaces 

10. Cooling channel design 

11. Oil Temperature in the cooling channels 

12. Design features of the die and die insert. 

13. Material Properties of both casting and die 

14. Ejection Temperature of casting 

 

These parameters can be calculated beforehand depending on the requirements for any 

casting system’s design and controlled and monitored using sensors and thermocouples. 
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Other parameters like humidity in the die, alloy composition variation, plunger acceleration 

etc. are not usually measured or stored except in studies about its effects. 

There are two phases in the plunger movement during the injection phase of HPDC. The 

plunger moves with a low velocity during the first phase until the superheated alloy is at 

the gate. After this the piston accelerates to the fast shot velocity when the alloy is injected 

into the die at injection pressure. In Europe it is a common practice to use the constant 

acceleration mode as it is said to reduce gas porosity. Intensification is the phase that comes 

after the metal is injected into the die. A surplus pressure is applied on the plunger to 

compress the melt, thus accommodating for shrinkage. The metal is still allowed to flow 

into the cavity during this time. A study about process parameters for cold chamber die 

casting process for aluminum uses Taguchi method to optimize some parameters including 

Metal temperature, Slow shot velocity, Fast shot velocity, Die holding time and 

intensification pressure on the occurrence of blow holes in the cast components. It was 

found that for the Aluminum alloy used the metal temperature was optimized to be 680 

oC. The slow shot velocity result was 0.17 m/s whereas the fast shot was done at 1.92 m/s. 

The shot velocities for dies can be computed using a Computer aided engineering program. 

There are some calculators come integrated with a casting simulation software. An 

intensification of 290kg/cm2 was found out to be optimal. This study demonstrates a 

method to find the influence of the above-mentioned parameters on casting designs [12]. 

The switching point from slow shot to fast shot phase, the amount of alloy needed to fill 

the cavity is calculated. From this point, the distance travelled to push the melt near to the 

gate is calculated by determining the volume of all other elements of the casting system 

except the casting and overflows. This is the switching point. 

The hydraulic pressure of the injection system seems to influence the flow properties. 

Higher injection pressures provide better flow. This is also affected by the liquid density 

of the superheated alloy at its pouring temperature. Higher flow rates are achieved for 

alloys with lower density compared to those with higher densities at the same injection 

pressure. [10] 
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It is necessary to consider High Pressure Die casting as a thermal process. As HPDC dies 

are designed to operate for many cycles, there is a need to make sure that the thermal load 

on the die dissipates out before the start of the next casting cycle. A properly designed 

cooling channel system with oil at the right temperature to take away the extra heat from 

the die is necessary. There are also other ways to aid like manipulating the die close time 

before each cycle or spraying of the die between each cycle. It must be assured that all the 

moisture that occurs because of spraying is removed before the cycle starts. Otherwise this 

would result in porosity in the cast product. It must be taken care that the thermal shocks 

provided to the die to cool it down should be optimal to prolong die life. These issues if 

not taken care of would result in thermal fatigue failure in the die over time.  The geometry 

of cast shape influences the turbulence during cavity fill. The presence of obstacles in the 

flow path creates extra turbulence. Therefore, the geometry of the casting and the position 

and size of ingate at metal velocity at this point has a profound role in the quality of the 

cast parts. The geometry of the casting and the interfacial heat transfer coefficient(IHTC) 

are related to each other.  

The IHTC values for interfaces in the casting setup depends on the material properties of 

the cast material and the wall thickness, size of cast component and it also varies with time 

through the casting cycle. Most casting simulation software have inbuilt calculators that 

calculate the IHTC values for interfaces of the components they are working with 

depending on the surrounding medium. In a study conducted about heat transfer 

coefficient for HPDC for an Aluminum alloy in association with CAST Cooperative 

Research Center(CRC), Ferra Engineering and Ford Motor Company in November 2007, 

a method to accurately determine the heat transfer coefficients have been illustrated. This 

shows the use of a non-intrusive sensor which contains an infrared probe incorporated 

into a pyrometric chain (light pipe + optical fiber + pyrometer). The sensor contains six 

fine thermocouples located at various depths below die surface. This aided in finding the 

maximum die surface temperature, peak heat flux densities and peak heat transfer 

coefficients near any interface of the casting. [13]  Figure 2.4 shows the magnitude by 

which there can be variations in the IHTC value during the casting cycle. 
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Figure 2.4: Variation of IHTC value with time and temperature  
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2.2 Die design and manufacture 

 

Figure 2.5: HPDC die components 

 

 

The main components and terms associated with a typical HPDC die has been illustrated 

and labelled in Figure 2.5 

A – Parting line 

B – Guide Pins 

C – Die Cavity 

D – Stationary and moving Cavity Inserts 

E – Runner and Gates 

F – Cold Chamber  

F1 –Sprue Hole and Sprue Pin 

G – Core 
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H – Stationary Mold Base 

I – Return Pin 

J – Ejector Pin 

K – Moving Mold Base 

L – Rails 

M –Retainer and Ejector Plate 

N –Support Post 

O – Guided Ejection Assembly 

P – Clamping Slots 

 

A good die should have its flow and thermal dynamics calculated beforehand, the die must 

be able to withstand the stresses induced in it due to the hot melt coming into it and due 

to the locking force of the die casting machine. It should contain impressions for the cavity, 

the core, runners and overflows. Cooling channels, vents are usually drilled into it 

conventionally. The metal injection system which is usually part inside the die must have 

provisions to feed the metal into the cavity with least turbulence. Once the casting solidifies 

and the die opens, the ejector pins help the ejection of part from the core half of the die. 

The material used for the manufacture of die must be a high-grade tool steel if the intention 

is to have long tool life. The amount of material required in the die must be sufficient for 

strength and heat exchange requirements. The design of HPDC die is done looking at the 

expected life cycle of the tool. For a die that is meant to produce low number of products, 

an inexpensive die must be used. It is necessary to talk about tooling investment and its 

significance. In a typical case shown in Die Casting Engineering book [11], a die that costs 

100000 USD proves to be cheaper than a die that costs 50000 USD after it reaches the 

break-even point at 45000 shots. [10] 

 Die design is an experience-based process, but dies with desired properties and 

specifications can be made with the aid of process modelling techniques for: 

1. Estimating Material Flow 

2. Estimating Die Stresses 

3. Setting Optimum Process Parameters 

4. Design die mold features suitable for the process   

5. Eliminate defects by adjusting process parameters 
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Process modelling of the casting using FEM software is a routine in modern die casting 

design process. The manufacture of die starts with getting information about the product 

to be cast, its design and functions. Since die cast components are used in the products 

without further machining done on it, it is advised to integrate the product with the casting 

process early on. The problem associated with die design now is the long lead times 

required to produce a new one. This is a problem faced when a new cast product needs to 

be tested for its performance in prototyping cases. Therefore, there is a drive to reduce the 

lead times for design and manufacture of dies. Die makers need to schedule activities like 

manufacture of new dies and fixtures, technical assistance and prototype manufacture for 

the customer during the lead-time. Since die cast components are mass produced, extra 

care must be given during the product development of the die itself. These activities have 

rigid deadlines and its extremely challenging for die makers especially because most 

manufacturing industries tries to reduce their development time. 

In practice, the manufacture of a die is done by machining of standard die components 

available commercially including retainer assemblies, plates, unit dies, master die sets. Thus, 

there is a drive for standardization as these components need to fit into casting machines 

of different specifications. This limits the design freedom of the die designer. 

A theoretical model is described in the Die Manufacturing Engineering book which is 

depicted below. 

2.3 Stress Generated in Casting Cycles  

The stresses involved during the casting cycles are a combination of both thermal stresses 

from the melt flowing in, the stress produced by the locking force of the casting machine 

and the intensification pressure of the melt during solidification. Also, repeated cycles in 

the order of 10000s can induce thermal fatigue stresses too. The thermal stresses are the 

most contributing among the three when it comes to the damage of the die. It is necessary 

that the temperature of the die is not too hot neither too cold at the beginning of the cycle. 

When the mold temperature is too low, it affects the filling performance. When the mold 

temperature is too high, the filling performance would be good, but it takes longer for the 

melt to solidify, which results in excessive contraction resulting in more prevalent cracks 

in the cast.  

During solidification however, due to the complexity of the cavity impression, the heat 

distribution within the die may not be uniform. One factor that affects the magnitude of 
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thermal stresses generated in the die are the ΔT (Temperature-Gradient) between different 

parts of the die or between the die and the cast itself. A larger difference in this value means 

that the die material expands at different rates at different regions within the die which 

causes residual stresses.  

Thermal expansion is defined as the tendency of matter to change in volume in response 

to change in temperature. Heating a material causes its particles dislocate and maintain a 

higher average separation. This ability of the material is defined in terms of the thermal 

expansion coefficient. 

In a linear case, the physics behind thermal expansion can be summarized as  

ΔL = αL(ΔT)                                

  Equation 1 

where ΔL is he change in length, ΔT is the temperature change, L is the original length of 

the part and α is the coefficient of thermal expansion. 

In we apply this in three dimensions, we have something called coefficient of volume 

expansion β, such that 

ΔV = βV(ΔT) 

Equation 2 

 

Where β is the coefficient of volume expansion, ΔV is the change in volume, ΔT is the 

temperature change and V is the original volume of the part. 

β ≈ 3α 

Equation 3 

In cases like in casting solidification, the cast and die materials go through a wide range 

of temperatures as it cools down. In reality, the values of thermal expansion coefficient 

show variations with temperature, this variation is documented for most commercial 

materials, or can be experimentally found out. 

Thus, the design of the die should be done considering this. Cooling channels can be 

provided in areas where the temperature gradients are high in order to bring it down to a 

nominal value. 

Another main source of stresses induced during the solidification of the cast is Shrinkage 

stress. The cast is made from another material than the die itself. The cast material is in 
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liquid state during filling phase. During solidification, as the cast cools down to its solidus 

temperature, the part shrinks. Depending on the shape of the cast this shrinkage stress can 

be added to either of the die halves. Usually, the cast is designed to be stuck to the ejector 

die when the die opens after the casting cycle and the shrinkage stresses act on whichever 

die half the cast solidifies onto. Even though the magnitude of shrinkage stresses is small 

compared to the thermal stresses in the die, for thin walled dies, or dies with small features, 

this can prove to be a path leading up to its damage in the long run. Shrinkage happens 

around small features in the die causing wear in the long run. 

Lastly, the casting machine is locked down during the cycle with a locking force in the 

order of 100s of tonne force. This force acts on the die slab and the die insert on top. This 

is necessary to withstand the thermal loading and to make sure that the dies don’t move 

during the cycle to ensure excellent part quality. This applied force is also a contributor to 

the stresses induced in the die during its cycle. 

Suitable modifications can be made on the size of the die or on its critical areas which can 

in turn help in improving the casting shape design and make it more optimized for the 

casting process. This would ensure longer die life. 
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2.4 Mechanical Die Design  

A preliminary flow analysis needs to be done to fix the gating position for the casting. The 

ideal position for gating can be verified using casting simulation software like MagmaSoft, 

ProCAST. The CAD model of the component to be cast can be brought into the casting 

simulation software and a preliminary flow analysis can be done. This helps to determine 

the positions of the runner and gate in such a way so that filling happens ideally. The 

casting simulation software can calculate the changes at different times within the casting 

cycle. The flow pattern, temperatures, resultant porosity and other properties of interest 

can be visualized and can be adjusted based on this. These are important as it directly 

reflects on the cast part quality. Depending on the expected lifetime and what the casting 

is meant to do during its life, optimal requirements can be set for these properties. This 

initial analysis can be done using a mock die with similar dimensional constraints. 

After this step, the positioning of the parting line between the two die halves is decided by 

studying the geometry of the part. The presence of undercuts, holes and other features in 

the casting geometry that might interfere in the opening of the die and the ejection of the 

part after casting must be investigated. Also cores that move in any direction other than 

parallel to the die opening direction need to be considered while defining the parting line 

geometry. The edges of the cavity in both cover and ejector dies must be given a draft 

which range from 1-5 degrees as it aids in the ejection of the component after solidification 

with relative ease. 

The runner and overflows are located near the parting line to allow easy ejection of the 

part. Usually external surfaces are in the cover die and internal details are located on the 

ejector die since volumetric shrinkage solidification is towards the inside. 
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The die half thickness is corresponding to the extremities of the cavity in both directions. 

As a rule of thumb 2-3 inches are given. The die halves are supposed to withstand both 

the locking force of the machine and the pressure applied to the liquid cast alloy during 

cavity fill. There are additional thermal stresses and shrinkage stresses generated in the die 

during the solidification phase. The clamping force of the machine acts through die 

retainers and along the ejector rails direction. The screws on the dies are designed to not 

let the die stay without slipping when the locking force is applied on it. 

After the design of the die is set in the CAD software, it can be brought into the casting 

simulation software. By this stage we would have the positions of the cavity, and overflow 

channels already imprinted in the CAD geometry used for the simulation. The results of 

the casting simulation can be used to predict the stress patterns in the die during its 

operation. Some casting simulation software have die stress calculation solvers already 

incorporated in them. Otherwise, a CAE software can help translating the casting 

simulation software’s heat transfer results into resultant stresses in the die during 

solidification. The steps have been laid out in Figure 2.6 

 

Figure 2.6- Procedure of Die design 
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2.5 Additive Manufacturing 

The layer by layer fusion of material on a substrate using a high energy source to create 

three dimensional structures is called as 3D Printing or Additive Manufacturing. There are 

many technologies used for additive manufacturing currently. A few types of AM methods 

are listed below: 

1. Stereolithography 

2. Digital Light Processing 

3. Fused Deposition Modeling  

4. Selective Laser Sintering 

5. Selective Laser Melting 

6. Electron Beam Melting 

7. Laminated object Manufacturing 

 

The advantage of additive manufacture lies in the freedom it gives to the designers. It is 

not limited by having to find commonality between parts and components; and the 

conventional idea of standardization for the design elements. On the creative side, this 

pushes designers to come up with new designs that have not been possible in the past. 

There is very less planning needed from design to implementation phase because the part 

can be printed directly from the CAD geometry. This is the reason AM techniques are 

being widely used in prototyping applications as it reduces the lead time considerably. 
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In the domain of product design, the coupling of topology optimization with additive 

manufacturing is a good practice. In conventional design, Topology optimized designs 

would need to be processed further in order to be able to be made from parts that are 

manufactural using conventional machining. This need is eliminated while producing the 

part using 3D Printing. An article on integration of Design for manufacturing methods 

using topology optimization in AM describes some guidelines to producing AM friendly 

parts A term called Producibility index is derived to compare AM friendly designs. [14]  

There are other computational ways by which the feasibility of the design can be checked 

for the additive manufacturing process.  

 

2.6 Additive Manufacturing for Die Components 

Conventionally, a solid 3D model of the component is used to guide CNC machines to 

carve out the shape of the cavity in the die insert. A more flexible approach has been 

described in an article by Taylan Altan, Blaine Lilly and Y C Yen at Ohio State University, 

USA. This involves the use of a type of additive fabrication known as Rapid 

Prototyping(RP) or Solid Freeform Fabrication (SFF). These were originally used to aid 

design visualization and prototyping. This practice has been recently adapted for rapid 

tooling. This is hugely advantageous because the method allows faster prototyping, which 

in turn reduces the lead time and cost of bringing products to the market. Another 

application of this method is in giving the designers the freedom to design conformal 

cooling channels in the die. Conformal cooling channels are cooling channels which 

follows the contour of the die cavity. By introducing conforming cooling channels, it is 

possible to better regulate the rate of cooling of the die. As it is not practical to drill these 

channels like in the case of conventional die manufacture, this option was unavailable until 

the advent of additive manufacturing technology. In some cases, it is also possible to tailor 

the material properties of different regions of the die according to the strength 

requirements as the part is built. By implementing additive manufacturing in Die design, 

the time to produce the tool can be aligned better with respect to the product development 

constraint of shorter time for manufacture. The cost of prototyping using this method is 

in turn higher than the conventional CNC milling method, but this is compensated by 

improvement in time. 
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Rosochowski and Matuszak have proposed three major groups of rapid tooling in relation 

to die design: [15] 

1. Rapid tooling for patterns for castings 

Producing patterns for tooling is generally not considered as rapid tooling. But in 

this approach patterns are made using wax or polycarbonate by SLS process 

2. Rapid tooling for Indirect tooling  

This approach is mostly seen in injection molding, where rapid prototyping is 

employed to create inserts for molds. The insert is made with the runner attached. 

This mold insert is filled with silicone which is allowed to cure. The silicon positive 

is then used to cast an epoxy tool which can withstand many cycles of injection 

molding. 

3. Rapid tooling for Direct tooling 

This involves making of die directly from the CAD model, without using additional 

pattern transfer techniques. When SLS technique is used in this, precision in the 

order of hundredths of a millimeter is now possible. But research is still carried out 

regarding the effect of powder deposition, optimal laser power and traverse speed 

upon microstructure and porosity of deposited surface. 

                    In this thesis, we are working with SLM (Selective Laser Melting) 

technique of additive manufacturing approach for the prototyping of the die as it 

is a pre-requisite for the study. This means that the parameters involved in SLM 

technique need to be considered during the design of the die. 

 

 

 

 

 

 

 

 



Theoretical background 

28 

2.7 SLM Technique 

            Emerged in the last few decades of the 20th century, SLM technique involves 

selective melting of successive layers of powder with the aid of a laser beam. This way a 3-

dimensional layered structure can be formed as the layers cool down and solidify. As SLM 

involves melting of powdered metal, it is a powder bed method, where the building 

platform is lowered step by step in amounts equal to the layer thickness. This is repeated 

until the whole product or component is made. This technique finds application in the 

areas of making prototypes, or recently even in the direct manufacture of components 

because it can manufacture complex structures from sliced CAD models. First a layer of 

powder is spread evenly on the powder bed by an automated blade runner. A laser runs 

over following the cross section of the geometry of the component at that layer. As the 

laser melts the powder it solidifies together at these scanned areas. At this stage the powder 

bed steps down by one-layer thickness and the blade runs over introducing a new layer of 

powder and the whole process is repeated. An illustration is depicted below in Figure 2.7 

. 

 

Figure 2.7: Selective laser Melting 

2.8 SLM Process Parameters 

The microstructure of the end product in SLM technique are largely controlled by the 

production parameters used. This in turn affects the mechanical properties. A few 

responses to changes in process parameters during SLM process has been listed below 
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1. The variation of energy density of the laser beam can be used to control the density 

of alloys at different regions of the component. The energy density itself and 

cooling rate shows effect on the grain size of the final solidified part. The energy 

density affects the amount of oxidation of the alloy as well. Radius and power 

density distribution are important for lasers, electron beams and plasma arcs.  

Power density of heat sources follow asymmetric Gaussian profiles. 

Where, 

f is the distribution factor  

P is the total power of the heat source  

rb is the radial distance of any point from the heat source 

 

              increasing f increases power density at the heat source axis and a higher 

rb  indicates lower power density at the radial locations. [16] 

2. The perpendicular distance between each pass of the laser is referred to as hatch 

spacing. Smaller hatch spacing results in denser end products with a much 

smoother surface finish. For SLM processes, the hatch spacing is in the order of 

30-60µm which implies a surface roughness value of 8µm. However, this is quite 

coarse when the part to be printed is a die for HPDC. This would cause the cast 

material to be stuck to the die, which in turn will result in a whole batch of defected 

parts. [17] 

3. The scan speed of the laser impacts the microstructure of the component. If the 

scanning speed is too high, liquidation cracks could develop during the 

solidification of the part. 

4. Build Orientation – Another parameter that has a profound influence on the 

surface quality and also the overall quality of the component is its build orientation. 

 

Equation 4 
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Figure 2.8: Build orientation in 3Dprinting 

   As the cost of manufacturing a component using additive manufacture is directly 

influenced by the time taken to complete the printing process. It is to be noted that 

the build orientation is to be assigned in such a way that the build height (and 

therefore the number of layers) is favorably the least. Another thing that should be 

considered while taking the decision about the build orientation is the presence of 

overhanging structures. Figure 2.8 shows how changing the build orientation can 

help reduce the overhanging structures in the part. 

 

 

2.9 Undesirable Effects 

1. Balling phenomenon- The formation of ball like structures throughout the internal 

structure when using a high energy density energy source. This forms irregular blobs 

on the printed contour.  
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2. Overhanging structures- During the layer by layer addition of material during additive 

manufacturing, it should be made sure that the printing of a new layer should not be 

done on top of a portion where there is no material in the previous layer. In figure 8, 

in the picture on the left, the legs of the stool are built first and as soon as the printing 

reaches the seat of the stool, there is a large amount of overhanging region. The region 

below this has not been scanned during the previous step. Overhangs if not dealt with 

can be clearly noticed as a defect after the printing process on the component. There 

are ways to get over this problem. The best practice is to think about the build 

orientation right at the design stage so that in our decided build direction the 

overhangs are eliminated, and clean print can be carried out. If still, there are regions 

that are overhanging due to complexity of design, suitable support structures must be 

provided that the structure does not collapse or deform during the printing process. 

3. Damage from the blade- After the printing of each layer, the blade runs over the bed 

removing excess powder and redistributing it evenly on the bed for the printing of the 

next layer. Sometimes, the motion of the blade over the printed structure can damage 

the top layer of the printed surface forming visible damages on the component. 

4. Porosity-The machine setup while printing decides the part quality greatly. The 

porosity of parts manufactured varies with the energy density provided during SLM 

process which depends on the scan speed, intensity of the source and its focusing. By 

adjusting the energy density to be the right value, it is possible to get a nominal amount 

of porosity required for the HPDC process. [17] 

 

 

Therefore, it is necessary that the process parameters should be carefully studied and 

optimized depending on the structural requirements of the end product. Although the 

decision about the best assignable values of these parameters are crucial during the design 

of products, especially when it comes to a product designed to withstand very high 

mechanical and thermal stresses during its lifetime, it is beyond the scope of this thesis to 

find these. [18] 

2.10 Current research frontier 
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As metal additive manufacture is a prospective field which can open so many possibilities 

on the way we approach engineering design, there is a need to study and understand the 

process precisely. There are many challenges when using additive manufactured 

components in high temperature fatigue. The parts made using AM do not retain the same 

metallurgy as conventional parts [19]. To start with, there is a need for a database of 

temperature dependent thermophysical properties for common engineering materials. The 

need to study properties like the volumetric changes during solid state phase 

transformation and creep strain are needed when predicting the residual stresses on the 

component. 

There is also a strive to increase the accuracy of predicted temperature field and better 

material handling, this would be a combination of the heat transfer model and the fluid 

flow model with the stress model. Also, the effect of scaling the predicted models to the 

actual size order dealt with during additive manufacturing should be explored. High quality 

experimental data needs to be used to test the validity of these models.   

 

Furthermore, for nickel-based alloys , correlations have been made between AM 

processing conditions and its microstructural features.  A research done on microstructure 

and mechanical behavior of Inconel 718, a nickel-based alloy, fabricated using SLM reveals 

that microstructure is affected by both chemical composition and thermal histories during 

AM process. In IN 718, γ’ phase is not readily developed during Powder bed fusion. A 

heat treatment process is carried out later to aid precipitate γ’ and γ” phases. [20] 

There is active ongoing research in the formulation of printable alloys. Printability is a 

measure of how susceptible an alloy composition is if it is to be deposited using AM and 

how well the bulk material has the ability to meet the mechanical, metallurgical and 

functional needs for the specific application. Most studies concerning printability of alloy 

compositions are done experimentally where trial and documentation of obtained results 

are done. This trend is expected to carry on till the data accumulation is sufficient enough 

to understand the behavior of various alloys and then mathematical models can be derived 

more precisely to predict what happens during the process. 

As the microstructure developed during printing may not have sufficient mechanical 

properties to handle high thermal and mechanical stresses, a hardening procedure is carried 

out following printing in order to precipitate favored phases.  The integration of additive 

manufacturing could be done in most kinds of die component fabrication. Epoxy resin 
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composite die for sheet metal forming is an area where active research is going on to derive 

the best characteristics of dies made from composite materials which opens so many 

possibilities. There is a need for studies on the wear resisting capability of the metal dies. 

The effect of different die material compositions and different curing methods are to be 

watched so that the best possibilities are surfaced. [21] 

On the matter of optimizing the die conditions during the cycle, controlling the 

temperature gradient and the cooling rate is perhaps the best solution. As talked about 

earlier, the implementation of conformal cooling channels in permanent dies ensures finer 

control over the temperatures in the die and thereby controlling the residual stresses in the 

die. This in turn ensures longer life of the die and improves its ability to produce castings 

of desired characteristics. Methods regarding the decision of optimal cooling channel sizes 

have been discussed in [22]. Conformal cooling channels have been successfully 

implemented in the design and production of injection molding dies. However, 

implementing this for the manufacture of dies for metal casting which operates at much 

higher temperatures needs deep understanding of the process conditions. This would 

enable increasing cooling channel efficiency. A study about conformal cooling channels in 

SLM has revealed that there is dramatic reduction in cycle time and shrinkage defects with 

the implementation of conformal cooling channels. This opens the ability to tune the local 

conditions in the casting process depending on the productivity expected out of the 

process and the surface quality of the parts needed. [23]
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3. METHOD AND IMPLEMENTATION 

The main aim of the project was to realize whether the die inserts with reduced mass would 

be able to withstand mechanical and thermal stresses, so that two designs for the die inserts 

were required. One conventional and the other, light, with identical dimensions but 

containing space pockets for the purpose of mass reduction. Later, the two designs were 

taken through the whole analysis cycle, and results were compared to find out how 

temperature and stress evolution had changed as a result of mass reduction.  

The flow chart below (Figure 3.1) summarizes the employed methodology and steps of the 

work.  

 

Figure 3.1 : Flow of the work. 

 

3.1 Cad model of the die inserts  

A pre-decided component was provided for this study. CAD model of the component can 

be seen from different views in Figure 3.2 to Figure 3.7. Die inserts for the components 

were modeled in SolidWorks by Mold Features. 
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Figure 3.2 : Component - Top view.  

 

Figure 3.3 : Component - Bottom view.  

 

Figure 3.4 : Component - Isometric view, left angle. 
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Figure 3.5 : Component - Isometric view, right angle.  

 

 

Figure 3.6 : Component - Sectioned view, right angle.  

  

 

Figure 3.7 : Component - Sectioned view - left angle. 

 

3.1.1 Initial Design 

Dimensions of the inserts were chosen as 230 mm × 200 mm × 70 mm. Three straight 

cooling channels were accommodated in each die half. Straight cooling channels are 

common practice in conventional die manufacture and are formed by deep drilling. One 

possible form of runner, gate, and overflow system was design based on recommendations 

given in [10]. The two die halves, Core (Ejector Die) and Cavity (Cover die), can be seen in 
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Figure 3.8 to Figure 3.11. Core and cavity might be referred to as Ejector die and Cover die 

respectively elsewhere in literatures as well as in this report.   

 

 

Figure 3.8 : Core (Ejector die) – Top view. 

 

Figure 3.9 : Core (Ejector die) – Isometric view. 

 

 

 

Overflow channel  

Runner 

Ejector pin hole   
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Figure 3.10 : Cavity (Cover die) – Top view.  

 

Figure 3.11 : Cavity (Cover die) – Isometric view. 

3.1.2 Final Design  

Honeycomb structure was utilized in new design to reduce mass of the structure.  This 

type of structure is widely used as a core in sandwich panels because of outstanding weight 

to strength ratio and very good out-of-plane compressive and out-of-plane shear 

properties. Core was designed with combined hexagonal and circular cell geometry, 

whereas hexagonal cell geometry was used for cavity part. A conformal cooling channel 

around the inlet in addition to two cooling channels for each die half was incorporated 

also. This design obtained less weight compared to initial design. See Figure 3.12 to Figure 

3.21. 
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Figure 3.12 : Bottom view of new core with honecomb structure. 

 

 

 

Figure 3.13 : Transparent top view of core with honeycomb structure showing the relative position of cooling 

channels.  
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Figure 3.14 : Left view of core with honeycomb structure showing depth of the honeycom cells.  

 

Figure 3.15 : Isometric view of core with honeycomb structure showing depth of the cells around coolling channles. 

Transparent regions are solid structure.   

 

Figure 3.16 : Top isometric view of cavity with honeycomb structure. 
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Figure 3.17 : Bottom view of cavity with honeycomb structure. 

 

Figure 3.18 : Transparent top view of cavity with honeycomb structure showing the position of cooling channels 

around the cavity and around the inlet. 
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Figure 3.19 : Transparent top isometric view of cavity with honeycomb structure showing depth of the honeycomb 

cells around cooling channels. Transparent regions are solid structure.  

 

Figure 3.20 : Transparent left view of cavity with honeycomb structure showing depth of the honeycomb cells. 

Transparent regins are solid structure.  

 

Figure 3.21 : Closer transparent view of cavity with honeycomb structure.  
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3.2 Simulation of HPDC in MagmaSoft 

One of the challenges in simulation of casting is the scarcity of heat transfer coefficient 

(HTC) database between cast/mold interface and cooling medium/mold interface. HTC 

is unique to each cast/mold combination. On top of that, not only is HTC temperature 

dependent, which varies from the time cast enters the mold until ejection, but is highly 

dependent on surface roughness of the mold wall, intensification pressure of the process, 

and presence of vacuum/air between cast and mold. Therefore, setting up and experiment 

and extracting the HTC data by using thermocouples is inevitable if running an accurate 

simulation capable of producing reliable results is of interest.  

Due to the lack of experimental data at the time, simulation of HPDC process in order to 

obtain temperature history of cast and inserts during one cycle was decided to be done in 

MagmaSoft. It is a software for casting processes simulation in which HTC database for 

several commercial alloys are available and a separate module especially for HPDC 

simulations exists. In the following sections various steps taken to build up the HPDC 

model are presented.   

3.2.1 Initial Design   

3.2.1.1 Geometry Import and Assembly Setup   

Magma uses finite difference method for calculation and for that requires corresponding 

geometry (volume) of each component involved in simulation to be present in the 

assembly. Thus, first step for setting up a simulation was to import the geometry of all 

parts from SolidWorks with STL format. Figure 3.22 and Figure 3.23 show assembly of 

casting materials after being imported into Magma.  



Method and implementation 

44 

 

Figure 3.22 : Assembly of cating materials inside Magma geometry panel. From left to right: biscuite and inlet, runner, 

cast (component), overflow channel. 

 

 

 

Figure 3.23 : Side view of casting materials assembly in Magma and their relative positions.  

 

One micro was created for movable die and the corresponding components were placed 

inside the micro. This would make it clear for the software which component belongs to 

which half and therefore should move together when die opens or closes. In this study, 

ejector die, ejector pins, and one set of cooling channels belong to movable die micro. 

Movable parts of the assembly can be seen in geometry tree in Figure 3.25. Components 

should be manually translated and rotated in graphical window and brought into precise 

fit in order to build up a whole assembly, as Magma does not offer an option to perform 

it automatically. Boolean operation should be carried out to subtract overlaid geometries, 

if they exist, and create interfaces. There is an option called Mesh Attributes inside Edit drop 
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down menu which might be useful to toggle on. It would expand volumes to fill out any 

empty space left out between two volumes that might exist between non-overlaid 

geometries. This is particularly the case when parts are modeled in a CAD software and 

imported into Magma. It will help to avoid future errors and warning in the meshing step. 

If parts are imported from a CAD software, no overlay geometry would exist in the 

assembly and therefore Boolean operation can be blocked by Manual Boolean for 

corresponding geometries. An important point to keep in mind is the sequence by which 

components appear inside geometry tree. If components are placed in wrong order, 

subsequent Boolean operation on overlaid geometries will result in creation of faulty 

distorted volumes which in turn lead to errors later on when running the simulation. After 

having all parts in the right order, they will be assigned with their relevant material ID. 

Figure 3.24 shows a view of final assembly in Magma, and Figure 3.25 shows components 

order in geometry tree and their respective material ID.  

 

Figure 3.24 : Final Assembly in Magam. Top half represents cavity (cover die) containing inlet, biscuite, cast and one 

set of cooling channels. Bottom half represents core (ejector die) containing runner, overflow channel, ejector pins and 

one set of cooling channel. 
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Figure 3.25 : Geometry tree.  

 

 

 

 

 

3.2.1.2 Meshing  

Next step is to generate mesh and will be done in mesh panel. Magma is based on finite 

difference method and discretizes volumes into cubes and refers them as cells. This is different 

from the meshing concept one might expect from a FEM software. Two options are 

available in Magma for mesh creation i.e. automatic and manual meshing. Manual meshing 

gives much more control over creating different meshes. This gives great freedom when 

different components in the assembly need to be meshed with distinct fineness for any 

reason. So that, each component can be meshed with its uniquely defined mesh parameters, 

like aspect ratio, geometry filter, minimum element size and alike. Besides, they can be 

grouped together and meshed with a common setting assigned to each group. This is very 

useful specially when some components contain small geometry features, and therefore 
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need very fine mesh, whereas other components have symmetrical geometry or are located 

away from critical regions and therefore coarser mesh can be used for.   

In order to create the mesh automatic meshing was used and number of elements was set 

to 9,000,000. At the beginning, it was tried to employ coarser meshes. However, in later 

stage, during mapping the magma mesh on finite element mesh, magma gave out warnings 

that strong gradient was found for some elements and that magma mesh might be too 

rough. To alleviate the problem, finer meshes were created gradually. Although the 

problem was not totally eliminated by 9,000,000 elements, number of warning were 

reduced. Figure 3.26 to Figure 3.28 illustrate mesh for ejector die, casting materials inside 

ejector die, and casting materials respectively.   

 

 

Figure 3.26 : Mesh of the ejector die. 
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Figure 3.27 : Mesh of casting materials and ejector die. 

 

 

Figure 3.28 : Mesh of the casting materials. 

 

3.2.1.3  Definition Navigator   

Definition navigator tap is where all information regarding materials, heat transfer, cycle 

control parameters, and results definitions is entered.  

3.2.1.4 Material Definitions  

AlSi10Mg was chosen from Magma database for casting materials with initial temperature 

of 700 ºC. This initial temperature itself is calculated by some other parameters which are 

explained later in 3.2.1.6. the material for cover die, ejector die, plunger, and ejector pins 
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HTC-130-DC was chosen from Magma database, which is a hot work tool steel with high 

thermal conductivity. Finally, Oil160, which is one of the standard options for cooling 

medium in Magma, was chosen as tempering channel medium for all tempering channels 

including the one for plunger. Initial temperatures for mold and tempering medium were 

all set on 150 ºC. An overview of material definition window is seen in Figure 3.29. 

 

 

Figure 3.29 : Material definition window and defined settings.  

3.2.1.5 Heat Transfer Definitions 

Heat transfer coefficients should be defined for all existing interfaces through which heat 

is transferred. Three different types of interface are present in the model. First, melt/solid, 

which occurs between casting materials and mold halves. Second, solid/solid, which exists 

between two mold halves and between ejector die and ejector pins. Third, solid/coolants, 

that occurs between tempering channels and mold halves.  

Temperature Dependent HTC for AlSi10Mg available in database was used between 

casting materials and mold halves. Between two die halves themselves, and ejector die and 

ejector pins Constant HTC of C3500 was used. No relevant Temperature Dependent HTC 

was available in the database that could be used between mold/mold. However, C3500 is 

the value which is offered by default in Magma to mold/mold interface when working in 

cold chamber HPDC of aluminum module.  

 

Between die halves and tempering channels Standard HTC of oil medium was utilized. The 

same applies to plunger and its cooling channel. Cooling channels diameter and volume 
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flow were adjusted to 10 mm and 12 l/min respectively. The overall view of heat transfer 

definition window can be seen in Figure 3.30. 

 

Figure 3.30 : Heat transfer definition window. 

3.2.1.6 Casting Process (Cycle Control) 

Casting cycles can be one of the two types of Heating Cycle or Production Cycle. Usually 

HPDC starts with a number of heating cycles. Heating shots are performed to heat up the 

die sets and bring them to the working temperature from ambient temperature before the 

actual production starts. In current simulation, no heating cycle was involved, and only one 

production cycle was simulated. It is good to remember that initial temperature of die 

inserts and cooling channels are 150 at the beginning of operation.  There are four main 

steps in Magma inside one cycle: 

1) Preparation 
2) Filling  
3) Solidification and cooling until eject 
4) Die tempering  

Process timeline for the production cycle can be seen in Figure 3.31. 

 

Figure 3.31 : Process timeline for a HPDC cycle. 

Preparation  
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Preparation consists of four sub-events, which are Die Preparation, Place Inserts, Die 

Close, and Delay Time. They can be seen in Figure 3.32. 

Die Preparation was unnecessary and left deactivated, since it was assumed dies were not 

treated with spraying before filling. Similarly, because the model did not have loose cores 

or inserts, Place Inserts event was also deactivated. Die Close was set to take place when 

temperature of die material falls below 150 ºC followed by a delay time of 3 second before 

filling starts.  

 

Figure 3.32 : Events and sub-events of a casting cycle. 

Filling  

According to casting volume and desired operational parameters relevant shot curve shall 

be established for the filling step. Magma offers a shot curve calculator function which 

receives major factors and calculates the resultant curve. For this mean, casting total 

volume is automatically calculated from the mesh of the casting materials which was 31.71 

Cm3 for this simulation. With the specific pressure of 400 bar and cast projected area of 

63.08 Cm2 the minimum locking force required to keep the die halves together during the 

operation was calculated as 252.41 kN.  Having 30% safety factor added to that amount 

results in minimum locking force of 328.13 kN, thereby Demo_100 machine providing 1000 

kN equal to 100 ton-force was chosen from Magma Machine database. 

Active shot chamber length was set on 100 mm. Figure 3.33 illustrates shot chamber 

partially filled with cast with the plunger situated at the left end of it.  
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Figure 3.33 : Active shot chamber length. 

Plunger position when port is covered was set on 70 mm implying that shot sleeve port 

diameter is 3 Cm. See Figure 3.34. 

 

Figure 3.34 : positio of plunger in shot sleeve when port is covered.  

Plunger diameter and biscuit thickness are 40 mm and 15 mm respectively. Oven 

temperature and estimated melt temperature when in chamber were given as 818.33 ºC 

and 700 ºC (almost 100 ºC was calculated as temperature loss during melt transfer from 

oven to the chamber).  Figure 3.35 shows a preview of the shot curve definition panel. 

 

Figure 3.35 : Shot curve definition panel. 

At the beginning of filling, plunger should travel through shot sleeve rather slowly in order 

to avoid turbulence of the melt. Thereafter, where melt is just about to enter the insert, 

plunger accelerates to inject the melt inside cavity with force. Therefore, for the first phase, 

constant acceleration with final plunger velocity of 0.4 m/s was set. For the acceleration 

phase, maximum machine acceleration of 400 m/s2 was chosen, that comes to act when 

chamber is filled and plunger has traveled approximately 75 mm along the shot sleeve. the 

final shot curve is illustrated in Figure 3.36. 
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Figure 3.36 : Filling shot curve. 

Solidification and cooling until eject 

Four sub-events of Intensification, Local Squeezing, Die Open, and Ejection Time exist 

inside this step as seen in Figure 3.32. 

Intensification: During solidification, the melt volume is reduced, and therefore an 

increased pressure is applied by the plunger to pressurize melt and support feeding. This 

exertion of final pressure in HPDC is called intensification. After filling of the cavity, 

pressure ramps up from a starting pressure to a maximum working pressure immediately. It is 

maintained in this maximum level and will be removed after a certain time decided by 

Reduction Control parameter. Starting pressure was set on 1 bar. Pressure setup time which is a 

duration of the time needed for building up the pressure from starting pressure to working 

pressure was set on 0.1 s. Maximum working pressure of the machine (400 bar) was used 

for Working pressure of intensification. The controlling parameter to end the intensification 

defined by reduction control was set on temperature of the cast. Intensification is removed as 

soon as the maximum temperature in cast falls below 537 ºC, which is slightly below solidus 

temperature of cast alloy. Figure 3.37 shows intensification definition window. 
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Figure 3.37 : Intensification difinition window. 

 

Local squeezing does not apply here and thus was deactivated.  

Die open: takes place when temperature of cast alloy material falls below 450 ºC. It should 

be stated that cast alloy material in Magma definition includes over flow channel, runner, biscuit, 

and the cast itself. As soon as all regions existing in cast alloy materials have met the 

criterion, ejector die and ejector pins move simultaneously together apart from cover die 

and die opens. Since runner and biscuit take longer time to cool down and reach 450 ºC, 

one can expect that cast material has already fallen rather far below this temperature 

because of its thin section. Results also showed a maximum temperature in cast was 215 

ºC by the time die opened. So that, cast has reached such strength level that won’t be 

deformed by ejection. Please note that by this time plunger has withdrawn already when 

temperature of the casting materials fell below 527 ºC. It is 10 ºC below the temperature 

where intensification stops. Figure 3.38 shows die open definition window. 
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Figure 3.38 : Die open definition window. 

Ejector time was given 5 seconds which means ejection of the casting materials takes 

place 5 seconds after die opens. 

Die Tempering  

Die tempering is where the operation of cooling channels can be manipulated. For 

example, if several cycles were to simulate, it would be possible to specify starting and 

ending time of operation for each cooling channel as well as control which cycle would be 

the duty cycle of cooling channels if they were not meant to perform in all cycles. In this 

study, all cooling channels are expected to perform continuously throughout the whole 

cycle and were set to be always on. See Figure 3.39. 

 

 

Figure 3.39 : Dir tempering control window.  
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3.2.1.7 Results Definition  

User has the possibility to choose how results are stored, written out, and presented by the 

end of the simulation.  Magma offers three different options for this mean i.e. Percent 

solidified, Time, and Temperature Dependent. Each can be specified with a certain interval of 

choice at which results are recorded repeatedly throughout the whole simulation time. This 

study used time basis and results were recorded from the beginning (0th second) to the 

end (15th second) at every 0.2 of second as can be seen in Figure 3.40 

 

Figure 3.40 : Results order condistion window.  

3.2.2  Final Design  

Model setup for the final design is exactly the same as conventional design with the 

exception that two new parts have been added to the model i.e. 1. Air pockets inside the 

honeycomb structure and 2. Additional walls surrounding the inserts. The cutout mass 

from die halves will be replaced with air. This, is going to affect the cooling condition and 

heat distribution and should be taken into consideration. Likewise, presence of additional 

walls was of interest to figure whether excess heat will be transferred from die inserts to 

the enveloping slabs, and if yes, to what extent. Since die contains less mass, it is expected 

that heat becomes more concentrated in the solid regions with the chance of penetration 

into the surrounding area. In particular, when efficiency of cooling channels to manage the 

heat in the new design is unknown at this stage. Therefore, it was decided to introduce a 
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volume with 5 cm thickness around both die inserts representing the condition where dies 

are secured in fixture of the HPDC machine as seen in Figure 3.44. 

3.2.2.1 Geometry Import and Assembly Setup  

The procedures for importing and assembling the CAD models (volumes) are as 

described in 3.2.1.1. Figure 3.41 to Figure 3.44 show assembly of volumes with their 

relative positions. 

 

Figure 3.41: Top view from assembly of component, air pockets, and cooling channels in core.   

 

 

Figure 3.42 : Isometric view from assembly of component, air pockets, and cooling channels in core.   
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Figure 3.43 : Assembly of air pockets and cooling channels in cavity.  

 

 

Figure 3.44 : Position of inserts in surrounding walls – Final design. 
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3.2.2.2 Meshing  

Meshing procedure for final design used the same principle explained in 3.2.1.2. 

Honeycomb structure introduced numerous thin walled sections into the inserts 

volumes, and thus very fine mesh had to be utilized to avoid elimination of small 

and complex geometry features. Number of elements from 9,000,000 for 

conventional design was raised to 35,000,000, and mesh was generated with 

automatic mode. Figure 3.45 to Figure 3.47 show overview of the mesh for new die 

inserts.   

 

Figure 3.45 : Mesh for the new cavity - Top. 

 

Figure 3.46 : Mesh for the new cavity – Bottom. 
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Figure 3.47 : Mesh for the new core – Bottom. 

3.2.2.3 Definition Navigator  

3.2.2.4 Material Definition  

Two new sections have been added to the model as mentioned earlier i.e. air pockets and 

surrounding walls. They need to be assigned with their corresponding materials. 

Surrounding walls for cover die and ejector die were designated with material IDs of Cover 

die ID 2 and Ejector ID 2 respectively, and common steel was specified as material for 

both from magma database with initial temperature of 150 ºC. Similarly, air pockets for 

cover die and ejector die were designated with material IDs of tempering channel 2 and 

tempering channel 4. Air was chosen from Magma database for air pockets with initial 

temperature of 25 ºC. Material definition window for new design in shown in Figure 3.48.    
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Figure 3.48 : Material definition window – Final design.  

3.2.2.5 Heat transfer definition  

In addition to all interfaces existing between components described in 3.2.1.5, a number 

of new ones are formed as a results of introducing slab walls and air pocket to the system. 

Those are between slab walls and corresponding die halves, between air pockets and 

corresponding die halves, and between slab walls and cooling channels. Constant HTC 

C3500 was chosen for slab walls/die halves interface. For air pocket/die halves interface 

Air-Cooling temperature dependent HTC was assigned. Finally, for slab walls/cooling 

channels interface same HTC of standard cooling channel as exists between die 

halves/cooling channels was chosen. HTC definition window can be seen in Figure 3.49. 
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Figure 3.49 : Heat transfer definition window for final design. 

3.2.2.6 Casting process (Cycle Control) 

All the setups here are identical to section 3.2.1.6. 

3.2.2.7 Results definition  

Results have been ordered to record identical to section 3.2.1.7. 
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3.3 Hypermesh  

Now that temperature history of die inserts for an entire cycle is available after running 

Magma simulation, a model in Abaqus can be set up to obtain resultant thermal stresses. 

However, before setting up the FEM model in Abaqus, die inserts should be meshed and 

HyperMesh was used for this purpose.  

After assembling two die halves in SolidWorks and importing them with STEP format in 

HyperMesh, meshing process started with geometry cleanup of the entire model. It is a 

good practice to eliminate unwanted hidden features like small fillets, gaps, free edges, and 

alike that would otherwise deteriorate mesh quality. By adjusting the options in advanced 

menu of the cleanup panel in HyperMesh, appropriate ranges can be defined to control 

geometry cleanup.  

3.3.1 2D Meshing  

Next step after geometry cleanup was 2D meshing of the surface. At first, critical regions 

and small geometry features, where finer mesh is required for, were meshed by “Size and 

Bias” technique. Element size was set on 1 mm and R-trias was chosen for mesh type. R-

trias conforms to curved surfaces better than trias. Size and bias menu panel which can be 

found in automesh option of 2D meshing is seen in Figure 3.50.  

 

Figure 3.50 : Size and bias panel of 2D auto meshing.  

Based on author’s personal experience, it is important to always start meshing from those 

regions, and leave the wider areas and flat surfaces to be meshed at last. If the opposite 

way is practiced, when it comes to meshing of the small features the common edges 

between the surface to be meshed (on the small feature) and the one already meshed will 

be having fixed seeds, and thus finer mesh cannot be achieved.  An example to this is the 

core and small impressions on the ejector die as seen in Figure 3.51 and Figure 3.52. When 

mesh is created, seed density can be altered manually on each edge to achieve the most 

optimum number of local elements. It is important to perform the element check prior to 

accepting the mesh on each surface in order to assure that mesh is being built up gradually 

with the expected quality.   
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Figure 3.51: Small features on core that need finer mesh than sorrounding areas. 

 

Figure 3.52 : Small feature shown in Figure 3.51 from different angle.  

Having all small features and critical regions meshed with desirable seeding and element 

size lets the remaining unmeshed surfaces to be freely meshed with “Surface Deviation” 

technique. Minimum and maximum element size are specified in addition to growth rate, 

so that mesh can adapt its size. Finer mesh is created first, where edges with dense seeding 

already exist, and grow to maximum size gradually. The transition between fine to coarse 

mesh is decided by indicated growth rate. Surface deviation control panel is shown in 

Figure 3.53. Mesh transition between fine and coarse areas can be seen in Figure 3.54. 
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Figure 3.53 : Surface deviation panle of 2D automeshing.  

 

 

Figure 3.54 : Mesh transition on core.  

When a 2D mesh is created on a surface, element quality must be checked to assure that 

aspect ratio, and minimum and maximum angels formed between edges of each element 

are within the defined and acceptable range. Presence of distorted elements can result in a 

warnings and lengthy simulation time in Abaqus. For that purpose, one shall go to check 

element tab in tool panel. A view of check element panel is shown in Figure 3.55. Aspect 

ratio, minimum, and maximum angel were set on 5, 20, and 120 respectively.  

 

Figure 3.55 : Check element tab where element quality check can be carried out for 2D and 3D mesh.    

All the failed elements shall be identified and corrected. There are various methods to do 

so which are beyond the scope of this report, however can be easily sought online. 

Another essential quality control that should be carried out before proceeding to 3D mesh 

is to assure 2D mesh is free from Free Edges and T-Connections. Ctrl+F3 is the shortcut key 

for reaching the “Edge panel” where such operation should be performed. The panel is 
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shown in Figure 3.56. Any T-connection or Free edges found on the mesh must be 

eliminated before creation of 3D mesh.  

 

Figure 3.56 : Edge panel where operation for finding free edges and T-connections is carried out.  

 

3.3.2 3D Meshing  

3D mesh creation is fulfilled inside tetramesh tap in 3D section, however, before that 

Tetramesh parameters should be adjusted. Minimum and maximum tetra size in addition 

to the method for optimizing the mesh quality can be customized in Tetramesh parameters 

section as shown in Figure 3.57. Minimum and maximum tetra size were set to 1 mm and 

5mm respectively, and standard method was used for optimizing mesh quality.  

 

Figure 3.57 : Tetramesh control panel of tetramesh in 3D meshing.  

After adjusting the mesh parameters, one can return to tetramesh window shown in Figure 

3.58 and execute the 3D meshing. It would be better to create 2D and 3D mesh on 

different components. This method gives more freedom and convenience when orphan 

mesh is to be transported into Abaqus, since only the solid mesh (3D Mesh) is of interest 

for the Abaqus and should be exported. It should be paid attention that if both 2D and 

3D elements are created on the same component, 2D shell elements must be deleted before 

orphan mesh is exported to Abaqus. 

 

Figure 3.58 : tetramesh control panel for executing 3D mesh creation. 2D mesh is selected as input for 

Fixedtrias/quads to tetramesh. 

When mesh created, similar to 2D Meshing, element quality check should be performed 

to make sure no highly distorted elements have formed. Depending on complexity of 
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geometry, tight gaps and small angels confined between edges might exist which make 

formation of distorted elements inevitable.  Aspect ratio, tet-collapse and 

minimum/maximum angels are the most important parameters that should be checked 

with respect to mesh quality. These parameters were set to 5, 0.2,20, and 120 respectively. 

Mesh was checked for each criterion separately and failed elements were identified and 

fixed. Similar to 2D element correction, a number of techniques are available and can be 

practiced to fix the distorted 3D elements. For example, node translation can be used to 

improve tet-collapse, or iterative tetra remesh can be used on failed elements and their 

close-by regions to amend min/max angel. Figure 3.59 to Figure 3.76 show final meshed 

components.  

 

Figure 3.59 : Meshed cavity, final design, top view.  
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Figure 3.60 : Meshed cavity, final design, side view.  

 

 

 

 

Figure 3.61 : Meshed cavity, final design, bottom view.  
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Figure 3.62 : a sectioned view showing the solid elements, cavity, final design.  

 

Figure 3.63 : Side sectioned view showing solid elements, cavity, final design. 
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Figure 3.64 : Meshed core, top view, final design. 

 

 

Figure 3.65 : Meshed core, showing mesh transition, final design.  
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Figure 3.66 : Meshed core, bottom view, new design. 

 

Figure 3.67 : Meshe core, bottom view, closer look, final design. 

 

Figure 3.68 : Sectined view of core showing solid element, final deesign.  
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Figure 3.69 : Sectined view of core showing solid element, final deesign.  

 

 

Figure 3.70 : Meshed cavity, top view, initial design. 
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Figure 3.71 : Meshed cavity, isometric top view, initial design. 

 

 

Figure 3.72 : Meshed cavity, bottom view, initial design. 
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Figure 3.73 : Sectioned view of cavity shoeing solid elements, initial design. 

 

Figure 3.74 : Meshed core, top view initial design.  
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Figure 3.75 : Meshed core, isometri top view, initial design.  

 

Figure 3.76 Sectined view of core showing solid elements, initrial design. 

 

3.3.3 Mesh Export to Abaqus  

Meshed parts in HyperMesh will be used as parts in Abaqus for setting up the FEM model. 

HyperMesh provides opportunity for mesh export to a number of CAE software by 

generating mesh files with compatible format to each end software. In case Abaqus is the 

end software, HyperMesh produces an inp. file. Exporting this file into Abaqus will result 

in appearance of an orphan mesh which is the collection of nodes and elements with no 
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geometry features associated with it. To initiate the export process, one should select 

export from file menu and then pick solver deck. Figure 3.77 shows solver deck export 

panel.  

 

Figure 3.77 : Solver deck export panel for mesh export in HyperMesh. 

It should be reminded that only 3D mesh has to be exported. In other words, if meshing 

has been carried out in a way that 2D mesh and 3D mesh exist in separate components, 

only the component containing 3D mesh must be chosen for export. In order to do so, 

the user should pick Custom for Export dial box under Export options section of solver deck 

panel. The select entities button, which was grayed out before that, will be activated. By 

clicking on select entities button user will be forwarded to Entity State panel where 

components of interest can be selected for export. See Figure 3.77 and Figure 3.78. 

 

Figure 3.78 : Entity State panel where components of interest can be selected for mesh  export. 

If 2D and 3D meshing have been both created on one component, the 2D mesh must be 

deleted before export. This is done in delete entities panel. Elements can be chosen by 

configuration (element type) and deleted by one click.  
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3.4 ABAQUS 

3.4.1 Simulation of Thermal Stresses for Die inserts  

Static nonlinear implicit fully coupled thermal-displacement model is to be setup in 

Abaqus. Since only obtaining the thermal stresses generated by temperature gradients in 

die inserts during one cycle is of interest, the setup model in Abaqus will contain only two 

parts, cavity and core. Cast is not included in this section of analysis. 

Model setup is carried out step by step according to the sequence by which settings appear 

on Model tree view. See Figure 3.79. 

 

Figure 3.79 : Model tree view in Abaqus. 
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3.4.1.1 Parts 

Even though parts were imported to HyperMesh in the form of assembly, and similarly 

thereafter, exported into Abaqus as an assembly, Abaqus does not recognize them as two 

assembled parts and identifies them as one whole component. It means that the die halves 

should detach from each other to from two single parts. By right clicking on Part inside 

the part node of the tree view and selecting Copy, a window will pop out as shown in Figure 

3.80. The option Separate disconnected regions is the one that allows to bring the model back 

into its original assembly condition.  

 

 

Figure 3.80 : Part copy window where joint parts in assembly can be detached. 

 

3.4.1.2 Materials 

Needless to say, the same materials used in Magma for cast and die inserts should be used 

here in Abaqus too. Temperature dependent material properties were extracted from 

Magma database. It should be brought into attention that since Abaqus is unitless, dealing 

with material properties and their units should be done with outmost carefulness. Unite 

consistency must be assured for all the quantities entered throughout the whole analysis 

(Us customary, British, or SI).   

The system of units used in this analysis is SI. Base and derived unites used in the model 

are summarized in table below.  

 

 

 



Method and implementation 

79 

 

Table 1 : System of units in SI 

SI System 

Quantity Symbol Unit Unit name 

Length  L m Meter 

Mass M Kg Kilogram 

Time T  s second 

Temperature  K K Kelvin 

Density  Ρ Kg.m-3 Rho 

Force, Weight  N Kg.m.s-2 Newton  

Pressure, Stress Pa N.m-2 - Kg.m-1.s-2 Pascal 

Energy, Work, Heat J N.m - Pa.m3 - Kg.m2.s-2 Joule 

Power W J.s-1 – Kg.m2.s-3 Watt 

Thermal Conductivity  Λ W.m-1.K-1 Lambda 

Specific Heat CP J.Kg-1.K-1  

Latent Heat  L J.Kg-1   

Thermal Expansion 

Coefficient 

Α 1.C-1 = 1.K-1 Alpha 

 

Although die inserts are manufactured from one material, separate material cards were 

created for core and cavity containing identical material properties. The reason is that when 

later Abaqus mesh is taken to magma for transferring the nodal temperature values, Magma 

identifies existing sections in Abaqus mesh only according to their corresponding material 

cards. So that, each section must have its unique material card.  
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3.4.1.3 Sections  

There are two homogeneous solid sections in the model i.e. cavity and core that should be. 

They are created inside Section node of the model tree. Name of the section is entered in 

the appearing dialog box. Solid should be picked for section category and Homogeneous for 

section type, and the corresponding material for each section is specified. Thereafter, 

sections are assigned to their corresponding regions (core and cavity). This is done in 

section assignments under Part node in model tree view.  

3.4.1.4 Assembly  

In assembly, parts are positioned with respect to each other. Figure 3.81 shows a view of 

assembly composed of core (top) and cavity (bottom). 

 

Figure 3.81 : Assembly in Abaqus. 

3.4.1.5 Steps  

In step module, all the information required for describing various aspects of the problem 

are defined such as boundary conditions, loads, interactions, predefined fields, and data 

output. There are two types of steps in Abaqus i.e. Initial and Analysis. The conditions 

which are applicable to the model at the very beginning of the analysis like initial 

temperature or boundary conditions are defined in initial step. All conditions defined in 

initial step will propagate to the following (analysis) steps. However, existing conditions in 

each analysis step can be individually deactivated or modified to reflect any changes as a 

new condition in the system in that particular step, which in turn will propagate to the 

following steps. Similarly, analysis procedure such as static stress analysis or transit heat 

transfer analysis to be performed during a step can be defined for each step uniquely if 
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required. As indicated earlier, the analysis procedure in this study for all steps is Fully coupled 

thermal-displacement. Since no pure thermal analysis for calculation of temperature values is 

to be done separately in Abaqus, and nodal temperature values are taken from an external 

source (Magma), steps can be chosen of either static or transit nature. Step durations has 

been set equal to the time step for result generation in Magma (0.2 Second). Each step is 

divided in 4 increments. Dividing steps into several increments helps Abaqus reach 

convergence in fewer number of iterations. Step definition can be seen in Figure 3.82 and 

Figure 3.83.  

 

Figure 3.82 : Basic tab of step definition window in Abaqus. 

 

Figure 3.83 : Increment tab of step definition in Abaqus. 

 

It should be mentioned that result generation in Magma analysis produced 72 temperature 

files (one file at each 0.2 Sec. time step) that together form entire temperature history of 

the die inserts from the filling to the time of ejection. It is implied that stress analysis should 

be broken down into 72 steps for each resultant thermal stresses are calculated. Two 

MATLAB codes were developed to generate steps automatically. First code was 

responsible for modifying each temperature file by adding degree of freedom 11 to each 

node. The second was responsible to create 72 steps in .inp file and include each 

temperature file to its corresponding step.  
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Load and predefined field are also defined in initial step; however, they will be modified at 

later steps. Predefined field will be modified because obviously temperature of inserts is 

changing continuously from start to finish. Load will be modified because external 

mechanical loading exerted by locking force of the HPDC machine will be removed once 

die opens. 

3.4.1.6 Boundary Conditions 

Since mechanical boundary condition remained constant throughout the whole analysis, 

they were defined in initial step and allowed to propagate to all analysis step. Boundary 

conditions are applied through three different settings as follows:  

XConsrained  

Translation of the sides of the inserts normal to the X direction were constrained along 

the X direction, whereas translation along Y and Z, and rotation around all three axes were 

allowed. Figure 3.84Error! Reference source not found. shows displacement/rotation dial 

box for mechanical boundary condition and location of the applied constraint.   

 

 

Figure 3.84 : Die movment constrained along X axis. 

YConstrained  

Translation of the sides of the inserts normal to the Y direction were constrained along 

the Y direction. Translation along X and Z, and rotation around all three axes were allowed. 

Figure 3.85 shows displacement/rotation dial box for mechanical boundary condition and 

location of the applied constraint.   
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Figure 3.85 : Die Movement constrained alonf Y axix.  

BottomSurface  

Bottom surface of the cover die was pinned. It restricts translation along X, Y, and Z, 

but allows rotation around all axes. See Figure 3.86.   

 

Figure 3.86 : Bottom surface of the cavity is pinned. Movement of die inserts along Z axis is restricted.  
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3.4.1.7 Loads 

Similar to mechanical boundary conditions, load has been defined in initial step. It was 

situated on the top of the ejector die acting along the Z direction. Locking force of the 

HPDC machine was 100 tone which would almost be equal to 1000kN. It was assumed 

that half of the load is carried to the inserts and the other half is carried by the slabs where 

inserts are placed in.  Therefore, 500kN were distributed uniformly on the top surface of 

the core. Figure 3.87 visualizes the load definition. 

                                                                   

 

Figure 3.87 : Defining a uniform load applied on the top of the core.  

Load should be removed when die opening takes place. It occurs at the 52th analysis step 

according to Magma simulation. Load is modified with syntax in .inp job file and 

propagates to rest of the steps from then on to the end.   

3.4.1.8 Interactions  

When die closes and locking force is applied, core half comes into contact with cavity half 

at the interface. This contact behavior as well as its properties should be properly defined 

in interaction module. Type of the contact was selected as surface to surface. The surfaces 

on which contact occurs should be specified. Between two surfaces that come into contact, 

Abaqus prompts us to choose one as the master surface and the other as the slave. Master 

surface normally is the one with coarser mesh and slave with finer mesh. In the case of 

present model cavity is the master surface. Small sliding formulation with adjustment to 

remove overclosure was used and rest of the settings were left as suggested by the default 

mode. Definition of contact in interaction module can be seen in Figure 3.88.  
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Figure 3.88 :  Defining the contact surface in interaction module. 

       

Interaction properties should be given for the defined contact. Two types of behavior were 

considered in mechanical contact properties i.e. Tangential and Normal behavior. For 

tangential behavior penalty method was used for friction formulation with friction 

coefficient of 0.5. It allows relative motion (elastic slip) of the surfaces when they should 

be sticking. For maximum elastic slip default value was allowed which is five thousandths 

of the surface dimension.  

For Normal behavior, hard contact formulation was selected for pressure-overclosure 

relationship. It uses classical lagrange multiplier method of constraint enforcement. 

 

Figure 3.89 : Definition of tangential behaviour in interaction properties.    
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Figure 3.90 : Definition of normal behaviour in interaction properties. 

3.4.1.9 Predefined field  

Initial temperature of the die inserts was 150 ºC in Magma. This initial condition is 

described in Abaqus in the form of predefined field. Temperature is selected for the 

type of the field, the entire model is specified as the applicable region and 150 ºC is 

given for the magnitude of the field.  

 

Figure 3.91: Assigning initial temperature of the inserts in predefined field. 

Now that the whole model has been set up, the job file can be created. Next step is to take 

the Abaqus finite element model into magma and transfer the results from magma mesh 

to Abaqus mesh for stress calculation.  
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3.4.1.10  Mapping MAGMA FDM results to FEM Mesh for Abaqus 

Simulation  

In Magma, FEM export option becomes activated once user goes to the result module  

. The export window can be accessed from either Tools drop down menu or by clicking 

on  icon. Export file window is shown in Figure 3.92 below. location and format of 

the input file (Abaqus job file with inp. format) and output file (Abaqus inp.) should be 

specified in this section.   

 

Figure 3.92 : Export file window in Magma. 

Existing sections (parts) inside the Abaqus file are identified by magma and shown. Each 

section should be associated with its respective Magma material group and ID. Attention 

should be paid here that Magma Identifies different sections of the Abaqus model only by 

their material cards. So that, in case one material card has been used in Abaqus to assign 

material properties to several distinct parts made of the same material, Magma will 

recognize only one of them. It explains why each section involved in the FEM export 

should possess its own material card regardless of the material type. Figure 3.93 shows 

material selection window in Magma. 
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Figure 3.93 : Material selection window in Magma. 

Having all material IDs assigned, it is time to update geometry and superimpose Abaqus 

mesh on Magma mesh. User will be forwarded to geometry working area, where he has to 

carefully and precisely match geometries on top of each other. Precision should be in the 

order of micrometer. Otherwise, Magma will throw out errors about unsuccessful attempts 

in reading related values for some Abaqus nodes which have been left out from magma 

mesh. User can specify a certain search radius for obtaining a value of each node from 

magma mesh. Increasing search radius allows magma to search for a temperature value in 

broader vicinity of each node in case value cannot be attained from immediate neighboring 

area. Author recommends increasing the precision of the geometry fit instead of increasing 

the search radios. If large search radius is utilized, chances are that numerous nodes end 

up with the same value.  

fitting the geometry and having them updated will allow the user to move to the next stage 

where results category for export can be selected. As shown in Figure 3.94, temperature 

folder from solidification and cooling which contains temperature files generated at each 

0.2 sec. time step is selected. Unit is set to Celsius and export button is hit.   

After generation of temperature files, a MATLAB code was used to process the files and 

modify nodal degree of freedom required for thermal analysis in Abaqus. 
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Figure 3.94 : Results category selection for export in Magma. 

Figure 3.94 shows the raw information in one of the temperature files and Figure 3.95 

shows the location of added DOF.  

 

Figure 3.95 : An example of temperature file generated by result export in Magma (Left). Same temperature file after 

being modified by MATLAB.  
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4. FINDINGS AND ANALYSIS 

4.1 MAGMA  

Temperature profiles at five different times of end of filling, 50% solidification, 100% 

solidification, die opening, and ejection for core and cavity of both initial and final design 

have been selected and are presented in Figure 4.1 to Figure 4.18.   

4.1.1 Visualization of Temperature Gradients in Magma - Initial 

Design  

4.1.1.1 Core  

 

Figure 4.1 : Temperature profile of core at the end of filling (0.38 s, Max Temp = 178 ºC). 

 

 

Figure 4.2 : Temperature profile of core at 50% solidification (t = 2.2 s, Max T= 359 ºC). 
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Figure 4.3 : Temperature profile of core at 100% solidification (t = 8.91 s, Max T= 348 ºC). 

 

Figure 4.4 : Temperature profile of core at die open (t = 10.12 s, Max T= 327 ºC). 

 

 

Figure 4.5 : Temperature profile of core at ejection (t = 15.14 s, Max T= 223 ºC). 
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4.1.1.2 Cavity

 

Figure 4.6 Temperature profile of cavity at the end of filling (t = 0.38 s, Max T= 170 ºC). 

 

 

Figure 4.7   Temperature profile of cavity at 50% solidification (t = 2.2 s, Max T= 367 ºC). 

 

 

 

Figure 4.8 Temperature profile of cavity at 100% solidification (t = 8.91 s, Max T= 310 ºC). 
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Figure 4.9 Temperature profile of cavity at die open (t = 10.12 s, Max T= 298 ºC). 

 

 

Figure 4.10 Temperature profile of cavity at ejection (t = 15.14 s, Max T= 215 ºC). 
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4.1.2 Visualization of Temperature Gradients in Magma - Final Design  

4.1.2.1 Core  

 

Figure 4.11 Temperature profile of core at 50% solidification (t = 1.80 s, Max T= 361 ºC). 

 

  

Figure 4.12 Temperature profile of core at 100% solidification (t = 7.35 s, Max T= 367 ºC). 

 

 

Figure 4.13 Temperature profile of core at die open (t = 8.44 s, Max T= 348 ºC). 
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Figure 4.14 Temperature profile of core at ejection (t = 13.45 s, Max T= 251 ºC). 

4.1.2.2 Cavity 

 

Figure 4.15 Temperature profile of core at 50% solidification (t = 1.80 s, Max T= 385 ºC). 

 

 

Figure 4.16 Temperature profile of core at 100% solidification (t = 7.35 s, Max T= 322 ºC). 
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Figure 4.17 Temperature profile of core at die open (t = 8.44 s, Max T= 306 ºC). 

 

Figure 4.18 Temperature profile of cavity at ejection (t = 13.45 s, Max T= 194 ºC). 

 

 

4.1.3 Cooling Rates  

In order to have an insight into the cooling behavior of the inserts and obtain their cooling 

rates, maximum nodal temperature values of each insert at each time step were extracted 

by a MATLAB code. Results are plotted in Figure 4.19 to Figure 4.25. It can be seen that 

there is improvement in the cooling behavior of both the cast and the die in the Final 

design. The final design has better cooling performance and reduced the cycle time by two 

seconds. 
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4.1.3.1  Initial Design  

 

 

 

 

Figure 4.19 : Cooling behavior of cavity- initial design. 

 

Figure 4.20 : Cooling behavior of core- initial design. 
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Figure 4.21 : Superimposed cooling behaviors of cavity and core - initial design. 

4.1.3.2 Final Design  

 

Figure 4.22 : Cooling behavior of cavity- final design. 
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Figure 4.23 : Cooling behavior of core- final design. 

 

Figure 4.24 : Superimposed cooling behaviors of cavity and core – final design. 
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Figure 4.25 : Superimposed cooling behaviors of cavity and core – initial and final design (new design). 

 

4.1.3.3 Cast 

 

Figure 4.26 : Cooling behavior of cast in initial design. 
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Figure 4.27 : Cooling behaviour of cast in final design (new design).  

 

Figure 4.28 : Superimposed cooling behaviors of cast in initial and final design (new design).  

4.2 ABAQUS 

4.2.1 Initial Design 

Unaveraged maximum misses stress at integration point of elements have been 

extracted from Abaqus output database (.odb) file for each step. Results have been 

plotted against time as shown in Figure 4.29 to Figure 4.31.  
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Figure 4.29 : Unaveraged maximum mises stress Vs. time for cavity initial design. 

 

Figure 4.30 : Unaveraged maximum mises stress Vs. time for core initial design. 
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Figure 4.31 : Superimposed unaveraged maximum mises stresses of core and cavity – Initial design. 
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4.2.2 Final Design 

The unaveraged peak stress values in each step at the integration points of the 

elements has been plotted against the cycle time. 

Figure 4.32 : Unaveraged maximum mises stress Vs. time for cavity Final design 

Figure 4.33 : Unaveraged maximum mises stress Vs. time for core Final design. 
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Figure 4.34 : Superimposed unaveraged maximum mises stresses of core and cavity – Final design 
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5. DISCUSSION AND CONCLUSIONS 

5.1 Discussion of method 

The CAD model of the component to be casted was given to us at the start of the study. 

As the design of the die was done after a preliminary analysis in MAGMA using a mock 

die, the positioning of runners, ingates and overflow channels were decided before it. The 

Solidworks mold tool provided fast and error free creation of die design with minimal gaps 

between the components and optimum positioning of parting surface. 

MAGMA simulation eliminates the need to find the interfacial heat transfer coefficients 

between surface pairs within the die, which is very case specific. If the casting simulation 

was to be done using a CAE software like ABAQUS, the investigation of the IHTC 

between surface pairs is needed. This can affect the accuracy of the result if not selected 

carefully. 

As there has been not much interest on developing a common software which is integrated 

with casting simulation, thermal analysis and stress analysis of the die yet, the procedure 

followed to find the residual stresses in this study involves many subtasks which can be 

troublesome for an unexperienced user. This process of understanding the complex 

physics happening during the process and its implementation involves a series of time-

consuming research work, moreover as different software is involved, there were 

compatibility issues between the input and output files used in these software. Data 

processing needed to be done either using MATLAB or manually to link these sections 

together. Although, human errors can be resolved by repeating the process till we get a 

reliable temperature dataset, there are some other main sources of errors that need 

mentioning regarding this study. 

 

5.1.1 Sources of Contributing Errors  

It is beneficial to discuss some possible sources of errors inherent in the employed 

methodology that have inevitably affected the accuracy of the results. Before practicing the 

same methodology presented in this work for actual manufacturing on any pair of 

materials, a potential user must be aware of such sources of errors and take the appropriate 

measures to mitigate their influence in order to achieve a successful outcome. 
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5.1.1.1 Mapping the results from Magma to FEM mesh 

MAGMA uses FDM discretization, which is transferred to FEM mesh in ABAQUS. This 

is done using the Magmalink module and its accuracy of interpolating the results into the 

FEM mesh hugely decides the accuracy of the temperature profile obtained as input for 

the ABAQUS simulation. The main source of error is introduced when temperature values 

are going to be mapped from magma mesh to FEM mesh. Magma tries to find eight cells 

that are grouped in a cubical shape around a FEM node. The value Magma issues for each 

FEM node is interpolation of these eight cells. The maximum difference between the eight 

cells that take part in interpolation and the issued nodal value is accounted as accuracy of 

the results in Magma. For a fine and smooth mesh, the differences normally are low (a few 

percent of the original value). In this study, the accuracy was within ± 3% range.  

Due to the mesh mismatch between Magma and FEM mesh, usually FEM nodes are not 

in perfect fit with Magma nodes. So, Magma will start searching through adjacent cells until 

find a value from a node that is closest to the FEM node. In similar situation, FEM nodes 

might position in a way that are surrounded by empty magma cells (the values for cells are 

not available because of, for example, shrinkage), or imprecise adjustment of FEM mesh 

on Magma geometry. In such situations, Magma will assign invalid values to FEM nodes. 

One way to work around it is to increase the search radios through which magma search 

for values for FEM nodes. Inappropriately large search radius can contribute to inaccuracy 

of the nodal values found and assigned by Magmalink to FEM mesh. 

One solution to this would be to have a common software able to work on high quality 

material data which could perform the whole simulation from modelling the casting part 

to the simulation of stresses in the die. This can also be connected to a software used for 

additive manufacture preprocessing which would give a die designer control over the 

whole process of printing die inserts or other parts in the permanent die casting processes. 

This would serve as a platform which would attract more active research in this area.  

 

5.1.1.2  FEM Element Type 

As mentioned earlier, first order tetrahedral elements were used in this study. Depending 

on the type of analysis and geometries involved, FEM element type (first or second order) 

might be the source of causing error if not selected accordingly.  
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In ABAQUS standard, if element distortion is not expected, second order elements 

provide higher degree of accuracy compared to first order elements. They are more 

effective in capturing stress concentration particularly in bending dominated problems. 

They are however more computationally demanding and can take considerably longer time 

to complete the analysis than first order elements.   

It is recommended that first order element be avoided as much as possible in stress analysis 

problems, because the elements are overly stiff and exhibit slow convergence with mesh 

refinement. If they are required, extremely fine mesh might be needed to obtain results of 

sufficient accuracy. If possible, user should conduct a pilot study before the full-scale 

investigation is carried out. This way, an understanding over the accuracy of results 

attainable by each element type can be developed, and the degree of diversion possibly 

introduced by first order elements can be compared.     

5.1.1.3 Mesh refinement  

It is well established that the level of inaccuracy generated by interpolation reduces as mesh 

fineness increases. To keep the level of such inaccuracy as low as possible, mesh 

convergence analysis usually is carried out. In this work, however, such analysis was not 

conducted due to the restrictions imposed by employed methodology and type of analysis. 

It would be very time consuming to generate meshes with various fineness, import the 

respective temperature values from MAGMA, process the data with MATLAB, and 

recreate the FEM model in Abaqus for each. Therefore, it is reasonable to assume that 

results inaccuracy because of mesh coarseness may exist to some degree. Same situation is 

valid for Magma mesh also. Quality of mesh in magma determined by shape (flat and 

elongated cells shall be avoided and corrected by advanced meshing options) and number 

of elements have a direct effect on results precision.  

5.1.1.4 Material Properties 

Another source of error that user should be aware of is any inaccuracy in temperature 

dependent material properties data, in particular, interfacial heat transfer coefficient 

(IHTC). As mentioned in 2.1, HTC is the factor deciding how much heat will be exchanged 

between interfaces. The only way to measure HTC is to setup an experiment and extract 

the values using installed thermocouples. Entering inaccurate HTC values in finite element 

model will obviously lead to unrealistic temperature profiles and resultant thermal stresses.  
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5.2 Discussion of findings 

5.2.1 MAGMA 

5.2.1.1 Cast 

From the MAGMA simulation and further comparison of the cooling patterns in both 

designs, it can be seen that there is improvement in the cooling rate of the cast. There is a 

reduction of cycle time by 2 seconds in the final design comparing to the initial design in 

order to cool the cast to the same temperature (Figure 4.28). The final design effectively 

transmits heat to the surface of the die and because the surface area of the final design is 

increased considerably, this radiates more heat from the die into the surroundings. Reduced 

cycle time is extremely valuable in applications where large-scale production is involved 

like in HPDC. There are higher temperatures around the core impression on the core half 

of the die compared to the cavity impression in the cavity half of the die. This gives us a 

hint that conformal cooling channels can be more effectively employed below the core 

impression which will provide a more uniform cooling of the cast.  

5.2.1.2 Die Halves 

Looking at the cooling behavior of the die in the final design, Figure 4.25, there is a 

reduction in the cycle time for around 2 seconds for both the cavity and the cast. However, 

it can be noticed that at the end of the simulation, the core of the Final design is at a higher 

temperature than the core of the Initial Design. This could be rectified by making 

conformal cooling channel design more effective so that it can aid in better transfer of heat 

out of the die core. The die further cools down more after it is open, before the next cycle 

starts and additional die cooling steps like spraying can be added to bring the die 

temperature down. It is advised that die cooling is also considered as important as the 

cooling of the cast. Longer die life can thus be ensured aiding sustainability.  

5.2.2 ABAQUS  

5.2.2.1 Initial Design 

The Maximum Von-Misses stress has been plotted from the result ‘. odb’ file of the Abaqus 

simulation (Figure 4.31). This plot shows the maximum value of the stresses generated on 

the elements in both the cavity and core. The comparison between these clearly shows that 
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the stresses generated in the core half of the Initial Design has much higher stresses. The 

maximum stress that is generated in the cavity of the die is approximately 580.7 MPa. The 

maximum stress that is produced in the core is approximately 1125 MPa, which is well 

below the yield point of the material we used for the simulation. The yield point of the 

material is 1480 MPa. This means that the Initial Design of the die is strong enough to 

withstand the stresses generated in it in a HPDC process cycle.  

5.2.2.2 Final Design 

In the Final design of the die, (Figure 4.34) the stresses generated are higher that the yield 

point of the material. The final design consists of many thin walled structures. The thin 

walls are too small to handle the extremely high stresses that are produced during the 

casting cycle. 

In the cavity half of the die for the final design, the maximum value of von mises stress 

that is generated is at step 3, which is one second after the solidification starts. The value 

of the peak stress generated is 2745 MPa. In the core of final design, the highest value of 

the stress generated is 1501 MPa. Both these values of stresses are beyond the yield point 

of the material used for the simulation and this results in the die failing under operation. 

5.3 Conclusions 

The research question targeted in this thesis work is  

“Can a lightweight HPDC die with thin/walled features withstand the thermal and 

mechanical loads that act on it during the casting cycle” 

The results of the thesis work can be concluded as below. 

The Final design of the die analyzed in this thesis fails during the casting cycle. The high 

values of the stresses induced during the cycle are higher than the yield strength of the 

material used for this thesis work.  

There is improvement in the cooling behavior of both the cast and the die in the Final 

design. The high stresses produced in the final design dissipate away faster because of its 

more effective cooling. 
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There is a much higher evolution of stresses in the core of the die compared to the cavity 

in the Final design. 

The final design of the die can be made to withstand the high stresses produced by 

increasing the wall thickness of the thin walls. Ensure that the reduction of mass caused 

by the new design can handle the stress generated by the heating cycles.
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6. FUTURE WORK 

After making a design of the die that can withstand the loads acting for one cycle, there is 

a need to do simulation of die fatigue stresses. This can make an effective prediction of the 

life of the die in repeated cycles.  But, this can only be done with simpler models, as the 

computation time required for such a simulation with the current model would be too 

large. 

Simulation with the exact material properties of the materials involved in the process. Also, 

the HPDC parameters used in MAGMA should be made more precise to the specification 

of the machine that is used in the actual die casting process. 

The computation time required to effectively capture the effect of the loads on the die is 

large. An alternative method for running the simulations for complex models need to be 

employed. Scaling the material models to run faster simulations for models with complex 

geometries can reduce the time taken for the simulation. There is commercially available 

software that can accurately scale the material properties of the model to match the 

properties of the same model with complex lattice structures inside. This makes it easier 

to set up the model for simulation and also reduces simulation run-time. 

The amount of design freedom involved in the design of such dies need to be experimented 

with to have better resource utilization. Many experiments can be done with different wall 

thicknesses, different materials and for different types of casting methods so that enough 

reference data is available for implementing this technique on a large-scale production of 

dies.
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