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ABSTRACT

The development and fabrication injection of moulding tools is complex and

demands highly skilled personal. The research aim is to study the effect of surface

roughness on mould filling and the ejection of parts for amorphous and semi-

crystalline polymers. This study is to simulate and analyse polymers used and

investigates the ejection force needed for different selected polymer resins for a

series of cavity and core inserts with different surface roughnesses. Mould filling

and comparison studies for polymers used also were carried out. Three common

thermoplastics polymers were used for the cylindrical part: two amorphous

thermoplastics: high impact polystyrene and an acrylonitrile butadiene styrene and a

semi-crystalline polyamide. These three thermoplastics were selected due to these

polymers are engineering materials being widely used in automotive parts, in the

casing of household products and in gears. Apart from that there are different

processing conditions for an amorphous and crystalline thermoplastic in terms of

melting temperature, injection pressure, packing pressure and cooling times which

are considered in this study. A two-cavity prototype tool for cylindrically shaped

components was fabricated with variations in wall thickness by using a series of core

inserts each with a different surface roughness. The part was constructed using CAD

software and simulated in Autodesk Moldflow Insight 2010-R2 (AMI 2010-R2) in

order to carry out the simulation works to obtain the required processing parameters

for the injection moulding process. The application of simulation software packages

for mould design and injection moulding process are vital in order to optimise the

part quality and satisfy the market needs. For amorphous thermoplastics there is no

melting point in terms of physical properties and having a high toughness due to

butadiene chain present, in this case both for high impact polystyrene and an

acrylonitrile butadiene styrene. Since polyamide has a viscosity lower than these two

amorphous thermoplastics, the processing conditions and pressure will be different

which can be identified through the melt flow rate of the resin. Polyamide also has a

higher density which is 1.14 g/cm3 compared with high impact polystyrene and an

acrylonitrile butadiene styrene which were 1.04 g/cm3 and 1.04 g/cm3 respectively.

The study concludes that polyamide resin requires a shorter cavity filling time and

less pressure compared with an acrylonitrile butadiene styrene resin. Polyamide also

requires high ejection forces due to surface texture generated as compared with high
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impact polystyrene and an acrylonitrile butadiene styrene. The mathematical model

results for the ejection force closely agree with the experimental data for the three

materials used.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Integrated knowledge, of mould design and the injection of moulding process

and materials, is essential to meet the part’s quality requirement. Injection moulding

is one of the most versatile and robust operations for processing thermoplastics from

a simple to a very complicated product with excellent dimensional tolerance at a

relatively low cost. One should have a good understanding of the flow behaviour of

molten plastic in the mould cavity as well as the process parameters of the injection

moulding machine.

The ejection of the moulding from the core is a paramount factor in this

research to maintain the part quality and smoothness of the operation of the tool

especially when it comes to the actual production (bulk quantity). Ideally speaking,

an injection moulding process will involve friction forces where the tendency of the

part is to shrink onto the core insert which then causes part defects if not properly

controlled. For long usage and mass production, the inserts tend to wear due to the

polymers rubbing the surface of the tool.
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The research therefore is concerned on the ejection force generated to eject

the part by using different types of surface roughness/texture for the cavity and core

inserts. The thermoplastic materials used are: high-impact Polystyrene (HIPS),

acrylonitrile butadiene styrene (ABS) and polyamide (PA6). The materials have

different thermal expansion coefficient compared to steel (0.6 – 1.4 x 10-4 and 12 x

10-6K-1, respectively A.S. Pouzada et al., 2006) which is the important element of

this research in order to establish the ejection force model for each polymer used.

1.2 Problem Statement

The tool is expensive to fabricate and so requires good planning in the

fabrication stage as any mistake during this stage will lead to severe loses and time

delay. So it is a must to use a certain method which is capable of resolving the

potential problems which might arise before the actual production takes place. The

surface roughness of the inserts plays an important role in determining the quality of

part and the ejection force required. It is a necessity to develop and model the

ejection force for amorphous and crystalline resin which can later help people in

moulding industries in planning and undertaking jobs and also improving easy

manufacture of the plastic parts. It is essential and a main objective of the present

work to develop a mathematical model to predict the ejection forces for amorphous

and crystalline thermoplastic resins. It is, therefore, imperative that the ejection

forces be balanced and adequate so as to reduce the probability of part deformation.
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1.3 Aim and Objectives of the research

The aim of this research was to study the effect of surface roughness for

HIPS, ABS and PA6 with the different processing conditions (melting temperature,

injection pressure, packing pressure and cooling times). These polymers are selected

because they are engineering material which widely used for engineering application

such casing for air conditioning, automotive parts and internal part (gear). The

processing conditions and pressure can be indentified through melt flow rate of the

resin. PA6 is higher density which is 1.14 g/cm3 comparing with HIPS and ABS

which were 1.04 g/cm3 and 1.04 g/cm3 respectively. These characteristics definitely

will influence the processing conditions and the ejection force for polymer used.

The objectives of the research are as follows:

a. To simulate and analyze the different types of thermoplastics material with

Autodesk Moldflow Plastic Insight (AMI) software.

b. To analyse the effect of different types of surface roughness for both core and

cavity: mirror-polished and spark erosion by EDM (Electro discharge

machining).

c. To analyze the mould filling and process parameters for HIPS, ABS and PA6

on the actual tool.

d. To develop the ejection force for HIPS, ABS and PA6 by using such

instrumentation.

e. To optimize value of process parameter and correlation among HIPS, ABS

and PA6.
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1.4 Scope of study

In this study, the effectiveness and accuracy of simulation result using AMI

2010-R2 software were compared with the actual injection moulding process

parameters. It is essential to find the correlations and optimum ejection force for

different types of polymer resin. Thus the experimental data were further studied by

using statistical tool (Statisca Release 7), to analyse the optimum conditions for the

processing parameters of injection moulding machine. This was followed by

prediction and model development for ejecting the part.

1.5 Outline of the thesis

This thesis consists of six chapters. A brief introduction on the injection

moulding process and the ejection of moulding part is outlined in Chapter 1

(Introduction). This is followed by problem statement in order to provide some basis

(ideas and suggestion) to determine the research’s direction. Based on the defined

problem statement, research aim and objectives and scope of the study were

elucidated clearly.

The technology and application of various machining process with emphasis

given are to describe the process parameters which influence the quality of the

moulding which were revealed in Chapter 2. The following sections of the chapter

include the mould design concept, the adoption of simulation software package and

also the working condition requirement for the polymer resins.
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Chapter 3 discusses the methodology used in the study and experimental

procedures. These procedures include instrumentation set-up and materials

preparation. It also involves design and tool fabrication as a platform to run the

study based on the researcher’s knowledge and experience. The facilities available at

TATI University College and the supports from Edinburgh Napier University were

employed to enhance the study works.

Meanwhile, Chapter 4 focuses on the Moldflow analysis and computational

method in examining the associated problems which may arise during filling,

packing and curing during the cycle time of the moulding. The information gathered

from the analysis log will be used as guidance during the experimental work.

In Chapter 5, the optimum ejection force based on the setting parameters and

conditions and model building for predicting response function were developed. The

essential parameters include surface roughness of cavity inserts, injection pressure,

melt temperature, packing pressure and cooling time which were considered in

developing the mathematical model.

Findings from these studies were summarised in Chapter 6 (Conclusions and

Recommendations for Future Direction). Conclusions are drawn based on the results

throughout the study on mould filling and ejection of part for HIPS, ABS and PA6.

Some of the possibilities for extending for the future work were suggested based on

the obtained result and observations.



6

CHAPTER 2

LITERATURE REVIEW

2.1 Overview

The development and manufacture of tooling for injection moulding are

complex tasks involving the knowledge of the injection moulding process parameters

and the material changes induced by processing. Thus, in the tool design stage, the

aspects associated with the ejection system will require special consideration

especially for parts with deep cavities; quite often the ejection phase of the moulding

cycle is critical. Hence, the prediction of the ejection force will contribute to

optimizing the tool design and to guarantee the integrity of the parts. If there are any

errors happened involving complicated machining and related process by tool

making industries, they may suffered a big loss. Nevertheless, it is without any

doubt that, the input towards the knowledge in this field is very vital and fruitful for

the tool maker and also the machine operator. Each and every one of the aspects

stated above will lead to a better production of good product quality. The links

between injection moulding parameters such as melting temperature, injection

pressure, cooling time and packing pressure integrated with technology used and

current research carried out were also elaborated.
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Generally speaking, an injection moulding process involves four different

stages which are filling, packing, cooling and ejection. The robustness of the

injection moulding process enables various shape and complex geometry which can

be moulded at relatively low cost (B. H. Min, 2002). Four important aspects of

mould filling and ejection of part will be discussed, which are related to the research

are: surface finish and EDM process, melting temperature, injection pressure and

ejection force.

2.2 Polymer

Polymer can be defined as a substance (natural or synthetic), molecules of

which consist of numerous repeated chemical units (monomers) linked to each other

in a regular pattern.

2.3 Polymerization Process

Plastics are one group of polymers built up from relatively simple units called

monomer (or mers) through a chemical polymerisation process as shown in Figure

2.1. For processing polymers into end product will involves physical phase change

such as melting and solidification (for thermoplastics) or a chemical reaction (for

thermosets).
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Figure 2.1: Polymer family: the formation of plastics and the polymerisation process
(Jay Shoemaker, 2006)

2.4 Structure of Polymers

The structure of polymer may form of a long chain of repeating units in the

shape of branched molecules, in the form of giant three dimensional networks, in the

form of linear molecules with regular lateral connections to form “ladder-type”

polymers, in the form of two-dimensional networks or platelets, and so forth,

depending on how many connections or bonds can exist between the mono-disperse

monomer molecules that were used to form the polymer and between sites on the

forming or already formed polymer molecules as shown in Figure 2.2. Thus, many
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different structures are possible with plastics-and each will affect the basic properties

of the polymer.

Plastics generally represent polymeric compounds that are formulated with

plasticisers, stabilisers, fillers and other additives for the purpose of processibility

and performance.

Figure 2.2: Types of molecular structures in polymers (Michael L. Berins, 2000)

2.5 Classification of Polymers

Polymer builds up from numerous smaller molecules or monomers through

the polymerisation process. There are many types of polymers with the different

properties and applications. In general polymers can be categorised into three main
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groups namely as thermoplastics, thermoset and elastomers is illustrated in Figure

2.3.

Figure 2.3: Classification of polymers (Belofsky, 1995 and Callister, 2005)

Chain structure of polymers consists of branch, liner and cross link. Branch

polymers have long chain polymers could have similar type a monomer, different

types of AB monomers block AABB or draft liner ABBBABAA. Polymers with

similar of monomer known as homopolymer and polymer with different types of

monomers or repeating units identified as copolymer.

2.5.1 Thermoplastics

Thermoplastic polymers are plastics in which, unlike elastomers and

thermoset plastics, the molecular chains are not cross linked. They consequently

demonstrate plastic elastic behaviour and are thermoformable (meltable and

weldable) which melt when heated, and resolidify when cooled for examples

polyamides (PA), polypropylene (PE), and PVC. They are various types of

polyamides, but they tend to have similar physical properties. These include high

impact strength, toughness, flexibility, and abrasion resistance due to the linear

molecular chain structure (Crawford, 1990) as shown in Figure 2.4.

Classification of Polymers

Thermoplastics Thermosets Elastomers
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This formability is reversible, in other words can be repeated as often as required as

long as the material is not thermally damaged by overheating.

Figure 2.4: Structure of thermoplastics

(Source: http://www.ensinger-online.com/en/materials/basics-of-plastics/plastics-
classification/ Visited: 22/02/14)

Thermoplastics may experience high molecular weights due to high degree

polymerisation. The long molecular chain whether has side chains or not or group

which are not attached to other polymer molecules. As the end result, thermoplastics

can be softened constantly with only an increase of temperature which makes it

reversible.

The material of thermoplastics will maintain its original hardness when heated as

well as its strength when it is being cooled. Often, thermoplastic materials are

purchased as either pellets or granules. It is the process in which they are melted by

heat under pressure into a relatively viscously fluid and then can be shaped into any

desirable product.

2.5.2 Thermoset plastics

Thermoset is a group of plastics that is permanently hardened by cooling. If heated

after it has been initially cooled, the thermoset will char or burn. The individual

molecular chains of thermoset polymers are characterized by three-dimensional
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closely-meshed cross linking of covalent chemical bonding for example melamine

and epoxy. This property means that they can no longer be shaped after hardening.

They also cannot be melted. However, because of their strong cross linking,

thermoset polymers do offer good chemical resistance and a high level of thermal

stability, as well as being hard and brittle.

Figure 2.5: Structure of thermoset

(Source: http://www.ensinger-online.com/en/materials/basics-of-plastics/plastics-
classification/ Visited: 22/02/14)

The process happens when the thermosets polymerise with the activation of

heat or chemical reaction in a cross-linked microstructure. Once the process is

completed, the cross-link are bonded together in order to create a three-dimensional

network. This network (cross bond) which is positioned in the thermosets plastic,

excludes the slippage of the individual molecular as shown in Figure 2.5. Thus, as a

result, the thermosets becomes an infusible solid and cannot be re-softened even

though with the application of heat without degrading linkage. The fact is that, the

process is irreversible. Thermosets plastics exhibit greater mechanical strength,

higher working temperature, more ductility and greater dimensional stability than

thermoplastics. Elastomers refer to cross link chain structure for example rubber.
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2.6 Difference between Thermoplastics

As plastic materials are heated, they also go through changes in

structure. The temperatures that these changes occur at are called transition

points. Plastic materials can be divided into two broad categories according

to their structure. These are amorphous materials and crystalline materials.

2.6.1 Amorphous materials

Amorphous materials have their molecular chains in a random tangle. As

heat is applied to amorphous material, it becomes gradually softer. An

amorphous material will show a gradual transition as it is transformed from a

solid to a rubbery material. The temperature at which this occurs is called the

material’s Glass Transition Temperature (Tg). As the material is heated further,

it will become softer, allowing it to be moulded. Amorphous material does not

show sharp changes in properties as it is heated and typically has a broad

processing range. For amorphous polymers AT is usually greater than 100°C.

For example ABS: melt temp. 250°C - solidification temperature 110°C = ∆T

140°C and PC: melt temperature 300°C - solidification temperature 150°C = ∆T

150°C.

2.6.2 Crystalline and semi-crystalline materials

Crystalline materials are in fact semi-crystalline; they have small

regions of crystalline material, surrounded by amorphous material. In the

crystalline regions, the polymer chains have taken up a tight, orderly,
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arranged structure. As a crystalline material is heated up, a change in the

mechanical properties will be witnessed as the amorphous regions

encounter a glass transition phase. The crystalline regions remain intact,

preventing the material from flowing. Considerably more heat must be

applied before the crystalline regions break apart. This is a sharp transition

point, occurring at a specific temperature for that material. This

temperature is called the Melting Temperature (Tm). Below the Tm, the

material is a solid. Above the Tm, the material is a melt, and can be

processed. The behaviour of crystalline material can be compared to that

of ice and water, having a sharp transition between being solid and being

liquid. Crystalline polymers are characterized by (AT) less than 50°C. For

example PA 66: melt temperature 285°C - solidification temperature 255°C =

AT 30°C and POM: melt temperature 200°C - solidification temperature

180°C =∆T20°C.

The major difference of thermoplastics and thermosetting is, it is primarily

depends on the molecular structure as shown above. The microstructure of various

plastic is shown in Figure 2.6. Table 2.1 is a summary of the relevant structure and

properties of thermoplastic and thermosets.
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Table 2.1: Structures and properties of thermoplastics and thermosets
(Jay Shoemaker 2006)

Material Thermoplastics Thermosets

Microstructure Linear or branch
molecules
No chemical changes
generally take place during
forming

Cross-linking network
with chemical bonds
between molecules after
the chemical reaction

Reaction to heat Can be re-softened
(physical phase change)

Cannot be re-softened
after cross-linking without
degradation

General properties Higher impact strength
Easier processing
Better adaptability to
complex shapes

Greater mechanical
strength
Greater dimensional
stability
Better heat and moisture
resistance

Figure 2.6: Microstructure of various plastic (Jay Shoemaker, 2006)
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2.7 Tool design and construction in injection moulding processes

The design and construction of the tool is essential for a high quality moulded

component or product. A tool may consist of two or more parts in which the shape

of the part has been cut. Where large quantities of a product are required (long

production run) a hard wearing, durable mould material is required (steel). However,

the injection moulding operations can be more challenging to tool designer and tool

maker which target fewer defects such as warpage, shrinkage, weld lines and air

traps.

2.7.1 Injection moulding machine

Injection moulding machines are of two types which include vertical and

horizontal configuration. Both of these types of injection moulding machine have

their own functions and benefits. Meanwhile, the horizontal injection moulding is

usually used for different varieties in industries.

Basically, there are four types of horizontal injection moulding machine which are

used in today’s industries. The four types are as follows:

i. Conventional injection moulding machine

In this process, the plastic granules or pellets are poured into a

machine hopper and feed into the chamber of the heating cylinder. A

plunger then compresses the material, forcing it through progressively

hotter zones of the heating cylinder, where it is spread thin by a

torpedo. The torpedo is an unflighted cylindrical portion of the screw,
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usually located at the discharge end that provides additional shear

heating capabilities during melting action. Also the torpedo can be

installed in the centre of the cylinder in order to accelerate the heating

of the centre of the plastic mass. The torpedo may also be heated so

that the plastic is heated from the inside as well as from the outside.

The material is delivered from the heating cylinder through a

nozzle into the mould. The nozzle is the end of cylinder and form seal

with tool in which it is used to prevent leakage of material, which is

caused by the pressure used within it. The conventional plunger

machine is the only type of machine that can produce multi-colour

part. The other types of injection moulding machines combines the

plastic material thoroughly that only one colour is produced. Figure

2.7 shows the construction of injection-moulding machine.

Figure 2.7: The construction of Injection moulding machine (Author’s design)
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ii. Piston type pre-plastifying machine

This machine employs a torpedo ram heater to pre-plastify the

plastic granules. After the melt stage, the fluid plastic is pushed into a

holding chamber until it is ready to be forced into the die. This type of

machine produces pieces faster than a conventional machine, because

the moulding chamber is filled to shot capacity during the cooling

time of the part. Due to the fact that the injection plunger is acting on

fluid material, no pressure loss is encountered in compacting the

granules. This allows for larger parts with more projected area. The

remaining features of a piston-type pre-plastifying machine are

identical to the conventional single-plunger injection machine.

iii. Screw type pre-plastifying machine

In this injection-moulding machine, an extruder is used to

plasticize the plastic material. The turning screw feeds the pellets

forward to the heated interior surface of the extruder barrel. The

molten, plasticized material moves from the extruder into a holding

chamber, and from there is forced into the die by the injection

plunger. The use of a screw gives the following advantages:

 Better mixing and shear action of the plastic melt.

 A broader range of stiffer flow and heat sensitive.

 Materials can be run.

 Colour changes can be handled in a shorter time.

 Fewer stresses are obtained in the moulded part.
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iv. Reciprocating screw injection machine

This type of injection moulding machine employs a horizontal

extruder in place of the heating chamber. The plastic material is

moved forward through the extruder barrel by the rotation of a screw.

As the material progresses through the heated barrel with the screw, it

is changing from the granular condition to the plastic molten state. In

the reciprocating screw, the heat delivered to the moulding compound

is caused by both friction and conduction between the screw and the

walls of the barrel of the extruder. As the material moves forward, the

screw backs up to a limit switch that determines the volume of

material in the front of the extruder barrel. It is at this point that the

resemblance to a typical extruder ends. On the injection of the

material into the die, the screw moves forward to displace the material

in the barrel. In this machine, the screw performs as a ram as well as a

screw. After the gate sections, in the mould have frozen to prevent

backflow, the screw begins to rotate and moves backward for the next

cycle.

2.7.2 Tool Basic Construction

In making plastic injection moulding tool, there are certain procedures that

need to be followed. The tool is considered as the most vital part of the injection

moulding process because it controls the shape and the surface finish of the moulded

part. The tool consists of two parts which include the stationary part (plastic is
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injected here), as well as the moving part for closing or ejector side. The division line

between them is called the parting line.

The tool determines the size, shape, dimension, physical properties and the

surface finished of the ejected product. Usually, a melted plastic is forced to be fed

by using a channel called sprue to the cavity of the mould. There are five (5) major

areas that should be taken into consideration when making the tools which are listed

below. Figure 2.8 showed the location of these tool components.

i. Mould form

The mould form consists of cavity, core plate and also air ventilation

system. Mould form controls the properties of the injected product. The

injection mould is an assembly of part containing within it an impression into

which plastic material is injected and cooled. It is the impression which gives

the moulding its form. The impression may, therefore, be defined as that part

of the mould which imparts shape to the moulding

The impression is formed by two mould members:

 The cavity, which is the female portion of the mould, gives the

moulding its external form.

 The core, which is the male portion of the mould, form the internal

shape of the moulding
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ii. Feed system

This system includes gate, runner and sprue systems which control the

material flow to the mould. During the injection process plastic material is

delivered to the nozzle of the machine as melt; it is then transferred to the

impression through a passage. The material in this passage is termed the

sprue, and the bush is called a sprue bush. The materials may be directly

injected into the impression through the sprue bush or for mould containing

several impressions (multi-impression mould) it may pass from the sprue

bush hole through a runner and gate system before entering the impression.

iii. Ejection

Ejection system consists of the Ejector plate and Ejector pins. When

ejecting the component it is important not to distort or otherwise damage the

component. This can be avoided by appropriate location of ejector pins to

insure the ejection forces are evenly distributed and applied to the more rigid

areas of the moulded component. An alternative to edge ejection is to use a

stripper plate mould. Stripper plate moulds remove the component from the

core by moving an entire mould plate to ‘strip’ the part from the core.

iv. Cooling System

Cooling system is the system in which it controls the mould

temperature. There are two types of cooling system which include serial and

parallel cooling system. Temperature control is an essential part of the

moulds operation. It is essential to remove heat from the mould as quickly as

possible so that it will be sufficiently cool and rigid to be ejected without
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damage. The shorter the cooling times the shorter the cycle time and the

more parts can be produced.

Chilled water is most often the cooling agent of choice because it's

low-cost, has excellent thermal transfer properties, and is readily available.

Process water temperature is different for every tool creates, and it's

determined by a large number of variables. The wall thickness of the part,

dimensional requirements, the type of resin used, and size factors in the tool

design all affect process water temperature.

Convection heating with water or oil through single or multiple

heat/cool circuits in the tool. Hot dry air or steam is also used which can be

turned on and off during injection/cooling.

Induction by means of an inductor that generates an alternating

electromagnetic field. Inductors can be integrated into the tool or built in a

“cage” surrounding the tool.

v. Mould Mounting

Mould mounting consists of the guide pillar, guide bush and slot,

which are then used for mounting the mould to the injection moulding

machine. To mould an even-walled article it is necessary to ensure that

cavity and core are kept in alignment. This is done by incorporating guide

pillars on one mould plate which then enter corresponding guide bushes in

the other mould plate as the mould closes. The size of guide pillar should be
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such that they maintain alignment irrespective of the applied moulding force;

this they are normally able to do.

Figure 2.8: Mould component (Rosato Dominick V. et al., 2000)

2.8 Surface roughness of the mould inserts

The surface roughness of cavity and core plays very important role in

determining the quality of moulding. The surface roughness of the insert can be

produced by using EDM process or manually polishing.
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2.8.1 Method of producing the surface roughness

Electrical discharge machining (EDM) has been proved effectively on the

machining for hard, high strength and temperature resistant materials by means of

rapid removing and repetition spark discharged between the gaps of electrode and

work piece. Figure 2.9 shows the principle of EDM operation. The process is widely

adopted in mould making industries to produce critical and complicated parts for

aerospace, electronics and medical. On statistics, ninety percent of the EDM is used

in mould making, stamping dies, forging dies, tool fixtures and gauges in the United

State (Harry, 2000).

The EDM process is used especially to intricate complex shape component.

The correlation between EDM parameter (current) with the machining factors

(material removal rate and electrode wear rate) is the paramount factor in

determining highest material removal rate and lowest wear rate of the electrode(Che

Haron et al., 2001; Guu, 2004; Amorim and Weingaertner, 2005). The electrode

material made from copper offered a good surface finish and low electrode wear rate

compared to copper tungsten, brass and aluminium (Singh et al., 2003).
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Figure 2.9: The principle of EDM process (http://ars.els-cdn.com)

2.9 Mould/cavity filling

This research work deals with two-cavity. Since it is in multi-cavity, the

possibility of variation of mechanical properties in different region might possibly

happen.

The fountain flow’s behaviour of polymers during cavity filling by using

several of techniques such as finite element and numerical integration scheme were

carried out by numerous researchers (A. Özdemir et al., 2004; H. Yokoi et al., 2002;
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B. S. Chen and W. H. Liu, 1994; C. G. Gogos and C. F. Huang, 1986). In the finite

element method, a body to be analyzed is divided into a number of small

subdivisions, or finite elements. The elements are defined by a number of nodal

points, which for the elements considered are their comer points. The finite element

analysis approach is useful to simulate and solve the flow characteristics for

parameters such as the flow problem, velocity, pressure, temperature and shear stress

distributions in nonisothermal and isothermal filling process in determining quality

of moulding which is closely related to mould design and processing condition

(Kumar et al., 2001; Ho, 1997; Chen and Liu1994; Soh and Chang, 1986). So, the

finite element and numerical integration are widely used in polymer processing in

order to understand the interaction between the material properties and the process.

A numerical simulation of nonisothermal filling process in the thickness direction

gets together with free-surface boundary condition and relevant governing equations.

Result showed that as the melt front advances, the free surface becomes flatter. The

finite element analysis approached is useful to simulate the flow characteristic of

Styron 678 (Ho, 1997).

This research does not employ finite element method while dealing with these

parameters. Somehow, the information given above can be used when dealing with

the fountain flow of thermoplastics.

During the design stage, the moulding with varieties of wall thickness is

thoroughly studied. Then some calculations were done before the mould drawings

are produced. The type of runner system, ejection system and the size of all mould
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elements are being put in appropriate sizes to overcome deflection of plate as well as

to facilitate the experiment.

A 3D finite element model is utilized to predict the velocity, pressure,

temperature field and the flow front (Hétu et al., 1998). They have used Stokes

equation to solve the velocity and pressure fields and Carreau Law and Arrhenius

constitutive models to predict fluid behaviour. Meanwhile for the flow front is

modelled by using a pseudo-concentration method. The 3D approach used by these

authors was able to predict weld line, air entrapment, and pressure and temperature

distribution at the end of filling. Instead of using a 3D finite element, this research

has utilised the simulation software MPA 7.3 which is able to simulate and predict

possible associated problems with the moulding like weld line and air entrapment.

Somehow, the approach used by these authors is very effective to simulate very

complex three-dimensional cavities during the filling stage such as car handle.

Mould filling for cylindrical part is investigated under isothermal and non-

isothermal conditions by using LDPE material (A. Kumar et al., 2001). They have

used the finite-difference method to solve the governing differential equation for the

work. They have looked into two cases: isothermal filling at constant flow rate and

non-isothermal filling at constant flow rate. The result for non-isothermal filling

shows physically realistic trend and there is a strong agreement between analytical

solution and numerical method. The experimental work by the authors is also

concerned about the quality of moulding which is closely related to mould design

and processing condition. So, the processing conditions such as melt temperature,

mould temperature and filling time as emphasized by the authors will be used in this



28

research. These processing conditions definitely affected the melt viscosity which are

resulting the quality of moulding. Since this research will employ three types of

thermoplastics: PS, PP and PVC, the processing condition may vary. So therefore, a

very close attention during cavity filling for this research is profound to be essential.

The simulation of cavity filling by using the Marker-and-Cell (MAC)

numerical technique to investigate the fountain flow effect (Gogos and Huang,

1986). Therefore an assumption has been made: the flow is isothermal and the fluid

is incompressible. The fountain flow effect is caused by the non-slip condition of

moulding wall where the material is forced to flow outward of mould surface. The

fountain flow in the front of region during mould filling by using MAC was

accomplished satisfactorily. This research will also look at the fountain effect while

dealing with different types of thermoplastics. It will determine the filling time and

pressure and affects part orientation in that region.

A numerical simulation is used to study the post filling stage for PP and PS

materials (B. S. Chen and W. H. Liu, 1994). A modified Cross Model was used to

describe the viscosity under nonisothermal conditions. The melt (Hele-Shaw flow) is

considered to obey either a double-domain Tait or single-domain Spencer Gilmore

equation of state. Hele-Shaw Model is the flow of a real fluid (viscous Newtonian

liquid) between two closely spaced parallel plates in which the fluid flow is

generated by a pressure gradient applied across the ends of the plates, and the

spacing, d is sufficiently small to ensure that the viscous forces. For modelling the

viscosity of the resin, a modified Cross model was used with a double-domain Tait

equation of state being employed in describing the compressibility of the resin during
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moulding. The energy balance equation, including latent-heat dissipation semi-

crystalline and amorphous materials, was solved in order to predict the solidified

layer and temperature profile in detail. The result indicates a good agreement

between the present simulation and experimental work. Since the materials used by

the authors are of the same with this research, it gives more information concerned at

the post filling stage. The approach used by the authors about nonisothermal

conditions was relevant because the melt temperature for amorphous materials lies

between the glass transition, Tg or Tm for semi-crystalline polymers which provides

significant information towards this research.

A system is developed to measure the dynamic flow front position (Yokoi et

al., 2002). The result indicated that, at high velocities filling, an asymmetric fountain

flow may occur and no flow mark caused. The flow behaviour of polymers during

the filling stage and the causes of moulding defects will be considered in this

research while using difference type of polymers. Most of the defects occurred

during this critical filling where the melt resin flows inside the cavity. The melt

temperature for the thermoplastics used for this research will be closely monitored.

The reliability of mould filling simulation is investigated for part design

(Reifschneider, 2001). The simulation program is used to predict the filling pattern

when there is a gradual change in part thickness. The process conditions are

simulated from short shot mouldings to completely full parts. This will provide a

better understanding towards this research where the simulation works are done prior

to experimental work.
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A governing equation is derived with a power-law fluid for thin cavities (S.K.

Soh and C. J. Chang, 1986). The interactions between delivery channel flows with

cavity flow have been reported. Their experiment was observed on three conditions:

melt front location from isothermal, Newtonian filling of a constant gap rectangular

cavity and bi-gap rectangular cavity. Thus, they concluded with a new field equation

for variable gap, the melts front equilibrates with dissipation density when the

pressure drop in the cavity exceeds the upstream delivery channel and the proposed

equilibration principle satisfies with the experiment for isothermal filling of a

Newtonian fluid. The concepts used by the authors provide more understanding

towards this research parallel to the apprehension of isothermal filling studied.

A numerical simulation by using different rheological models was proposed

by using power law, moldflow second order, cross and carreau models in processing

polymer (PE-HD) (Koszkul and Nabialek, 2004). Only filling stage is considered.

They concluded that only proper viscosity model will produce reliable result, the

computer analysis will influence the accuracy of the plastic properties and the

technical development in computer hardware will result towards more complex

calculation of viscosity models. The rheological models used by the authors gave a

good comparison result where the viscosity requirement models were discussed. By

combining the inputs given by the authors and the application of AMI 2010 R-2 in

this research, the behaviour of polymer melt can be thoroughly studied especially

during cavity filling.

The injection velocity is to get uniformity of mould filling. (Chen and Gao,

2006). They have investigated the profiling method for mould filling to get the
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uniform melt front velocity. They have used a neural network model to estimate the

melt flow length (MFL) from online for variables of measurable process. Based on

their results, the neural network model is proven effective to ensure a uniform mould

filling. This experiment and works done by the authors gave significant values for

this research in determining the uniformity of mould filling at constant melt front

velocity.

A simplified predictive control (SPC) is developed to control the injection

velocity during the filling phase (B. Prajumati et al., 2005). A simplified predictive

control approach is a systematic handling of constraints through Linear Programming

(LP) without requiring large computational effort (Yash P. Gupta, 1993). The

performance and robustness of the proposed approach are compared with the general

approach on process models exhibiting interactions, time-delays, and inverse

response, through computer simulations.

The experiments were conducted on the DC motor for control simulation

process to obtain the required tuning parameter D (distance). They concluded that

SPC provides good control performance for multi-set point position profiles in order

to minimise injection time and maintaining a uniform melt flow front. In this

research, the filling stage will be regulated by controlling the injection velocity of the

screw. In addition, a suitable injection velocity and time will be used whilst

maintaining a uniform melt flow to get a better moulding.

Flow length is the capability of a melt polymer to flow while filling the

cavity. The physical properties of injection-moulded parts are affected mainly by a
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specified set of processing conditions: temperature, pressure, velocity, resin

properties and mould geometry (Qin Sheng et al., 1999; X. Chen et al., 2004).

Based on the development of microstructure in the injection moulding process,

polymer materials can be classified into three categories according to their

crystallisation behaviours (M. R. Kamal, 1979): rapidly crystallising polymers such

as polystyrene and polypropylene; slowly crystallising polymers such as poly (p-

phenylene sulfide) (PPS) and poly (ether ether ketone); non-crystallising polymers

such as polystyrene and polymethylmethacrylate.

A model associated with numerical and followed by the simulation program

to investigate polymer flow length for amorphous Styron 484-27 polystyrene and a

semi crystalline 6401 polyethylene is investigated (Buchmann et al., 1997). The

result indicated a good combination between these two. Since the component for this

research is a cylindrical shape with 30mm in diameter and 48mm in height, it is very

important to understand the polymer behaviour used for this research. The method

used by the authors was similar with this research where the model was developed

and simulated before being placed into the experiment. Later result will be compared

and established between the different types of polymers used.

The relationship between the filling and flow behaviour in the mould cavity

was studied by A. Özdemir et al., 2004. HDPE and PP materials were used at five

different injection pressure and six different injection velocities. The experimentally

result is then compared with the injection moulding analysis software (Moldflow

5.0). This research will also monitor the injection pressure and velocity. But the

method is slightly different where experimental work will look into the surface
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roughness of core and cavity then compared with MPA 7.3. Somehow, the approach

used by these authors can be implemented in this research especially when using

different injection pressure and velocity.

2.10 Injection Pressure

The pressure and force are the paramount factors in determining the ease and

good quality of moulding. The cavity pressure is closely monitored by transducer and

used to control the moulding operation (Kazmer et al., 2005). They have surveyed

that the pressure and temperature sensors are commercially available and widely

used. They have listed out common pressure sensors, melt pressure sensors and

temperature sensors. The geometry and performance of common transducers were

discussed. But in this research the force sensor with ± 20kN will use to monitor the

force during ejecting the moulding. In addition, the requirements and benefits of

adapting the sensor also were discussed by the authors who will be benefited towards

this research as guidance.

How to monitor the cavity pressure by using direct and indirect

measurements is explained by Collins (1999). He has demonstrated on how to fix the

transducers in cavity. His idea was based on the Kistler’s product. The concept of

implementing the position of sensor by the author gave an idea towards this research.

In this research, I intended to use indirect measurement where the sensor will fix the

hydraulic cylinder (movable platen). Since there is only one transducer which will be

used in this research, the position mentioned is suitable to monitor the ejecting

element (stripper plate) of the mould while pushing out the moulding.



34

PP (ICI ‘Propathene’ GXM 43) and low-density polyethylene, PE (ICI

‘Alkathene’ XRM 21) were used to study the pressure losses in the packing stage

(Darlington et al., 1986). The experiments have been done on cold mould and hot

mould. The results confirmed that the cavity pressure is lower than nozzle pressure

during the packing stage. In this research, it is important to make sure that the nozzle

pressure is higher than cavity pressure to avoid gate freezing which might cause shot

short problem. Hence the melt temperature of the thermoplastics has to be followed

accordingly.

The experimental work associated with theoretical aspects was found better

result in determining the effect of the holding pressure and prediction of the ejection

force (Pontes et al., 2004; Pontes et al., 2005). The results are closely matched with

the three common polymers been used: PP, PS and PC. Since there are lots of

similarities in the experiment carried out by the authors, this research will greatly

benefited. For the experimental work were discussed four processing parameters

such as surface temperature, mould temperature, injection temperature and holding

pressure (Pontes et al., 2005). These parameters are very useful for this research.

Theoretical aspects were discussed where some assumptions have been established

(Pontes et al., 2004). This research has absolutely gained a lot of input while dealing

with the research activities.

The increasing screw speed and back pressure was demonstrated which may

increase the melt temperatures 44˚C greater than the barrel temperature results from

viscous dissipation: plastication and adiabatic compression (Dontula et al., 1991).

Hence they were affected by the cavity pressure profile. The experimental works
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done by the authors have given a significant value for this research and can be

adapted in the experimental work since there is no mechanism to control the cavity

pressure especially with the preparation before the actual experiment.

An Open loop test for several step inputs to a hydraulic servo-valve is

conducted to measure the cavity pressure and injection speed (Dubay, 2001).

Through his experiments, a predictive control has been developed and implemented

to control the cavity pressure during filling phase. He concluded that the controlled

performance is suitable for high-speed, medium and slow cavity pressure rates. By

using multi-cavity pressure, control system has improved the quality of moulding

and the process capability. The concept introduced by the authors has helped this

research prior to experiment in terms of processing parameter.

2.11 The simulation packages software

The simulation software package like MPA is able to simulate and predict the

associated problems with the moulding like weld line and air entrapment together

with 3D finite element to predict the velocity, pressure, temperature field and the

flow front (Hétu et al., 1998). The software is also able to predict the cavity filling

and flow pattern behaviour (Özdemir et al., 2004; Reifschneider, 2001). This will

provide a better understanding towards this research where the simulation works are

done prior to experimental work. A numerical simulation by using different

rheological models at filling stage to get the uniform melt front velocity is proven

effective to ensuring uniform mould filling (Chen and Gao, 2006; Koszkul and

Nabialek, 2004).
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2.12 Pressure and force

The pressure and force are the paramount factor in determining the ease and

good quality of moulding. The cavity pressure can be monitored by transducer

whether directly or indirectly (Kazmer et al., 2005; Collins, 1999).

The pressure losses in the packing stage were studied to the effect of

moulding (Darlington et al., 1986). The experiments have been done on cold mould

and hot mould. The results confirmed that the cavity pressure is lower than nozzle

pressure during the packing stage. It is important to make sure that the nozzle

pressure is higher than the cavity pressure so that to avoid gate freezing which might

cause shot short problem. The experimental work associated with theoretical aspects

carried out by Pontes et al., [Pontes et al., 2005; Pontes et al., 2004] were found

better result in determining the effect of the holding pressure and prediction of the

ejection force. The results are closely agreed with three common polymers used: PP,

PS and PC. For the experimental work [Pontes et al., 2004], the authors had

discussed four processing parameters such as surface temperature, mould

temperature, injection temperature and holding pressure. Theoretical aspects were

discussed by the authors [Pontes et al., 2005] where some assumptions have been

established. Dontula et al., [Dontula et al., 1991] demonstrated that increasing screw

speed and back pressure can increase the melt temperature 44˚C greater than the

barrel temperature results from viscous dissipation: plastication and adiabatic

compression. Hence they were affected with the cavity pressure profile. Meanwhile

Dubay [R. Dubay, 2001] has also conducted an open loop test for several step inputs

to a hydraulic servo-valve to measure the cavity pressure and injection speed. A
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predictive control has been developed and implemented to control the cavity pressure

during filling phase. He concluded that the control performance is suitable for high-

speed, medium and slow cavity pressure rates. Through the usage of multi-cavity

pressure control system has improved the quality of moulding and its process

capability.

Basically there are two groups which affected the ejection force: independent

factor from mould (type of material and process condition) and related factor to the

mould (part geometry, draft angle and surface roughness) [Pontes et al., 2002]. The

experimental work by Sazaki et al., [Sazaki et al., 2000] has been established to show

the relationship between the core surface roughnesses with the ejection forces. Three

materials used: PP, PMMA and PET. Their experiment confirmed that for the

ejection force for a certain surface roughness increases as the surface roughness

decreases. The core surface roughness at 0.212μmRa, PP and PET showed a

minimum ejection force. For PMMA, the minimum ejection force obtained when the

value reached near 0.092μmRa.

2.13 Ejection Force

The ejection of part from the core is a paramount factor in this research in

order to maintain the part quality and smooth operation of the mould especially when

it comes to the actual production (bulk quantity). Ideally speaking, in injection

moulding process, it will involve friction force where the tendency of moulding

shrinks onto the core insert which causes the moulding to defect. For long usage and
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mass production, the inserts tend to wear due to polymers rubbing the surface of the

mould.

There are two groups which have affected the ejection force: independent

factor from mould (type of material and process condition) and related factor to the

mould (part geometry, draft angle and surface roughness) (Pontes et al., 2002). Since

the ejection force is paramount of this research, an independent factor and its related

factors will be observed carefully. All aspects discussed by the authors will be

considered for all of the thermoplastics used for this research. The properties and

processing parameters of thermoplastics used should be strictly followed for this

research.

The experimental work has been done to show the relationship between the

core surface roughnesses with the ejection forces by (Sazaki et al., 2000). Three

materials used: PP, PMMA and PET. Their experiment has confirmed that for the

ejection force for a certain surface roughness increases as the surface roughness

decreases. The core surface roughness at 0.212μmRa, PP and PET showed

minimum ejection force. For PMMA, the minimum ejection force obtained when the

value reached near 0.092μmRa. To produce the surface roughness of core and cavity

in this research, EDM process and ordinary polishing method will be used.

Somehow, the comparison will be made for the same surface roughness but with

different type of thermoplastics. Hence the correlation between surface roughness

and materials used will be established.
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2.14 Tool Venting

Generally, every tool contains air which must be removed as the tool is being

filled with a plastic material. The presence of air in the mould cavity must be allowed

to escape freely during injection. During high injection speeds, deficient mould

venting may produce a considerable amount of air compression, with consequent

slow mould filling, premature plastic pressure built up and in some extreme cases,

burning of the plastic-brown streak on the moulding may happen. Hence, it is a must

for the ventilation of air as it is generally needed so that the defect of the product can

be best avoided.

Venting is done by making small gaps or vent provided in the mould parting

line, or by small channel in the mould. Vent should be provided at the end of flow

path. This will ensure that the air is forced to the end of the mould cavity during the

filling phase. Figure 2.10 illustrates a method of venting.

Figure 2.10: Method of venting thermoplastic injection mould
(Rosato Dominick V. et al., 2000)
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2.15 Tool cooling

One of the most important aspects of mould design that has to be observed is

the provision of suitable and adequate cooling arrangements. If a mould had no

means of cooling and was insulated to prevent any escape of heat by conduction,

convection or radiation, it will quickly reach the temperature of the material being

moulded and would no longer have its functions. The cooling system is a vital mould

feature, requiring a special attention in mould design.

A good cooling circuit design reduces the cooling time, in which at the end,

increases the overall productivity. This cost cutting is possible because injection

moulding of thermoplastic requires additional time on cooling time rather than

injection time. It normally takes about (2/3) of the cycle time. Hence, it means that,

the production time is decreased.

A uniformed cooling system improves the part’s quality by reducing residual

stresses and maintaining dimensional accuracy and stability. Figure 2.11 shows the

effect of cooling on the part’s quality.

Figure 2.11: Proper and efficient cooling improves part quality
and productivity (www. Crms.engr.uk.edu//pages/
cmold/)
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Fluid passages for effective mould and part cooling should be placed to cover

most of the moulding surfaces and to be closed to the mould cavity. The distance

between the mould cavity and fluid passage opening has to be wide enough to resist

the distortion of the metal under injection pressures. Commonly, turbulent flow is

recommended and used because it enables heat to be transferred more efficiently

whereas it is of three times as many BTU’s (Heat) as laminar flow.

The physical different between laminar and turbulent flow is that laminar

flow of a fluid when each particle of the fluid follows a smooth path and never

interfere with one another. One result of laminar flow is that the velocity of the fluid

is constant at any point in the fluid. Meanwhile in turbulent flow an irregular flow

that is characterized by tiny whirlpool regions. The velocity of this fluid is definitely

not constant at every point as shown in Figure 2.12. Laminar flows are much less

viscous, or resistant to flow, than turbulent flows. When using forced air or water

applications, for instance, it is much easier to pump the fluids at lower speeds that

produce laminar flows. Turbulent flows require more energy to push because much

of that energy is diverted into the secondary currents from the turbulence.

Reynolds number is used to check whether the flow is laminar or turbulent. It

is denoted by Re. This number got by comparing inertial force with viscous force as

shown below.

forcesviscous

forcesInertial
Re  (2.1)
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Reynolds number formula is given by



VL
Re (2.2)

where ρ is the density of the fluid,
V is the velocity of the fluid,
ρ is the density of fluid,
μ is the viscosity of fluid,
L is the length or diameter of the fluid.

The kind of flow depends on value of Re

 If Re < 2000 the flow is Laminar

 If Re > 4000 the flow is turbulent

Figure 2.12: Laminar and turbulent flow

2.15.1 Tool cooling design consideration

The mould designer needs to determine the following design variables:

i. Location of cooling channel

ii. Size of cooling channel

iii. Type of cooling channel

iv. Layout and connection of cooling channels

v. Length of cooling channel circuit

vi. Flow rate of coolant



43

2.15.2 Design of cooling channel

Standard and optimum sizes of cooling channels are encouraged to be used in

the design because they are easy to use with standard machine tools, standard fittings

and quick disconnection. In order to sustain an economically acceptable cooling

time, the excessive part of the wall thickness should be avoided. But, the thickness of

the part should also be remained as consistent as possible.

The temperature difference on the opposite sides of the part should be kept to

a minimum and should not exceed 10 ˚C for parts that require high tolerance. For

steel mould, the surface of cooling channels (i.e. depth) is one to two channel

diameters from the cavity or core. The pitch (distance between cooling channels’

centre) should be three to five times the channels diameter. A typical cooling channel

diameter ranges from 10 to 14 mm.

2.16 Summary

This chapter presents the types of polymers used in moulding industries

including the technology and application of various machining process with

emphasis are given to describe the process parameters which influence the quality of

the moulding include the mould design concept, tool design, the adoption of

simulation software package and also the working condition requirement for the

polymer resins. The ejection force of the part and mould cavity filling are also

highlighted and discussed.
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CHAPTER 3

METHODOLOGY

3.1 Overview

This chapter presents the method that has been used to accomplish the

objectives of the research. This chapter consists of research design, simulation

works, mould fabrications and research procedures. The simulation process in

Section 3.3 and the experimental work in Section 3.6 and will be discussed with

details respectively. It also covers the process of designing the test tool, fabrication

of tool, simulation work by using the appropriate software, experimental work and

data collection.

The work flow of the process was summarised as shown in Figure 3.1. The

initial stage of the research modelled the part design which was done in CAD

software drawing package i.e. AutoCAD 2005 for 2D drawing. The model then was

transformed into 3D by employing Autodesk Inventor Release 7.0 for simulation

purpose in Autodesk Moldflow Insight 2010-R2 (AMI 2010-R2). The details of

simulation and experimental methods will be elaborated in the next section.
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Figure 3.1: Overview of the work flow for research work
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3.2 Tool design

Before the tool is produced, component weight and the elements related to the

machines selection are required to be calculated. Since the process of manufacturing

mould is time consuming and expensive, it is recommended by tool’s designer to

take some initial stages such as calculations, materials and machines availability etc.

3.2.1 Design procedure

Before the tool is manufactured, few numbers of stages should be done

accordingly. The process of mould design and construction for this research are

typically complex tool. The tools are expected to be more efficient and reliable in

operation, cost and time. To design this tool, the following aspects have to be

considered:

 The moulding or component drawing study.

 Part drawings development.

 Layout of the mould (including the number of cavity).

 Runner and gating system

 Shrinkage.

 Ejection system.

 Assembly drawing.

 Cavity and core insert drawing development.

 Identify the using of standard parts.

 Machining operation
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 Trial/trouble-shooting

 Other matters related to designing process and operation.

3.2.2 Rationale design of the part and modelling

A component of a cylinder shape of 48 mm in height and Ø 25 mm with

variation of wall thickness was designed in Autodesk Inventor 7.0. Figure 3.2 (a)

and (b) shows the solid model for a hollow cup and part drawing that has been

developed by using Autodesk Inventor 7.0 and two-cavity test mould’s drawing for

the component was designed by using AutoCAD 2005 including the assembly and

part drawing.

An important consideration in this design of plastic injection moulded part is

the wall thickness. A wall section that is too thin can lead to structural failure or

poor insulation characteristics. A wall section that is too thick can result in

appearance defects and an overweight or over-engineered part. With the latter point

it is also worth remembering that wall thickness governs the moulding cycle time –

the thicker the section the longer the cycle time and therefore the more expensive the

part becomes. In this case, the top portion of the part is having 2mm in thickness and

at the bottom is 1mm in thickness together with the sloping design at the middle.

This is to facilitate of ease filling and flow of the resins used which among of the

parameters studies (injection pressure) together with ejection process.

Furthermore, plastics shrink during cooling which in thick sections can result

either in the surface of the part forming a sink mark or an internal void. Another
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parameter include in this study was cooling time. However, this does depend on the

design and function of the part concerned.

(a)
(b)

Figure 3.2: (a) A hollow cup modelled in Autodesk Inventor. (b) Part drawing was
developed in AutoCAD 2005

Conversion of the component model to STL data format is essential which is

companionable with AMI 2010-R2, and ready for a pre-processing stage. Figure 3.3

illustrates the procedure in preparing a finite element model for Moldflow Analysis.

The mesh density then can be set locally or uniformly depending on the shape and

feature of complexity. There are three types of meshing available; fusion mesh,

midplane mesh and 3D mesh. In this research, a 3D mesh was used since it creates a

true 3D representation of the part.

The next pre-processing step is to define the part material. Figure 3.4 shows the

properties of component such as mass, area and the volume of the component. From

the pre-processing model, the mass of the part is 8 gram excluding the feeding
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system. The volume of material for filling the part is 8.17 mm3. This value can be

used as a comparison with the actual experimental work.

3.3 Simulation in Autodesk Moldflow Insight 2010-R2 (AMI 2010-R2)

The 3D model was modelled in Autodesk Inventor Professional 10 and

transformed to the *.stl file. The simulation was carried out by using the simulation

software package AMI 2010-R2 to rectify any associated problem with the

component.

3.3.1 Moldflow Simulation Analysis

Flow simulation analysis was carried out to investigate the most optimum

mould filling and processing parameters in order to mould the moulding designated

as hollow cup. A stereo lithography file (*.stl) from a CAD software (Autodesk

Inventor Release 9.0) for the moulding was exported to AMI 2010-R2. The moulding

is to be moulded with semi-round runner and rectangular gating using HIPS, ABS

and PA6.
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Figure 3.3: Steps in preparation of Finite Element Model for Moldflow Analysis
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Figure 3.4: Component properties pre-processing model

3.3.2 Modeling and Analysis Methodology

AMI 2010-R2 was used in the analysis. The *.stl file was first transformed

into moldflow model (*.mpi). Mending of the *.stl transformed model was required

as the defective surfaces were found after the translation process. The meshed model

of the moulding is as shown in Figure 3.5 and the simulation process is described in

Figure 3.6.

(a) (b)

Figure 3.5: The geometric and FE model of hollow cup (a) Single. (b) Two cavities
(multiple)
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The process parameters used for setting the MoldFlow analysis are type of

material used, injection point for the part, melting temperature, the screw diameter

for the injection moulding (in this case the diameter of screw is 45 mm for Engel

injection moulding machine) and clamping force which is kept constant throughout

the analysis for all the material which is 330 kN. Once the analysis is run, the

MoldFlow will suggest the injection pressure, packing pressure and cooling time for

HIPS, ABS and PA6. These processing parameters will be put into the machine for

running the experiment.

3.3.3 Simulation process

Figure 3.6: Simulation process outlines
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3.4 Fabricating the tool

3.4.1 Machine Tool and Equipment

All the machining operations were conducted to manufacture the mould

components in injecting hollow cup plastic components according to the drawing

specifications as shown in Appendix A. The fabrication tool processes undergo both

the traditional machine such as lathe, milling, grinding and drilling machines and

non-traditional machine such as CNC milling, CNC lathe and Electrode Discharge

Machining (EDM).

CNC milling machine is used for machining the pocket for fitting the core

and cavity insert. Meanwhile CNC lathe is used to produce the core inserts (pre-

dimensioning size) before the inserts (2 sets) are sparked by using EDM machine and

mirror polished (1 set) according to the shape and the required surface roughness.

3.4.2 Mould base

A standard mould base will be used for time saving and perfect matching

while assembling. A Lee Kum Mung (LKM) mould base standard was selected for

this research after confirming the size of tool needed to be used.
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3.4.3 Core and cavity inserts

The material used for core insert and cavity insert are high quality tool steel

(DF-3) from Assab Steels (Malaysia) Sdn. Bhd. The material is oil harden tool steel

with good wear resistance and durability as shown in Figure 3.7(a). Table 3.1 shows

the chemical composition for the material. Figure 3.7 (b) shows the copper material

used to obtain the required surface roughness by using EDM machining process.

The copper then are machined according to the shape of the moulding. The shapes of

cavity inserts are produced according to the shape of copper as shown in Figure 3.8.

Table 3.1: Chemical composition for Assab DF-3 tool steel for inserts

Grade Chemical composition % Hardness
supplied
approx

HB
Assab
DF-3

C Mn Cr Mo V W others

0.95 1.1 0.6 - 0.1 0.6 - 190

(a) (b)

Figure 3.7: (a) DF3 tool steel for inserts (b) Copper for EDM machining
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Figure 3.8: Process producing electrode by using CNC lathe

3.4.5 Runner, Gating and Ejection System

The designer is supposed to calculate the runner and gate size that are needed

for the resin flow inside the cavity. In this case the gate size is 2 mm x 2mm (L. Sors

and I. Balazs, 1988) which was selected as shown in Table 3.2. Meanwhile the half

round runner with diameter 5 mm was also selected. Figure 3.9 showed the layout of

gating and runner system on the cavity plate.

The stripper plate ejection system was employed due to the product design

itself which is in cylindrical shape. The ejection system also provides a stability of

stripper plate to eject the moulding. This is very important for this research in

measuring the ejection force generated.
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Table 3.2: Standard gate size (L. Sors and I. Balazs, 1989)

Mass of part
(g)

Conical beam sprue
(direct gate)

Needle gate
(pinpoint or

tunnel)

Rectangular gate

To 10 2.5 – 3.5 0.8 1.0 x 2.0 – 2.0 x 2.0

11 – 20 3.5 – 4.5 0.8 1.5 x 2.5 – 2.5 x 3.5

21 – 40 4.0 – 5.0 1.0 – 1.2 2.0 x 3.0 – 2.5 x 3.5

41 – 150 4.5 – 6.0 1.5 – 2.5 2.5 x 3.5 – 3.5 x 4.5

151 – 300 4.5 – 7.5 1.5 – 2.8 2.5 x 3.5 – 3.5 x 4.5

301 – 500 6.0 – 8.0 1.8 – 3.5 –

501 – 1000 8.0 – 10.0 – –

10001 – 5000 10.0 – 15.0 – –

Figure 3.9: Half round runner and rectangular gate system

Gating

Runner

Cavity insert
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3.4.6 Venting Design System

In order to avoid the air entrapment which might cause a short-shot problem

or blemishing, air need to be evacuated from the cavity. Based on the simulation

result in Figure 4.5 in Chapter 4, the air-bubbles are generated both on top and the

bottom of the moulding. For ABS resins indicate more air-bubble compared to HIPS

and PA6 whereas HIPS shows less air-bubble.

The recommended size of venting for the design is 4 mm wide and 0.025 mm

in depth (Liu et al., 2000 and Gao et al., 1998). It is recommended for low viscosity

material, the depth of venting should be 0.015 mm and for high viscosity material

should be 0.03 mm (Moldflow plastic Insight Manual, 2006). To be more effective,

the venting system should be provided both on the core and the cavity plate where

parting line meets the mould. For some reason in the research, the ventilation has

been provided both on the core inserts and the cavity inserts. Figure 3.10 and 3.11

showed the air ventilation design system for core insert and cavity insert. Surface

grinding machine has been used to produce the air-vent both on core and cavity

inserts.
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Figure 3.10: Air vent on cavity insert and cavity plate

Figure 3.11: Air vent on core insert

Air-vent

Air-vent



59

3.4.7 Mould Cooling System Design

Mould cooling system is related to the heat dissipation theory. The designer

has to understand the heat introduced by the plastic resin inside the cavity. The

design of cooling system mainly depends on the moulding shape. The following

criteria also need to be considered while designing the mould cooling system.

 Logically, the hottest area is the cavities of the cavity plate where the

melt of resin is filled. It means that few cooling channels are needed

at this area compared to the core plate. Therefore, in order to obtain a

similar temperature between these two plates, the designer has to

provide an effective cooling channel for both on core and cavity

plates.

 On the cavity plate the series layout is used where one turns round the

water flow and encircled in the middle.

 For the core plate, a baffle cooling layout is used. This is due to the

depth of the core insert and needs of a balanced cooling system along

the core.

Figure 3.12 shows the copper plate which was used to design the baffle

cooling system for the core insert. Figure 3.13 and 3.14 show diagrams for cooling

system design of the cavity and core plate. The cooling method can be figured from

the formulas and related information which can be found in each heat transfer

condition. In order to determine the minimum mass flow rate required for turbulent

flow and heat conducted to the equation is as shown below.



60

Dn

3160Q
or

n

7740VD
R  (3.1)

Where, R = Reynolds number

V = fluid velocity, m/s

D = Diameter of passage, m

v = kinematics viscosity, m2/s

Q = flow rate, m3/s

Source of formula: Injection Moulding Handbook, 3rd. Edition by Rosato et al., 2000.

A Reynolds number of 2000 or less yields laminar flow and turbulence sets in at

values 3500 to 5500 or even higher (Rosato et al., 2000). The calculation is based on

the water entrance temperature of 10 ˚C, and diameter of cooling passage is 9 mm.

From table 3.3, kinematics viscosity, v = 1.3 x 10-6 for 10 ˚C.

Hence, the minimum flow rate required for turbulent flow will be

D

Q3160
3500R 

3160

10x3.1x009.0x3500 -6

min Q

/sm10x3.1 3-8
min Q

For a Reynolds number of 5500, we will have an average flow rate of

3160

x103.1x009.0x5500 -6

avgQ

/sm10x2 3-8avgQ

The design of cooling channel according to literature research and the rules

(Rosato et al., 2000), the cooling channel is 9 mm diameter, the distance between
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moulding surface and cooling is 29.5 mm and 8 mm, the pitch between cooling

channel is 89 mm and 100 mm for cavity and core plate respectively.

Also, for an efficient cooling, a turbulent flow is used rather than the laminar

flow. From the calculation, the turbulent flow can be achieved by having a minimal

flow of 9 mm cooling channel size with a flow rate of 1.3 x 10-8 m3/s and average a

flow rate of 2 x 10-8 m3/s.

Table 3.3: Kinematics Viscosity

Water temperature, t (˚C) Viscosity, ν (m2/s) x 10-6

0 1.787

5 1.519

10 1.307

20 1.004

30 0.801

40 0.658

50 0.553

60 0.475

70 0.413

80 0.365

90 0.326

100 0.290

Source: http://www.engineeringtoolbox.com/water-dynamic-kinematic-viscosity d_596.html
Visited: 22/02/14
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(a) Core insert with copper plate inside (b) The position of copper plate

(c) Copper plate

Figure 3.12: Copper plates is used for baffle cooling system design at core inserts

Figure 3.13: A series of cooling system for cavity plate

Copper plate
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Figure 3.14: A baffle of cooling system for core insert

3.4.8 Surface Roughness

Roughness averages are the most commonly used parameters because they

provide a simple value for accept/reject decisions. Arithmetic average roughness, or

Ra, can be defined as the arithmetic average height of roughness-component

irregularities (peak heights and valleys) from the mean line, measured within the

sampling length, L as shown in Figure 3.15. The measurements are taken as the fine

point of the stylus on a drive unit which traverses the sampling length on the surface

being measured and is defined by the formula,





n

i
ia x

n
R

1

1
(3.1)

Where Ra is the arithmetic mean and x1, ......, xn is a data set containing the values.
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Y = Individual measured peak height

Figure 3.15: Sampling length with individual peak height
(Source:http://www.alphaomegapt.com/pdf%20files/Surface%20Finish%20
Definitions.pdf)

Since the study focuses on the effects of the surface roughness, three sets of

surface roughness for core insert and cavity inserts were produced with different ‘Ra’

value. Two sets of inserts are employed in EDM process to produce the required

surface roughness. Meanwhile another one set of employed polishing method is a

produced mirror polished surface roughness by using emery paper and diamond paste

(several of grades). The process of producing surface roughness was obtained by

means of EDM and polishing process as shown in Appendix B.1 and B.2. Figure

3.16 shows the process of producing the surface roughness for the mould insert. The

inserts undergo CNC machining process to obtain the required shape. The cylindrical

grinding machine is used for obtaining the allowable dimensioning size before put

into EDM and polishing process in order to have a desired surface roughness. For

spark erosion surface roughness, Ra value is obtained based on the industries

practice. Meanwhile emery paper and diamond paste are used to obtained mirror

polish surface. All the Ra value is measured using surface roughness tester.
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3.4.9 Measurement of surface roughness

‘Ra’ or arithmetical means surface roughness is the recognised standard to

evaluate the surface texture. An average value of the core surface was measured

perpendicularly to the surface roughness tester, Mitutoyo Surftest SJ-301 at the

different four location points around the insert which can be seen in Figure 3.17. The

positions of measurement were marked with green colour dot. One dot represents for

position 1, two dots represent for position 2, three dots represents for position 3 and

four dots represent position 4.

The surface roughness for each position was measured by using surface

roughness tester equipment and the average value was taken as the reading for

surface roughness. The travelled distance for measuring the surface roughness is 4

mm. Figure 3.18 showed the layout of the equipment set-up for obtaining the surface

roughness value for the core inserts. It was comprised with drive/detector (stylus)

unit and display unit for recording the surface roughness, dial indicator for

parallelism purpose of surface to be measured with the drive/detector (stylus) unit.

The equipment and core inserts were placed on the granite table in Metrology Lab at

TATIUC to make sure that the perfect position and accurate reading can be obtained.

Figure 3.19 showed the correct position of surface core insert and the stylus of the

surface roughness equipment. The surface to be measured should be paralleled with

the stylus. The data sample for Ra is shown in Appendix I.5 and I.6. Meanwhile the

process of obtaining Ra is shown in Appendix I.7.
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Figure 3.16: Process of producing surface roughness for the mould inserts
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Figure 3.17: The position of (green marked) for surface roughness checking

1 dot (green colour) represent position1, 2 dots represent position 2,
3 dots represent position 3 and 4 dots represent position 4

Figure 3.18: The layout equipment set-up for checking the surface roughness
for core inserts

Figure 3.19: The process of measuring the surface roughness
(The drive/detector unit must be parallel with the surface measured)
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3.4.10 The matrix combination for core inserts

The matrix combinations for the core inserts and the surface roughness of the

insert were produced by the means of EDM and polishing process as shown in Table

3.4. Three sets of surface roughness for core are produced which denoted with S1,

S2 and S3. Each set of surface roughness having two inserts which is denoted with

“x” and “y” for core insert 1 and core insert 2, respectively. All the core inserts were

mark accordingly to avoid mixed-up during changing the core insert during the

experiment. By using L9 Taguchi orthogonal array, the matrix and surface roughness

of all core inserts are arranged accordingly as shown in Table 3.5. Each combination

of core is having surface roughness value and is denoted with alphabet for further

work.

Table 3.4: Matrix combination for core and cavity inserts

Combination
Insert 2

S1y S2y S3y

In
se

rt
1

S1x S1x+ S1y S1x+ S2y S1x+ S3y

S2x S2x+ S1y S2x+ S2y S2x+ S3y

S3x S3x+ S1y S3x+ S2y S3x+ S3y

Surface roughness of core; S1 = 0.01 µm, S2 = 1.80 µm and S3 = 3.21 µm
“x” – Core insert 1 and “y” – Core insert 2

Table 3.5: The combination of core surface roughness

Surface of core
combination

Surface
roughness
(µmRa)

Denoted
Symbol

S1x+S1y 0.02 A
S1x+S2y 1.84 B
S1x+S3y 3.22 C
S2x+S1y 1.84 D
S2x+S2y 3.60 E
S2x+S3y 5.01 F
S3x+S1y 3.22 G
S3x+S2y 5.01 H
S3x+S3y 6.42 I

S1x, S2x and S3x represent for core insert 1 meanwhile
S1y, S2y and S3y represent for core insert 2
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3.4.11 Process of Obtaining Microscopic Core Insert

The optical microscope, often referred to as the "light microscope", is a type

of microscope which uses visible light and a system of lenses to magnify images of

small samples as shown in Figure 3.19(a) and (d). The image from an optical

microscope can be captured by normal light-sensitive cameras to generate

a micrograph by showing the resulting image directly on a computer screen without

the need for eyepieces. The optical microscope used for this research was Olympus

CK 40M as shown in Figure 3.19(b) and (c). The stage is a platform below the

objective which supports the specimen being viewed. In the centre of the stage is a

hole through which light passes to illuminate the specimen. The stage usually has

arms to hold slides (rectangular glass plates with typical dimensions of 25×75 mm,

on which the specimen is mounted). Refer to Figure 3.19(c).

At magnifications higher than 100× moving a slide by hand is not practical. A

mechanical stage, typical of medium and higher priced microscopes, allows tiny

movements of the slide via control knobs that reposition the sample/slide as desired.

All stages move up and down for focus. With a mechanical stage slides move on two

horizontal axes for positioning the specimen to examine specimen details.

Focusing starts at lower magnification in order to centre the specimen by the

user on the stage. Moving to a higher magnification requires the stage to be moved

higher vertically for re-focus at the higher magnification and may also require slight

horizontal specimen position adjustment. Horizontal specimen position adjustments

are the reason for having a mechanical stage. The process of obtaining the

microscopic of core inserts is shown in Figure 3.19. The results and microscopic

images are discussed in Chapter 5.
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(a) Layout of optical microscope

(b) Positioning sparked core insert

(c) Positioning polished core insert

(d) Process checking the microscopic

(e) Olympus CK40M model

Figure 3.20: Process obtaining microscopic core inserts by using optical microscope
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3.5 Tooling Construction

The tooling used for the experiment is shown in Figure 3.20 and 3.21. The

machining process of fabricating and assembling the tooling is shown in the

Appendix C.1. Figure 3.22 showed the tool for conducting the experiment.

Figure 3.21: The 3D solid modelling test mould for plastic injection moulding

Figure 3.22: Test mould ready for trial out
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3.6 Experimental work

The experimental work comprises of the measuring device, injection moulding

machine, two-cavity mould and the computer.

3.6.1 Material

Three polymer resins used in the experimental work were high impact

polystyrene (HIPS), an acrylonitrile butadiene styrene (ABS) and polyamide (PA6).

The typical properties of the resins were Table 3.6.

Table 3.6: Typical properties of polymer resin used

Typical
Properties

Units HIPS ABS PA6

Solid density g/cm3 1.04 1.03 1.14
The melt
mass-flow
rate (MFR)

g/10 min 4
(200oC, 5 kg)

1.8
(200oC, 5

kg)

48
(230oC,
2.16 kg)

Melt density g/cm3 0.97
(At about
200oC)

0.95
(At about
270oC)

0.95
(At about
270oC)

Thermal
conductivity

W/(m oC), 0.16 0.19 0.25

Heat capacity J/(kg oC) 1340 2013 2600

Manufacturer - Idemitsu
Petrochemical

Co. Ltd.

Chi Mei
Corp.

Mitsubishi
Group

The resins were then selected based on their availability and necessities for

the moulding industries in Malaysia. Appendix D.1, D.2 and D.3 show the

specification for the resins from the local supplier in Malaysia.
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3.6.2 Equipment and machine set-up

The machine used in injecting the hollow cup was an Engel ES 125 HL-

Victory injection moulding machine as shown in Figure 3.23. The machine’s

capacity is 125 ton and is having ø45mm screw diameter and 90 mm for the injection

stroke. The ejection system used for the machine is the hydraulic system which is

suitable to carry this study in measuring the ejection force of moulding. The

technical specification for the machine is shown in Appendix E.

Figure 3.23: An Engel injection moulding machine (HLV-125)

The packing time and clamping force are kept constantly throughout the

experiment for 20 s and 330 kN respectively. Table 3.7 shows the process of

parameters of injection moulding that were set up for the experimental work.
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Table 3.7: The parameters of moulding conditions for the experiment for the resins

Material HIPS ABS PA6
Melt temperature, A (°C) 195 – 220 200 – 240 250 – 300
Injection pressure, B (MPa) 55 – 69 50 – 77 32 – 57
Packing pressure, C (MPa) 45 – 59 41 – 65 26 – 46
Cooling time, D (s) 16 – 17 17 – 18 17 – 19
Clamping Force (kN) 330 330 330

3.6.3 Instrument Set-up

The measuring device is composed of an injection moulding machine,

tool for measuring the ejection force and personal computer. The instrument set up

for this study is shown in Figure 3.24 and comprises with force link, trigger switch,

connecting cable, signal conditioning platform (SPC). The force during part

ejection is measured by a piezoelectric force sensor (Kistler 9331B) mounted at the

middle of the ejector rod of the injection moulding machine as shown in Figure 3.25.

The piezoelectric force sensor is activated when this ejector rod push the stripper

plate for ejecting the part. The acquisition and monitoring of the signal measured by

the sensors is based on amplifiers and the signal conditioner, a data acquisition board,

type 5063A1, the software DataFlow from Kistler, type 2805A-02 and the signal

conditioning platform type 2853A are used and suitable for process visualization,

process monitoring and process document for all variation of the injection moulding

process and the cyclical processing method. In each cycle the monitoring process is

trigger by a switch that is actuated on the top of tool when the tool closed/opened.
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Figure 3.24: Kistler’s instrumentation set-up

3.6.4 Force link 9331B

A force sensor link is mounted at the ejector rod cylinder’s machine and the force

is exerted through the rod to push the ejector plate. The four return pins which are

mounted at the ejector plate will push the stripper plate to eject the moulding from

the core inserts.

The force transducer will then be fitted at the injection moulding machine’s

hydraulic cylinder to measure the ejection force. Figure 3.25 showed force link used

in this study. The specifications of force link, calibration certificate, test certificate

and signal conditioning platform (SPC) are used together with the force link sensor
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are shown in Appendix F. Figure 3.26 shows how to fit the force link together with

the ejector rod for the injection moulding machine and Figure 3.27 shows the

location of the force link at the machine.

Figure 3.25: Force link 9331B

Figure 3.26: Ejector rod and Kistler’s link assembly
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Figure 3.27: Kistler’s link position

3.6.5 Experimental Design

3.6.5.1 Taguchi Design of Experiment

Taguchi techniques were developed by Taguchi and Konishi (Taguchi G. and

Konishi S., 1987); these techniques have been utilized widely in engineering analysis

to optimize the performance characteristics within the combination of design

parameters. Taguchi design is also power tool for the design of high quality systems.

It introduces an integrated approach that is simple and efficient to find the best range

of designs for quality, performance, and computational cost (Taguchi G., 1990).

In Taguchi design, three-stages such as system design, parameter design, and

tolerance design are employed (Hasan Oktem et al., 2006). System design consists of

the usage of scientific and engineering information required for producing a part.

Tolerance design is employed to determine and to analyse tolerances about the

optimum combinations suggested by parameter design. Parameter design is used to

obtain the optimum levels of process parameters for developing the quality

Force link
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characteristics and to determine the product parameter values depending optimum

process parameter values (Wu Y and Wu A, 2000).

In this study, orthogonal array experiment of L81 and L9 were created to find

the optimum levels of process parameters and to determine the ejection force for part

exploiting the S/N ratio and ANOVA. Based on orthogonal arrays, the number of

experiments which may cause to increase the time and cost can be reduced by using

Taguchi technique. It employs a special design of orthogonal arrays to learn the

whole parameters space with a small number of experiments only as discussed in

Section 3.6.5.2.

Data analysis can be done once the designs of the experiment works are

completed. To design the experiment is to develop a scheme or layout of the

different conditions to be studied (Ranjit K. Roy, 1995). Set of controlled

parameters and the levels of experiment need to be determined before running the

experiment. The Taguchi method comprises of two important areas which are a set

of orthogonal array for design of experiments purposes, and a standard method for

analysis of the result. The Taguchi experiments have put two objectives in order to

satisfy the analysis of data that will give a minimal error (error margin < 10%) after

the confirmation test has been done. First, the number of trials must be determined.

Second, the condition for each trial must be specified. Both the number and

conditions of each trial can be transformed by using the orthogonal arrays.

Taguchi offers the use of the S/N ratio to identify the quality characteristics

applied for engineering design problems. The S/ N ratio characteristics can be
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divided into three steps: the smaller the better, the nominal the best, and the larger

the better, signed type (Yong WH and Tang YS, 1998). In this study, the smaller the

better quality characteristic is chosen to determine the ejection force for the resins

used.

An analysis of variance (ANOVA) can be utilized to present the influence of

process parameters on ejection force. In this way, the optimum levels of process

parameters can be predicted. The details of the S/N ratio and ANOVA analyses are

discussed in the Section 5.3.2.

3.6.5.2 Orthogonal Arrays (OA)

The foundation of designing an experiment using Taguchi methodology is

orthogonal arrays (Peace, 1993). The orthogonal arrays provide efficient,

meaningful and verifiable conclusion based on the design objectives. In this study,

the selection of experimental design is the paramount step before setting up the

procedure for the experimental work. While determining the values of the process

parameters, the optimal values recommended by MoldFlow material library are

considered. Three-levels and six parameters are considered while conducting the

experimental work.

The parameters that were involved in this study are the surface roughnesses

insert 1, surface roughnesses insert 2, injection pressure, melt temperature, packing

pressure and cooling time as shown in table 3 below. With 2 degree of freedom
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(DOF) for interactions parameter, L81’s Taguchi orthogonal array (Three-level OA)

is the most suitable to be used for this design of experiment. L81 means that 81 runs

will be conducted with 50 replications (shot) at each run in order to guarantee

statistical accuracy. Table 3.8, table 3.9 and table 3.10 show Taguchi’s orthogonal

array for HIPS, ABS and PA6 respectively, which demonstrate the quality

characteristic and allocation level of each parameter.

Table 3.8: The parameter for three levels of selected factors for HIPS

Factors Level 1 Level 2 Level 3
Core 1, A (µm) 0.01 1.80 3.21
Core 2, B (µm) 0.01 1.80 3.21
Melt temperature, C (°C) 195 200 220
Injection pressure, D (MPa) 69 67 55
Packing pressure, E (MPa) 59 56 45
Cooling time, F (s) 16 16 17

Table 3.9: The parameter for three levels of selected factors for ABS

Factors Level 1 Level 2 Level 3
Core 1, A (µm) 0.01 1.80 3.21
Core 2, B (µm) 0.01 1.80 3.21
Melt temperature, C (°C) 200 210 240
Injection pressure, D (MPa) 77 69 50
Packing pressure, E (MPa) 65 56 41
Cooling time, F (s) 17 17 18

Table 3.10: The parameter for three levels of selected factors for PA6

Factors Level 1 Level 2 Level 3
Core 1, A (µm) 0.01 1.80 3.21
Core 2, B (µm) 0.01 1.80 3.21
Melt temperature, C (°C) 250 265 300
Injection pressure, D (MPa) 57 42 32
Packing pressure, E (MPa) 46 35 26
Cooling time, F (s) 17 18 19
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3.6.5.3 Order of running the experiments

Whenever possible, the trial condition should be run randomly to avoid the

influence of experiment setup. Basically, there are two types of order of running the

experiments which include ‘repetition’ and ‘replication’. Based on the Taguchi’s

method DOE, an L81 (340) orthogonal arrays table with 81 rows (corresponding to the

number of experiments) were selected for the experiment. For six control factors of

three-levels each have been assigned to the columns of standard L81 Taguchi array

(column no. are 1, 2, 5, 14, 23 and 32) were involved, therefore the remaining

columns in the L81 orthogonal array were kept unused.

Table 3.11, 3.12 and 3.13 will be used for recording the ejection force data

for further analysis as discussed in Chapter 5.
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Table 3.11: L81 Taguchi orthogonal array for the experiment of HIPS resin

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure
(MPa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

1 0.01 0.01 195 69 59 16

2 0.01 0.01 195 67 56 16

3 0.01 0.01 195 55 45 17

4 0.01 0.01 200 69 56 17

5 0.01 0.01 200 67 45 16

6 0.01 0.01 200 55 59 16

7 0.01 0.01 220 69 45 16

8 0.01 0.01 220 67 59 17

9 0.01 0.01 220 55 56 16

10 0.01 1.8 195 69 59 16

11 0.01 1.8 195 67 56 16

12 0.01 1.8 195 55 45 17

13 0.01 1.8 200 69 56 17

14 0.01 1.8 200 67 45 16

15 0.01 1.8 200 55 59 16

16 0.01 1.8 220 69 45 16

17 0.01 1.8 220 67 59 17

18 0.01 1.8 220 55 56 16

19 0.01 3.21 195 69 59 16

20 0.01 3.21 195 67 56 16

21 0.01 3.21 195 55 45 17

22 0.01 3.21 200 69 56 17

23 0.01 3.21 200 67 45 16

24 0.01 3.21 200 55 59 16

25 0.01 3.21 220 69 45 16

26 0.01 3.21 220 67 59 17

27 0.01 3.21 220 55 56 16

28 1.8 0.01 195 69 59 16

29 1.8 0.01 195 67 56 16

30 1.8 0.01 195 55 45 17

31 1.8 0.01 200 69 56 17

32 1.8 0.01 200 67 45 16

33 1.8 0.01 200 55 59 16

34 1.8 0.01 220 69 45 16

35 1.8 0.01 220 67 59 17

36 1.8 0.01 220 55 56 16
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Table 3.11: Continued

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

37 1.8 1.8 195 69 59 16

38 1.8 1.8 195 67 56 16

39 1.8 1.8 195 55 45 17

40 1.8 1.8 200 69 56 17

41 1.8 1.8 200 67 45 16

42 1.8 1.8 200 55 59 16

43 1.8 1.8 220 69 45 16

44 1.8 1.8 220 67 59 17

45 1.8 1.8 220 55 56 16

46 1.8 3.21 195 69 59 16

47 1.8 3.21 195 67 56 16

48 1.8 3.21 195 55 45 17

49 1.8 3.21 200 69 56 17

50 1.8 3.21 200 67 45 16

51 1.8 3.21 200 55 59 16

52 1.8 3.21 220 69 45 16

53 1.8 3.21 220 67 59 17

54 1.8 3.21 220 55 56 16

55 3.21 0.01 195 69 59 16

56 3.21 0.01 195 67 56 16

57 3.21 0.01 195 55 45 17

58 3.21 0.01 200 69 56 17

59 3.21 0.01 200 67 45 16

60 3.21 0.01 200 55 59 16

61 3.21 0.01 220 69 45 16

62 3.21 0.01 220 67 59 17

63 3.21 0.01 220 55 56 16

64 3.21 1.8 195 69 59 16

65 3.21 1.8 195 67 56 16

66 3.21 1.8 195 55 45 17

67 3.21 1.8 200 69 56 17

68 3.21 1.8 200 67 45 16

69 3.21 1.8 200 55 59 16

70 3.21 1.8 220 69 45 16

71 3.21 1.8 220 67 59 17

72 3.21 1.8 220 55 56 16

73 3.21 3.21 195 69 59 16
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Table 3.11: Continued

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

74 3.21 3.21 195 67 56 16

75 3.21 3.21 195 55 45 17

76 3.21 3.21 200 69 56 17

77 3.21 3.21 200 67 45 16

78 3.21 3.21 200 55 59 16

79 3.21 3.21 220 69 45 16

80 3.21 3.21 220 67 59 17

81 3.21 3.21 220 55 56 16

Table 3.12: L81 Taguchi orthogonal array for the experiment of ABS resin

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

1 0.01 0.01 200 77 65 17

2 0.01 0.01 200 69 56 17

3 0.01 0.01 200 50 41 18

4 0.01 0.01 210 77 56 18

5 0.01 0.01 210 69 41 17

6 0.01 0.01 210 50 65 17

7 0.01 0.01 240 77 41 17

8 0.01 0.01 240 69 65 18

9 0.01 0.01 240 50 56 17

10 0.01 1.8 200 77 65 17

11 0.01 1.8 200 69 56 17

12 0.01 1.8 200 50 41 18

13 0.01 1.8 210 77 56 18

14 0.01 1.8 210 69 41 17

15 0.01 1.8 210 50 65 17

16 0.01 1.8 240 77 41 17

17 0.01 1.8 240 69 65 18

18 0.01 1.8 240 50 56 17

19 0.01 3.21 200 77 65 17

20 0.01 3.21 200 69 56 17

21 0.01 3.21 200 50 41 18

22 0.01 3.21 210 77 56 18
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Table 3.12: Continued

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

23 0.01 3.21 210 69 41 17

24 0.01 3.21 210 50 65 17

25 0.01 3.21 240 77 41 17

26 0.01 3.21 240 69 65 18

27 0.01 3.21 240 50 56 17

28 1.8 0.01 200 77 65 17

29 1.8 0.01 200 69 56 17

30 1.8 0.01 200 50 41 18

31 1.8 0.01 210 77 56 18

32 1.8 0.01 210 69 41 17

33 1.8 0.01 210 50 65 17

34 1.8 0.01 240 77 41 17

35 1.8 0.01 240 69 65 18

36 1.8 0.01 240 50 56 17

37 1.8 1.8 200 77 65 17

38 1.8 1.8 200 69 56 17

39 1.8 1.8 200 50 41 18

40 1.8 1.8 210 77 56 18

41 1.8 1.8 210 69 41 17

42 1.8 1.8 210 50 65 17

43 1.8 1.8 240 77 41 17

44 1.8 1.8 240 69 65 18

45 1.8 1.8 240 50 56 17

46 1.8 3.21 200 77 65 17

47 1.8 3.21 200 69 56 17

48 1.8 3.21 200 50 41 18

49 1.8 3.21 210 77 56 18

50 1.8 3.21 210 69 41 17

51 1.8 3.21 210 50 65 17

52 1.8 3.21 240 77 41 17

53 1.8 3.21 240 69 65 18

54 1.8 3.21 240 50 56 17

55 3.21 0.01 200 77 65 17

56 3.21 0.01 200 69 56 17

57 3.21 0.01 200 50 41 18

58 3.21 0.01 210 77 56 18

59 3.21 0.01 210 69 41 17
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Table 3.12: Continued

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

60 3.21 0.01 210 50 65 17

61 3.21 0.01 240 77 41 17

62 3.21 0.01 240 69 65 18

63 3.21 0.01 240 50 56 17

64 3.21 1.8 200 77 65 17

65 3.21 1.8 200 69 56 17

66 3.21 1.8 200 50 41 18

67 3.21 1.8 210 77 56 18

68 3.21 1.8 210 69 41 17

69 3.21 1.8 210 50 65 17

70 3.21 1.8 240 77 41 17

71 3.21 1.8 240 69 65 18

72 3.21 1.8 240 50 56 17

73 3.21 3.21 200 77 65 17

74 3.21 3.21 200 69 56 17

75 3.21 3.21 200 50 41 18

76 3.21 3.21 210 77 56 18

77 3.21 3.21 210 69 41 17

78 3.21 3.21 210 50 65 17

79 3.21 3.21 240 77 41 17

80 3.21 3.21 240 69 65 18

81 3.21 3.21 240 50 56 17

Table 3.13: L81 Taguchi orthogonal array for the experiment of PA6 resin

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

1 0.01 0.01 250 57 46 17

2 0.01 0.01 250 42 35 18

3 0.01 0.01 250 32 26 19

4 0.01 0.01 265 57 35 19

5 0.01 0.01 265 42 26 17

6 0.01 0.01 265 32 46 18

7 0.01 0.01 300 57 26 18
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Table 3.13: Continued

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

8 0.01 0.01 300 42 46 19

9 0.01 0.01 300 32 35 17

10 0.01 1.8 250 57 46 17

11 0.01 1.8 250 42 35 18

12 0.01 1.8 250 32 26 19

13 0.01 1.8 265 57 35 19

14 0.01 1.8 265 42 26 17

15 0.01 1.8 265 32 46 18

16 0.01 1.8 300 57 26 18

17 0.01 1.8 300 42 46 19

18 0.01 1.8 300 32 35 17

19 0.01 3.21 250 57 46 17

20 0.01 3.21 250 42 35 18

21 0.01 3.21 250 32 26 19

22 0.01 3.21 265 57 35 19

23 0.01 3.21 265 42 26 17

24 0.01 3.21 265 32 46 18

25 0.01 3.21 300 57 26 18

26 0.01 3.21 300 42 46 19

27 0.01 3.21 300 32 35 17

28 1.8 0.01 250 57 46 17

29 1.8 0.01 250 42 35 18

30 1.8 0.01 250 32 26 19

31 1.8 0.01 265 57 35 19

32 1.8 0.01 265 42 26 17

33 1.8 0.01 265 32 46 18

34 1.8 0.01 300 57 26 18

35 1.8 0.01 300 42 46 19

36 1.8 0.01 300 32 35 17

37 1.8 1.8 250 57 46 17

38 1.8 1.8 250 42 35 18

39 1.8 1.8 250 32 26 19

40 1.8 1.8 265 57 35 19

41 1.8 1.8 265 42 26 17

42 1.8 1.8 265 32 46 18

43 1.8 1.8 300 57 26 18

44 1.8 1.8 300 42 46 19
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Table 3.13: Continued

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

45 1.8 1.8 300 32 35 17

46 1.8 3.21 250 57 46 17

47 1.8 3.21 250 42 35 18

48 1.8 3.21 250 32 26 19

49 1.8 3.21 265 57 35 19

50 1.8 3.21 265 42 26 17

51 1.8 3.21 265 32 46 18

52 1.8 3.21 300 57 26 18

53 1.8 3.21 300 42 46 19

54 1.8 3.21 300 32 35 17

55 3.21 0.01 250 57 46 17

56 3.21 0.01 250 42 35 18

57 3.21 0.01 250 32 26 19

58 3.21 0.01 265 57 35 19

59 3.21 0.01 265 42 26 17

60 3.21 0.01 265 32 46 18

61 3.21 0.01 300 57 26 18

62 3.21 0.01 300 42 46 19

63 3.21 0.01 300 32 35 17

64 3.21 1.8 250 57 46 17

65 3.21 1.8 250 42 35 18

66 3.21 1.8 250 32 26 19

67 3.21 1.8 265 57 35 19

68 3.21 1.8 265 42 26 17

69 3.21 1.8 265 32 46 18

70 3.21 1.8 300 57 26 18

71 3.21 1.8 300 42 46 19

72 3.21 1.8 300 32 35 17

73 3.21 3.21 250 57 46 17

74 3.21 3.21 250 42 35 18

75 3.21 3.21 250 32 26 19

76 3.21 3.21 265 57 35 19

77 3.21 3.21 265 42 26 17
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Table 3.13: Continued

Expt.
No.

Core
1

(µm)

Core
2

(µm)

Melt
Temp.
(°C)

Injection
Pressure

(Mpa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

Ejection
Force

(N)

78 3.21 3.21 265 32 46 18

79 3.21 3.21 300 57 26 18

80 3.21 3.21 300 42 46 19

81 3.21 3.21 300 32 35 17

3.7 Summary

The methodology used in the study and experimental procedures were discussed.

These procedures include instrumentation set-up and materials preparation. It also

involves design and tool fabrication as a platform to run the study based on the

researcher’s knowledge and experience. The facilities available at TATI University

College and the supports from Edinburgh Napier University were employed to

enhance the study works.



90

CHAPTER 4

MOLDFLOW ANALYSIS

4.1 Overview

This chapter explains the simulation result by using AMI 2010-R2 software

and experimental results on the ejection of moulding for HIPS, ABS and PA6 resins

which will be explained in Chapter 5. The objective of using MoldFlow software is

to create an analytical method in examining associated problems which may arise

during filling, packing and curing during the cycle time of the moulding. It is

analytical because the result from analysis will guide a solution path that will change

processing parameters of the injection moulding machine depending on the problem

and choice to fix the problem. The simulation results obtained from Moldflow

software will be used in setting up machine parameters prior to trial on the injection

moulding machine. For this research, melting temperature at a different level for

HIPS, ABS and PA6 were put into software specially designed for the analysis.

Whilst the software suggested on the injection pressure, packing pressure and

cooling time are the main parameters used when conducting the experiment for this

research. Apart from that, several counteracts can be considered to solve any

negative problem arousals while conducting the analysis such as air trap or weld
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mark problem. Appendix G.1, G.2, and G.3 showed the analysis log result for

different type of resin.

The usage of computer simulation software package in dealing with the current

study enables the prediction of initial result for filling and pressure distribution prior

to the experimental works. By utilising filling analysis the processing characteristics

of an injection mould can be investigated and optimized at design stage. The benefits

are improvements in part quality of weld lines, eliminating gas traps, balancing

pressure drops and reducing stress levels.

4.2 Moldflow Analysis Result

Manufacturers have been doing injection moulding plastic parts since long

before simulation technology arrived on scene. It was apparent from early days that

process variations affected par quality, because of the complex interplay among the

process physics, material properties and geometric complexity of the part and mould,

successful injection moulding was considered almost an art form. Experience gained

through trial and error was the only means of dealing with problems encountered in

the process (Swan, 2004). In the simulation environment, the optimal filling time

and pressure distribution were combined with other processing criteria from

Moldflow in order to determine an optimal, feasible fill time and pressure generated.
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4.2.1 Gate Location Analysis Result

The analysis has been done using AMI 2010-R2 software in identifying the

best gate location. Placing a gate correctly is the most challenging and critical factor

whilst filling the resin in cavity so to obtain good and high quality product of

moulding. The analysis result, the gate location on the moulding may be preset or

appeared with two or three choices, and then the optimum gate locations may need to

be examined by running the filling analysis at different best gate locations. The

ability of the software in predicting gate location will help designers at the earliest

before placing it into the machining works.

As shown in Figure 4.1, the gate analysis indicates that the best injection

location is in the centre of the model (blue area) and the least good injection location

(red area) is slightly located below the centre, where the thickness of model is less

compared to the top of the model. The injection location was placed on the top of

the model to facilitate the ejection of stripper plate in ejecting the moulding from the

core while measuring the ejection force.
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Figure 4.1: Suggested gating suitability for the moulding

4.2.2 Mould Filling Analysis Result

4.2.2.1 Flow Analysis

A comparison study between different types of polymer resin was made according

to the process conditions in AMI 2010-R2 which was shown in Table 4.1. All of

these parameters were set in AMI 2010-R2 before the analysis was carried out.

Different melting temperatures were set for the materials and the packing time was

set to be 20 s. The software was capable to predict the fill pattern, fill time, air trap,

weld line, temperature and pressure distribution for the moulding. The resin flow

started from the thicker section of the part which is 2 mm through rectangular gate (1

mm x 1 mm x 1 mm) and the full round runner system with Ø5 mm.
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Table 4.1: Process condition for HIPS, PA6 and ABS

Resins Melt temperature (°C) Packing/holding time (s)

HIPS
195
200
220

20

ABS
200
210
240

20

PA6
250
265
300

20

4.2.2.2 Fill Time Result

The fill time results show the progression of the resin entrance inside the

cavity. One of the reason in selecting gate location is to ensure the uniformed flow

paths in the cavity fill (Imihezri S. S. S. et al., 2004) and filling completed rapidly as

soon as possible without any problem. Figure 4.2 shows the fill time results for

HIPS, ABS and PA6. The fill time for PA6 is 0.9690 s which indicates quicker fill

time compared to HIPS and ABS, 1.889 s and 1.6360 s respectively. This is useful

to estimate the short-shot, weld line, air entrapment, hesitation and over packing.

The filling flow phase was illustrated through colour coded contour that ranged from

blue to red as shown in Figure 4.2. The injection location influenced the melt resin

flow which contributed to weld line and air entrapment of the moulding. The overall

flow analysis results were tabulated in Table 4.2 based on selected melting

temperature.
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4.2.2.3 Pressure Result

The maximum pressure that should be used is under the limit of the moulding

machine tonnage capacity. The pressure distribution should be balanced much like

the fill time with little over packing and uniformed pressure distribution during

packing. The pressure and fill time plots should look very similar for there is little or

no underflow in the part which short-shot or flashing problem can be avoided. The

3D mesh of the part model enables the analysis of pressure distribution through the

flow path inside the mould. Pressure at the end of filling represents pressure

distribution. The pressure results indicated that PA6 requires low injection pressure

of 43.24 MPa compared to ABS and HIPS that require 94.96 MPa and 70.15 MPa

respectively as shown in Figure 4.3. The magnitude of the pressure depends on the

resistance of the polymer in the mould and a higher injection pressure was an

indicative of an occurrence of higher shear rate and shear stress levels (Moldflow

Plastic Insight Manual 6.0, 2006).

Table 4.2: Flow analysis results

Result HIPS ABS PA6

Melting temperature (˚C) 200 210 265

Fill time (s) 1.889 1.636 0.969

Projected area (cm2) 8.08 8.08 8.07

Volume (cm3) 18.77 18.77 18.77

Part weight (g) 16.64 16.46 16.54

Weld line Exist Exist Exist

Air bubble Exist Exist Exist

Freeze time (s) 19.08 24.85 13.96

Max. Clamping force (tonne) 3.25 3.93 2.02

Volumetric shrinkage (%) 6.817 4.825 16.06

Pressure (MPa) 70.15 94.96 43.24
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(a)

(b)

(c)

Figure 4.2: Fill time. (a) HIPS. (b) ABS. (c) PA6
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(a)

(b)

(c)

Figure 4.3: Pressure at the end of fill. (a) HIPS. (b) ABS. (c) PA6
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4.2.2.4 Shear Stress at Wall Result

Shear stress at wall occurs at the frozen of molten layer interface. This is the

location of the cross section where the shear stress will be the highest. The shear

stress within the part should be below the material limit specified in the material

database. Shear stress should be kept to minimum because shear stress can cause

warp problem, blemish and low strength of the part. High injection pressure indicates

an occurrence of high shear rate and shear stress level. As shown in Appendix H.1,

the maximum shear stress at wall for HIPS is 2.824 x 106 l/s and ABS and PA6 are

9.859 x 106 l/s and 1.0 x 107 l/s respectively.

4.2.2.5 Air Traps Result

The result will show air traps that might be possible to develop in the part

during the filling. The results revealed that all thermoplastics material showed an air

entrapment at the same location (Figure 4.4(a), 4.4(b) and 4.4(c)). Air traps should

be eliminated by using several approaches such as changing the wall thickness, gate

locations or injection speed. Air traps indicate the presence of surface defects such

as burn marks, blemishes and short-shots (Jay Shoemaker, 2006). This is due to the

different polymer resins which have different viscosity. Hence, a flow channel

should be provided to aid air evacuation from the cavity. The ventilation design

system was discussed in Chapter 3 (Section 3.4.6).
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4.2.2.6 Weld lines result

Weld line occurs when two materials flow and converged at one location, or

flow front splits and comes back together as it happens around hole. Occasionally

weld lines are formed at the interface between the thick and thin section. It happens

when there is significant race tracking where the material in the thick section is

racing around and the thin is lagging. Weld line basically will cause poor appearance

and reduces the strength of the part. Figure 4.5 shows the visualisation of the weld

lines that might occur.

(a)

(b)

(c)

(d)
Figure 4.4: (a) Air entrapment marked with circle. (b) HIPS. (c) PA6. (d) ABS
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(a)

(b)

(c) (d)

Figure 4.5: (a) Weld lines position with circle marked. (b) HIPS. (c) ABS. (d) PA6

4.2.2.7 Clamp force result

The clamp tonnage is calculated based on the cavity area at the parting line.

The clamp force is calculated in each element using the projected area on the XY

plane and the pressure in that element. Clamp force may become very sensitive

when there is balanced of fill and pack pressure for such resin. Appendix H.2 shows

the graph of clamp force and the value of maximum clamping force values are shown

in Appendix H.2. The maximum clamping force for HIPS is 3.2534 tonnes and ABS

and PA6 are 3.9275 tonnes and 2.0226 tonnes respectively.
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4.2.2.8 Volumetric Shrinkage Result

The volumetric shrinkage for such plastic resins indicates the volume

reduction of the element which is shown in percentage due to packing of the part.

The higher the packing pressure the lower the shrinkage. Figure 4.6 shows the

volumetric shrinkage result. The maximum percentage of volumetric shrinkage was

PA6 16%. Meanwhile for HIPS and ABS were 7 % and 5 % respectively.

4.2.2.9 Polymer Fill region

This result will predict the probability of the molten plastic resin which enters

inside the cavity. From Figure 4.7, all resins indicate green colour which means high

probability of the molten plastic resin to enter inside the cavity. The quality result is

based on the injection pressure and melting temperature setting. The time taken for

HIPS to fill the cavity is 1.889 s. Meanwhile for ABS and PA6 were 1.636 s and

0.9690 s respectively.

4.2.2.10 Time to Freeze Result

Time to freeze results indicate the time required for resin polymer to reach

the solid state. This will affect the cycle time for the part. Parallel freezing time and

fast cooling are needed as these affect the product properties and cycle time. As

shown in Figures H.3.1, H.3.2 and H.3.3 (Appendix H.3), the time to freeze for HIPS

is 19.08 s while for ABS and PA6 recorded 24.85 s and 13.96 s respectively.
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(a)

(b)

(c)

Figure 4.6: Volumetric shrinkage (a) HIPS. (b) ABS. (c) PA6
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(a)

(b)

(c)

Figure 4.7: Polymer Fill region (a) HIPS. (b) ABS. (c) PA6
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4.3 Conclusion

This analysis is to establish process condition for injection moulding machine

to be used in experimental work. The simulation work was performed on the

MoldFlow according to the actual tool condition such as cooling channel layout and

the feeding system used. The actual materials used are obtained from MoldFlow’s

library system which are the same materials used for this experiment. By doing the

analysis, MoldFlow has given the processing parameter (injection pressure, packing

pressure, cooling time, etc.) for the setting purposes on the injection moulding. For

this research, three levels of melting temperature for each material were put as

parameters for analysis purpose. Then other parameters’ values such as injection

pressure, packing pressure and cooling time were obtained respectively from analysis

log. These values were used while running the experimental work. Apart from that,

problems’ possibilities were highlighted as remedies for designer. In this case, weld

line and air entrapment are the major issues which need to be measured thoroughly.

So, the air vent and a proper cooling channel should be provided on the tool as

described in Chapter 3 for this research. So, the MoldFlow software helps the

designer to have access to flow analysis and their interpretations, including the

simulation of cooling, to aid the successful design and manufacture of parts and

tools.
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4.4 Summary

This chapter explained the process of simulation work using the MoldFlow

software and possibilities in problems which might occur during the process. The

software enables to tell the designer on the ability of filling process for suitable area

of gating first before doing any further analysis. Some of the processing parameters

can be obtained automatically and can be accessed in analysis log for the software.

The software can help designer in advance before the actual tool is put on the actual

production by comparing ‘trial and error’ method which consumes time and cost in

traditional approach.
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CHAPTER 5

RESULT AND DISCUSSION

5.1 Overview

This chapter explains the experimental results on the ejection of moulding for

HIPS, ABS and PA6 resins. The objective is to achieve the optimum ejection force

based on the setting parameters and conditions and model building for predicting

response function. The essential parameters include surface roughness of cavity

inserts, injection pressure, melting temperature, packing pressure and cooling time

which was discussed in Chapter 3. The control effect factor and noise factor were

elaborated including ANOVA for analysis purposes. Hence, the mathematical model

was developed to show the relationship between the three types of resins parallel to

the surface roughness of the insert and parameters used.
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5.2 Ejection Force Experiment Results

5.2.1 Surface roughness of the core inserts

The microscopically examination of the core insert surface was observed by

using the Olympus CK40M optical microscope as shown in Figure 5.1 (see 3.4.9

surface roughness measurement). Meanwhile Figure 5.2 shows the part for this

experiment.

4kV x200 100µm 0000 24 25 SEI

(a) 0.01 μmRa

4kV x200 100µm 0000 24 25 SEI

(b) 1.80 μmRa

4kV x200 100µm 0000 24 25 SEI

(c) 3.2 μmRa

Figure 5.1: Microscopic for core insert surface roughness x100 (a) Polished insert,
and (b, c) Sparked insert
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The value of Ra for the inserts was obtained by using surface roughness tester

(SurfTest Mitutoyo SJ – 301). Appendix I.1, I.2, I.3, I.4, I.5 and I.6 show the value

of Ra for the inserts used for the experiment.

Figure 5.2: Part sample of HIPS

5.2.2 Surface roughness of part

The surface of moulding was observed by using SEM as shown in Figure 5.3,

objectively to investigate the possible causes of ejection force. The part samples

were coated with platinum by using Auto Fine Coater, JFC-1600 model. The

ejection force decreases as the combination surface roughness decreased from 0.14

μmRa and was minimum when the combinations core surface roughness was 1.65

μmRa. The ejection force then started to increase from the combination surface

roughness of 1.35 μmRa, decreasing rapidly from 1.65 μmRa. The surface

roughness as shown in Figure 5.5 illustrates the relation between surface of core

combinations and ejection of ABS. The ejection force increases as the surface of

core combination decreases from 0.05 μmRa, was minimum at 2.30 μmRa.
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For moulding with surface roughness of 1.17 μmRa to 4.14 μmRa, various

depth of crater mark appeared which indicates a strong relation to types of resins

used with the generated ejection force. On the other hand, for moulding with surface

roughness of 0.05 μmRa to 0.14 μmRa, the surface texture is quite smooth for ABS

and PA6 except for HIPS. Figure 5.6(a) shows the relation between surface of core

combinations and ejection force of PA6. The ejection force decreases as the

moulding surface roughness decreased from 0.07 μmRa, and started to increase from

1.41 μmRa.
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(a) 0.14μmRa (b) 0.05μmRa (c) 0.07μmRa

(d) 1.35μmRa (e) 1.17μmRa (f) 1.41μmRa

(g) 1.65μmRa (h) 2.30μmRa (i) 4.14μmRa

Figure 5.3: SEM image for mouldings at different levels of surface roughness for
different types of thermoplastic (a) (d) (g) HIPS. (b) (e) (h) ABS. (c) (f) (i)
PA6 resin

5.2.3 Mechanical bonding and van der Waal effect of the ejection force

The mechanical bonding state and van der Waal principle also have influence

in studying the ejection force for surface roughness. For instance, two important

aspects; shrinkage and friction influence the ejection force model. Unfortunately, due

to unavailable instrument, these factors are not considered during experiment.
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Shrinkage is the end product caused by thermal contraction and directional

distortion. While atoms move closer in atomic vibration at a low energy level, and

directional distortion results from orientation of polymer molecules during the flow

and once the flow ends, their following relaxation goes back to a coiled state; this

phenomenon is called thermal contraction. One condition of shrinkage can be

massively predisposed by ejection temperature and hence varies for amorphous

(HIPS and ABS) and semi-crystalline polymers (PA6). Semi-crystalline polymers

(PA6) possess an enhanced state of shrinkage due to phase transformation of

crystalline portion. Meanwhile, prior towards the subject mentioned (PA6), HIPS and

PA6 contract in even more gradually. The basic idea of having friction between

thermoplastic part and injection mould core does not mainly concerns on the

mechanical relationship between the two surfaces; instead, it also depends on

adhesive component inherent towards the properties of these materials at processing

conditions. Following towards this occurrence, the mechanical component of friction

usually be inclined to a simpler concept definition; that is, the high complexion of

adhesion component. In addition to such matter, heat helps in increasing on the

abilities of the adhesive to primarily absorb, dissolve and disperse. For polymers, the

surface forces consist of van der Waals, coulombic and possibly hydrogen bonding

forces. Subjectively referring to when the surface free energy of polymer increases,

the adhesive force becomes greater. States such as extremely clean metal surfaces

promote chemical bonding. In relation to this experimental work, ejection forces for

HIPS, ABS and PA6 were all determined experimentally.
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5.2.4 The effect of ejection forces on the surface roughness

Table 5.1 summarizes the ejection force on the surface combination for HIPS.

Nine surface combinations denoted A to Z representing different core inserts for each

combination. Each surface combination produce a different core surface measured in

micrometer (µm). For each surface combination, nine experiments were performed

with different processing parameters applied at each experiment. The parameters

were summarized in Table 5.2.
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Table 5.1: Average ejection force for HIPS

Combination
Surface

Denoted
Symbol

Core
Surface

(μm)

Ejection Force (N) x 103

Expt. 1 Expt. 2 Expt. 3 Expt. 4 Expt. 5 Expt. 6 Expt. 7 Expt. 8 Expt. 9

S1x+S1y A 0.02 334 292.1 254.8 336.4 329.8 336.8 275.5 288.2 326.6

S1x+S2y B 1.84 158.9 163 164.7 193.1 212.4 253.4 209.9 230.6 239.2

S1x+S3y C 3.22 124.8 131.6 150.4 111.2 113.6 113.9 136.4 128 102

S2x+S1y D 1.84 198.3 189.5 187.7 246.6 235.1 220.1 256.8 237.9 225.4

S2x+S2y E 3.6 184 176.5 162.4 214.4 199.6 188.3 217.3 224 211.5

S2x+S3y F 5.01 310.3 242.6 185.1 363.8 329.3 313.3 398.1 386 373

S3x+S1y G 3.22 195.4 195.6 190.5 194.9 174.1 184 195.2 268 214.8

S3x+S2y H 5.01 194 184.1 150.9 186.9 180 193.4 183.2 180.3 179.4

S3x+S3y I 6.42 150 121.3 98.6 164.3 140.1 128.1 76.9 95.8 90.4

S1x, S2x and S3x represent for core insert 1 meanwhileS1y, S2y and S3y represent for core insert 2
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Table 5.2: The parameter setting for HIPS for the experiment

Expt.
No.

Melt
Temp.
(°C)

Injection
Pressure
(MPa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

1 195 69 59 16

2 195 67 56 16

3 195 55 45 17

4 200 69 56 17

5 200 67 45 16

6 200 55 59 16

7 220 69 45 16

8 220 67 59 17

9 220 55 56 16

The melting temperatures for the experiments were divided into three groups

of 195°C, 200°C and 220°C. The melting temperature was selected according to the

range of the recommended material’s temperature. The results are summarized in

Figure 5.4.

Figure 5.4: The combination of surface roughness and ejection force for HIPS
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As seen in Figure 5.4, the graph’s characteristic to all experiments possesses

similarity in the graph’s pattern. However, the ejection force for the three groups at

different temperature shows a slightly different value. The higher the temperature the

higher the ejection force and it shows that the ejection force was affected with the

increment of melting temperature. However, despite any melting temperatures, each

experiment abides the relationship of the ejection force and the surface roughness

which the ejection force is inversely proportional with the surface roughness.

By referring to Table 5.2, it can be observed that the melting temperatures

are the same for experiment 1 to 3. i.e. 195 °C. The graph also depicted a similarity

in trend for point E (S2x + S2y), F (S2x + S3y), G (S3x+S1y), H (S3x + S2y) and (S3x +

S3y). Following such a case, the observed phenomena for these surface roughness

combinations is when the surface roughness increases, the ejection force will

decrease as shown in Figure 5.4 (a). As the melting temperature increases, the

ejection force also increase which can be seen clearly at the melting temperature of

200°C and 220°C. It can be concluded that, the melting temperature is influenced

with the ejection force for HIPS. At the point E (S2x + S2y) onwards, the ejection

forces are decreased when the surface roughness are increased.

Figure 5.5 summarizes the error of the ejection force for different

combination surface with 5% error calculated. The selected error is complying with

the Taguchi method.
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Figure 5.5: The error of the ejection force for different combination surface
for HIPS

The same methods were applied to ABS with Table 5.3 and 5.4 which

summarized the ejection force on the surface combination and the processing

parameters.

Table 5.3: The parameter setting for ABS for the experiment

Expt.
No.

Melt
Temp.
(°C)

Injection
Pressure
(MPa)

Packing
Pressure
(MPa)

Cooling
Time
(s)

1 200 77 65 17

2 200 69 56 17

3 200 50 41 18

4 210 77 56 18

5 210 69 41 17

6 210 50 65 17

7 240 77 41 17

8 240 69 65 18

9 240 50 56 17

Figure 5.6 represents the relation of the ejection force and the surface

combination. The characteristic for ABS is almost similar to HIPS. As seen for

Experiment 3, the ejection force shows a constant value throughout the process.
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Experiment 8 shows an inversely proportional of ejection force to the surface

combination due to the core surface roughness value are increased at a proportionate

value. For experiment 7, the trend of graph behaviour looked almost similar to

experiment 8 but the value of ejection force is small. Experiment 1, 6 and 9 showed

the same behaviour among them but for experiment 6, it started to increase at core

surface roughness C which is lower than what can be observed from Experiment 1.

These experiments (Experiment 1, 6 and 9) share the same injection pressure but

different melting temperatures.
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Table 5.4: Average ejection force for ABS

Combination
Surface

Denoted
Symbol

Core
Surface

(μm)

Average Ejection Force (N) x 103

Expt. 1 Expt. 2 Expt. 3 Expt. 4 Expt. 5 Expt. 6 Expt. 7 Expt. 8 Expt. 9

S1x+S1y A 0.02 262.3 267.4 246 242 276.3 249.9 294.6 277.9 265.7

S1x+S2y B 1.84 183.4 193.4 209.6 183.7 191.2 188.7 169.9 154.8 166.7

S1x+S3y C 3.22 136.5 103 108.7 141.3 111.5 117.8 149.1 118.2 115.87

S2x+S1y D 1.84 197.5 202.4 202.3 195.8 205.4 215.2 179.87 184 190.5

S2x+S2y E 3.60 167.9 152.4 141.4 166.5 163.6 173.2 170.4 173 174.3

S2x+S3y F 5.01 157 153.7 146 165.6 161.9 162 200.5 235.5 165

S3x+S1y G 3.22 185.9 172 151.87 145 163.2 177.6 158.6 158.9 157.9

S3x+S2y H 5.01 128.1 127.6 126 122.3 122.8 124.9 138.4 142 120.1

S3x+S3y I 6.42 97.7 98.4 92.8 91.4 85.4 91 87.7 91 88.5

S1x, S2x and S3x represent for core insert 1 meanwhile S1y, S2y and S3y represent for core insert
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5.6: The combination of surface roughness and ejection force for ABS

Figure 5.7: The error of the ejection force for different combination surface for ABS
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Table 5.5: Average ejection force and standard error for PA6

Combination
Surface

Denoted
Symbol

Surface
(μm)

Average Ejection Force (N)

Expt. 1 Expt. 2 Expt. 3 Expt. 4 Expt. 5 Expt. 6 Expt. 7 Expt. 8 Expt. 9

S1x+S1y A 0.02 127.6 114 98.5 106 103.5 99 94.7 101.2 76.7

S1x+S2y B 1.84 95.7 76.4 57.5 114.1 101 89.2 154.9 144.9 114.5

S1x+S3y C 3.22 62.1 38.3 32.5 95.5 46.6 47.1 111.6 97.8 73.6

S2x+S1y D 1.84 97.9 83.9 76.9 130 91.2 80.5 154.6 137.1 113

S2x+S2y E 3.60 132.9 116.4 63 165.9 175.7 158 151.8 135.9 78

S2x+S3y F 5.01 154.1 155.2 89.2 147.5 155.6 179.8 194.2 202.5 130.3

S3x+S1y G 3.22 107.4 103.5 87.2 98 86.1 92.3 95.1 86.6 62

S3x+S2y H 5.01 149.9 64.8 53.3 164 147.1 120.1 214.7 155.7 116.7

S3x+S3y I 6.42 110 110.8 100.1 96.8 100.8 111.4 103.1 121.4 134.5

S1x, S2x and S3x represent for core insert 1 meanwhileS1y, S2y and S3y represent for core insert 2
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Table 5.6: The parameter setting for PA6 for the experiment

Expt.
No.

Melt
Temp.
(°C)

Injection
Pressure
(MPa)

Packing
Pressure
(MPa)

Cooling
Time

(s)

1 250 57 46 17

2 250 42 35 18

3 250 32 26 19

4 265 57 35 19

5 265 42 26 17

6 265 32 46 18

7 300 57 26 18

8 300 42 46 19

9 300 32 35 17

For PA6, a shared melting temperature of 265°C for experiment 5 and 6

showed the same behaviour where the ejection force is higher at the core surface

roughness value 0.02 µmRa. Experiment 4, 7 and 8 constituted the same behaviour

and starting point. Similarly with experiment 1, 2 and 3, the same behaviour can be

observed as shown in Figure 5.8 due to their similar melting temperature of 250 °C.

Meanwhile experiment 5 and 6 depicted the same behaviour due to their similar

melting temperature of 265°C. On the other hand, experiment 4 and 7 composed of

same graphs’ trend and possess same injection pressure. It can be concluded that

when ejection force for all stated experiments falls at different melting temperatures,

the injection pressure cannot be lowered; which can be seen in experiment 9. It can

be stated that, when the core surface roughness is high for all the ejection force for

PA6, it results to a high ejection force.
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Figure 5.8: The combination of surface roughness and ejection force for PA6

Figure 5.9: The error of the ejection force for different combination surface for PA6

In short, when these three materials were compared, HIPS showed a

consistent of ejection force according to the increased of melting temperature which

is slightly different with ABS material. The physical properties such as density and

melt flow index are not the same even though they are amorphous.
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Figure 5.7 shows the ejection force of HIPS on the varieties of surface

roughness combination. The ejection force increases as the core surface roughness

decreased which can be seen in S1x+S1y (S1x – core insert 1 and S1y – core insert 2).

The same phenomenon can be observed for ABS in Figure 5.8. HIPS and ABS

exhibit the same character whereas when the surface roughness increases, the

ejection forces decreased. Meanwhile for PA6 in Figure 5.9, the ejection force is

high for surface roughness combination of S2x+S3y and low for S1x+S3y

combination.

5.2.5 Ejection Force Experiment Data

The process of how to obtain the ejection force data was discussed in Chapter 3.

The ejection force for HIPS, ABS and PA6 were taken after subtracting the force

with moulding and without moulding. The value then will be recorded in the table

for STATISCA analysis. The results from the experiments are shown in Table 5.7,

5.8 and 5.9 below. Appendix J shows the graph for obtaining the ejection force

without moulding and after ejecting the moulding part by using data acquisition

(DAQ).
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Table 5.7: Table of result from ejection force experiment for HIPS

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure
(MPa)

Cooling
time (s)

Ejection
force (N)

1 0.01 0.01 195 69 59 16 333955.7

2 0.01 0.01 195 67 56 16 292138.7

3 0.01 0.01 195 55 45 17 254834.4

4 0.01 0.01 200 69 56 17 336354.6

5 0.01 0.01 200 67 45 16 329753

6 0.01 0.01 200 55 59 16 336825.6

7 0.01 0.01 220 69 45 16 275475.6

8 0.01 0.01 220 67 59 17 288241.5

9 0.01 0.01 220 55 56 16 326621.2

10 0.01 1.80 195 69 59 16 158897.7

11 0.01 1.80 195 67 56 16 163011.9

12 0.01 1.80 195 55 45 17 164672.6

13 0.01 1.80 200 69 56 17 193096.4

14 0.01 1.80 200 67 45 16 212358.6

15 0.01 1.80 200 55 59 16 253447.3

16 0.01 1.80 220 69 45 16 209939.4

17 0.01 1.80 220 67 59 17 230581.6

18 0.01 1.80 220 55 56 16 239157.3

19 0.01 3.21 195 69 59 16 124774.2

20 0.01 3.21 195 67 56 16 131631.9

21 0.01 3.21 195 55 45 17 150416.4

22 0.01 3.21 200 69 56 17 111199

23 0.01 3.21 200 67 45 16 113553.8

24 0.01 3.21 200 55 59 16 113879

25 0.01 3.21 220 69 45 16 136403.4

26 0.01 3.21 220 67 59 17 127985.4

27 0.01 3.21 220 55 56 16 102033.5

28 1.80 0.01 195 69 59 16 198270.4

29 1.80 0.01 195 67 56 16 189540.7

30 1.80 0.01 195 55 45 17 187706.9

31 1.80 0.01 200 69 56 17 246591.3

32 1.80 0.01 200 67 45 16 235053.5

33 1.80 0.01 200 55 59 16 220097.68
34 1.80 0.01 220 69 45 16 256835.4
35 1.80 0.01 220 67 59 17 237939.2
36 1.80 0.01 220 55 56 16 225446.8
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Table 5.7: Continued.

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure
(MPa)

Cooling
time (s)

Ejection
force (N)

37 1.80 1.80 195 69 59 16 183941.53

38 1.80 1.80 195 67 56 16 176515.38

39 1.80 1.80 195 55 45 17 162407.08

40 1.80 1.80 200 69 56 17 214390.2

41 1.80 1.80 200 67 45 16 199557.63

42 1.80 1.80 200 55 59 16 188267.78

43 1.80 1.80 220 69 45 16 217278.48

44 1.80 1.80 220 67 59 17 224044.54

45 1.80 1.80 220 55 56 16 211503.86

46 1.80 3.21 195 69 59 16 310274

47 1.80 3.21 195 67 56 16 242632.2

48 1.80 3.21 195 55 45 17 185119.4

49 1.80 3.21 200 69 56 17 363806.6

50 1.80 3.21 200 67 45 16 329319

51 1.18 3.21 200 55 59 16 313306.4

52 1.18 3.21 220 69 45 16 398123.5

53 1.18 3.21 220 67 59 17 386030.9

54 1.18 3.21 220 55 56 16 372975.1

55 3.21 0.01 195 69 59 16 195371.43

56 3.21 0.01 195 67 56 16 195607.63

57 3.21 0.01 195 55 45 17 190485.33

58 3.21 0.01 200 69 56 17 194937.83

59 3.21 0.01 200 67 45 16 174082.13

60 3.21 0.01 200 55 59 16 184004.43

61 3.21 0.01 220 69 45 16 195200.33

62 3.21 0.01 220 67 59 17 267971.13

63 3.21 0.01 220 55 56 16 214826.93

64 3.21 1.80 195 69 59 16 193903

65 3.21 1.80 195 67 56 16 184141.48

66 3.21 1.80 195 55 45 17 150868.1

67 3.21 1.80 200 69 56 17 186908.4

68 3.21 1.80 200 67 45 16 180035.4

69 3.21 1.80 200 55 59 16 193362.1

70 3.21 1.80 220 69 45 16 183157.3

71 3.21 1.80 220 67 59 17 180327.1

72 3.21 1.80 220 55 56 16 179392.5

73 3.21 3.21 195 69 59 16 149998.7

74 3.21 3.21 195 67 56 16 121307.5
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Table 5.7: Continued.

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure
(MPa)

Cooling
time (s)

Ejection
force (N)

75 3.21 3.21 195 55 45 17 98627.7

76 3.21 3.21 200 69 56 17 164294.1

77 3.21 3.21 200 67 45 16 140092.3

78 3.21 3.21 200 55 59 16 128104.9

79 3.21 3.21 220 69 45 16 76855.9

80 3.21 3.21 220 67 59 17 95841.5

81 3.21 3.21 220 55 56 16 90363.6

Table 5.8: Table of result from ejection force experiment for ABS

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure
(MPa)

Cooling
time (s)

Ejection
force (N)

1 0.01 0.01 200 77 65 17 262353

2 0.01 0.01 200 69 56 17 267434

3 0.01 0.01 200 50 41 18 246012

4 0.01 0.01 210 77 56 18 241876

5 0.01 0.01 210 69 41 17 276288

6 0.01 0.01 210 50 65 17 249873

7 0.01 0.01 240 77 41 17 294599

8 0.01 0.01 240 69 65 18 277914

9 0.01 0.01 240 50 56 17 265682

10 0.01 1.80 200 77 65 17 183377

11 0.01 1.80 200 69 56 17 193428

12 0.01 1.80 200 50 41 18 209613

13 0.01 1.80 210 77 56 18 183748

14 0.01 1.80 210 69 41 17 191222

15 0.01 1.80 210 50 65 17 188676

16 0.01 1.80 240 77 41 17 169871

17 0.01 1.80 240 69 65 18 154806

18 0.01 1.80 240 50 56 17 166714

19 0.01 3.21 200 77 65 17 136466

20 0.01 3.21 200 69 56 17 103036

21 0.01 3.21 200 50 41 18 108716
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Table 5.8: Continued.

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure
(MPa)

Cooling
time (s)

Ejection
force (N)

22 0.01 3.21 210 77 56 18 141284

23 0.01 3.21 210 69 41 17 111495

24 0.01 3.21 210 50 65 17 117829

25 0.01 3.21 240 77 41 17 149134

26 0.01 3.21 240 69 65 18 118246

27 0.01 3.21 240 50 56 17 115755

28 1.80 0.01 200 77 65 17 197466

29 1.80 0.01 200 69 56 17 202361

30 1.80 0.01 200 50 41 18 202324

31 1.80 0.01 210 77 56 18 195808

32 1.80 0.01 210 69 41 17 205380

33 1.80 0.01 210 50 65 17 215221

34 1.80 0.01 240 77 41 17 179755

35 1.80 0.01 240 69 65 18 183988

36 1.80 0.01 240 50 56 17 190458

37 1.80 1.80 200 77 65 17 167913

38 1.80 1.80 200 69 56 17 152365

39 1.80 1.80 200 50 41 18 141431

40 1.80 1.80 210 77 56 18 166526

41 1.80 1.80 210 69 41 17 163597

42 1.80 1.80 210 50 65 17 173247

43 1.80 1.80 240 77 41 17 170354

44 1.80 1.80 240 69 65 18 172987

45 1.80 1.80 240 50 56 17 174323

46 1.80 3.21 200 77 65 17 157043

47 1.80 3.21 200 69 56 17 153703

48 1.80 3.21 200 50 41 18 145981

49 1.80 3.21 210 77 56 18 165632

50 1.80 3.21 210 69 41 17 161854

51 1.80 3.21 210 50 65 17 162020

52 1.80 3.21 240 77 41 17 200471

53 1.80 3.21 240 69 65 18 235502

54 1.80 3.21 240 50 56 17 164969

55 3.21 0.01 200 77 65 17 185935

56 3.21 0.01 200 69 56 17 171995

57 3.21 0.01 200 50 41 18 151784

58 3.21 0.01 210 77 56 18 145053

59 3.21 0.01 210 69 41 17 163223

60 3.21 0.01 210 50 65 17 177563
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Table 5.8: Continued.

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure
(MPa)

Cooling
time (s)

Ejection
force (N)

61 3.21 0.01 240 77 41 17 158639

62 3.21 0.01 240 69 65 18 158859

63 3.21 0.01 240 50 56 17 157872

64 3.21 1.80 200 77 65 17 128136

65 3.21 1.80 200 69 56 17 127589

66 3.21 1.80 200 50 41 18 125980

67 3.21 1.80 210 77 56 18 122273

68 3.21 1.80 210 69 41 17 122778

69 3.21 1.80 210 50 65 17 124852

70 3.21 1.80 240 77 41 17 138369

71 3.21 1.80 240 69 65 18 142026

72 3.21 1.80 240 50 56 17 120144

73 3.21 3.21 200 77 65 17 97680.2

74 3.21 3.21 200 69 56 17 98448.7

75 3.21 3.21 200 50 41 18 92808.9

76 3.21 3.21 210 77 56 18 91436.4

77 3.21 3.21 210 69 41 17 85397.9

78 3.21 3.21 210 50 65 17 90987.3

79 3.21 3.21 240 77 41 17 87651

80 3.21 3.21 240 69 65 18 90547.9

81 3.21 3.21 240 50 56 17 88484.8

Table 5.9: Table of result from ejection force experiment for PA6

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure
(MPa)

Cooling
time (s)

Ejection
force (N)

1 0.01 0.01 250 57 46 17 127617

2 0.01 0.01 250 42 35 18 114034

3 0.01 0.01 250 32 26 19 98471

4 0.01 0.01 265 57 35 19 105959

5 0.01 0.01 265 42 26 17 103546

6 0.01 0.01 265 32 46 18 99047

7 0.01 0.01 300 57 26 18 94740.2

8 0.01 0.01 300 42 46 19 101270

9 0.01 0.01 300 32 35 17 76713
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Table 5.9: Continued.

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure

(Mpa)
Cooling
time (s)

Ejection
force (N)

10 0.01 1.80 250 57 46 17 95690.7

11 0.01 1.80 250 42 35 18 76432.4

12 0.01 1.80 250 32 26 19 57459.7

13 0.01 1.80 265 57 35 19 114081

14 0.01 1.80 265 42 26 17 101047

15 0.01 1.80 265 32 46 18 89151.2

16 0.01 1.80 300 57 26 18 154892

17 0.01 1.80 300 42 46 19 144945

18 0.01 1.80 300 32 35 17 114549

19 0.01 3.21 250 57 46 17 62142.3

20 0.01 3.21 250 42 35 18 38312.7

21 0.01 3.21 250 32 26 19 32480.2

22 0.01 3.21 265 57 35 19 95468.1

23 0.01 3.21 265 42 26 17 46570.7

24 0.01 3.21 265 32 46 18 47065.8

25 0.01 3.21 300 57 26 18 111555

26 0.01 3.21 300 42 46 19 97772.2

27 0.01 3.21 300 32 35 17 73566

28 1.80 0.01 250 57 46 17 97922.4

29 1.80 0.01 250 42 35 18 83894.7

30 1.80 0.01 250 32 26 19 76943

31 1.80 0.01 265 57 35 19 129963

32 1.80 0.01 265 42 26 17 91240.9

33 1.80 0.01 265 32 46 18 80471.9

34 1.80 0.01 300 57 26 18 154641

35 1.80 0.01 300 42 46 19 137063

36 1.80 0.01 300 32 35 17 112955

37 1.80 1.80 250 57 46 17 132875

38 1.80 1.80 250 42 35 18 116396

39 1.80 1.80 250 32 26 19 62907

40 1.80 1.80 265 57 35 19 165884

41 1.80 1.80 265 42 26 17 175658

42 1.80 1.80 265 32 46 18 157919

43 1.80 1.80 300 57 26 18 151820

44 1.80 1.80 300 42 46 19 135909

45 1.80 1.80 300 32 35 17 78014.6

46 1.80 3.21 250 57 46 17 154115

47 1.80 3.21 250 42 35 18 155236

48 1.80 3.21 250 32 26 19 89242.3
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Table 5.9: Continued.

Expt
No.

Core 1
(µm)

Core 2
(µm)

Melt
temp.
(°C)

Inj.
Pressure
(MPa)

Pack.
Pressure

(Mpa)
Cooling
time (s)

Ejection
force (N)

49 1.80 3.21 265 57 35 19 147493

50 1.80 3.21 265 42 26 17 155616

51 1.80 3.21 265 32 46 18 179839

52 1.80 3.21 300 57 26 18 194219

53 1.80 3.21 300 42 46 19 202530

54 1.80 3.21 300 32 35 17 130306

55 3.21 0.01 250 57 46 17 107350

56 3.21 0.01 250 42 35 18 103529

57 3.21 0.01 250 32 26 19 87238.7

58 3.21 0.01 265 57 35 19 98021.6

59 3.21 0.01 265 42 26 17 86059.5

60 3.21 0.01 265 32 46 18 92301.3

61 3.21 0.01 300 57 26 18 95099.6

62 3.21 0.01 300 42 46 19 86550.7

63 3.21 0.01 300 32 35 17 61980.9

64 3.21 1.80 250 57 46 17 149899

65 3.21 1.80 250 42 35 18 64760.1

66 3.21 1.80 250 32 26 19 53342.5

67 3.21 1.80 265 57 35 19 164048

68 3.21 1.80 265 42 26 17 147149

69 3.21 1.80 265 32 46 18 120066

70 3.21 1.80 300 57 26 18 214658

71 3.21 1.80 300 42 46 19 155658

72 3.21 1.80 300 32 35 17 116721

73 3.21 3.21 250 57 46 17 110039

74 3.21 3.21 250 42 35 18 110760

75 3.21 3.21 250 32 26 19 100124

76 3.21 3.21 265 57 35 19 96781.7

77 3.21 3.21 265 42 26 17 100820

78 3.21 3.21 265 32 46 18 111441

79 3.21 3.21 300 57 26 18 103055

80 3.21 3.21 300 42 46 19 121370

81 3.21 3.21 300 32 35 17 134466
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5.2.6 Validation of Melting Temperature, Injection Pressure, Packing Pressure

and Cooling Times against Ejection Force

Before continuing with other analysis, the data need to be checked for

validity. The observed values against predicted values for HIPS, ABS and PA6 need

to be generated to check the validity of the data gathered. STATISCA software was

used to generate observed values against predicted values plot at confidence interval

of 95% (Kuo-Ming Tsai et al., 2009 and Douglas C. Montgomery et al., 2006). The

results of the various predictions were presented on Figures 5.10, 5.11 and 5.12

respectively. Figure 5.10, 5.11 and 5.12 indicate the experimental actual ejection

force for HIPS, ABS and PA6 materials respectively. The solid straight line on the

Figure 5.10 to 5.12 represents the perfect correlation between the actual and

predicted values i.e. one to one correspondence if the predicted life was exactly

equivalent to the actual life. The two straight line dotted lines represent a three times

factor indicating a goodness band. Data points that fall above the solid line represent

non-conservative estimates, while points below solid line represent conservative

predictions in comparison to the experimental results.

It can be seen that the correlation between the observed and predicted results

are well correlated within the expected scatter band for both method and materials. It

can be also seen that the ejection force tended to be slightly conservative due to the

most points concentrated on the lower band i.e. with the solid line and the lower

dotted line. These show that the data can be used for further analysis.



132

Predicted vs. Observed Values

X:Y: y = 0.0032 + 1*x

Dependent variable: Var7
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Figure 5.10: Comparison between the observed to predicted values in ejection force
for the HIPS material

Predicted vs. Observed Values

X:Y: y = -0.00078543491 + 1.00000001*x

Dependent variable: Var7
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Figure 5.11: Comparison between the observed to predicted values in ejection
force for the ABS material
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Predicted vs. Observed Values

X:Y: y = -0.0028 + 1*x

Dependent variable: Var7
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Figure 5.12: Comparison between the observed to predicted values in ejection
For the PA6 material

Table 5.10, 5.11 and 5.12 showed the result of effect estimates for ejection

force against all independent variables that had be generated using STATISTICA

software. From the table 5.4 for HIPS material, it can be seen that the

highlighted columned which is the core insert 1 (A), core insert 2 (B) and

melting temperature (C), gave the significant effect to the ejection force when P

< 0.05. The other variable which is the injection pressure (D), packing pressure

(E) and cooling time (F) did not give significant effect to the ejection force. From

STATISTICA, the surface plot for dependent variable for HIPS material are

discussed and generated in Section 5.2.5 (Figure 5.13, 5.16, 5.19 and 5.22).

Non-
conservative

Conservative
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Meanwhile for ABS as shown in Table 5.11, the core insert 1 (A), core insert

2(B) and melting temperature (c), gave the significant effect to the ejection force.

This is similar to HIPS material. The surface plots for dependent variable for ABS

material are shown in Figure 5.14, 5.17, 5.20 and 5.23.

For PA6 material (Figure 5.12), the core insert 1 (A), core insert 2 (B), melt

temperature (C) and injection pressure (D), gave the significant effect to the ejection

force. The other variable which is the packing pressure (E) and cooling time (F)

did not give significant effect to the ejection force. The surface plots for dependent

variable for PA6 material are shown in Figure 5.15, 5.18, 5.21 and 5.24.
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Table 5.10: Effect estimate table of ejection force for HIPS

Effect Estimates; Var.:Var7; R-sqr=.91747; Adj:.81661 (Spreadsheet_HIPS) 1 2-
level factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=999806 x 103

Factor Effect Std.Err. t(36) p
Mean/Interc. 133122 12547.82 10.60919 0.000000

(1) A (L) -357498 37088.44 -9.63907 0.000000
A (Q) 287872 32194.93 8.94154 0.000000

(2) B (L) -336999 37088.44 -9.08636 0.000000
B (Q) 114427 32194.93 3.55421 0.001082

(3) C (L) -20433 20634.19 -0.99024 0.328665
C (Q) 3374 18603.45 0.18135 0.857107

(4) D (L) 3957 20535.80 0.19270 0.848279
D (Q) 781 19014.73 0.04109 0.967455

(5) E (L) 20007 20558.83 0.97316 0.336968
E (Q) -8197 19981.57 -0.41025 0.684057

(6) F (L) 6721 18247.80 0.36833 0.714786
AL by BL -483671 54287.31 -8.90947 0.000000
AL by BQ 275494 47124.55 5.84608 0.000001
AQ by BL 502165 47124.55 10.65612 0.000000
AQ by BQ -243136 40906.86 -5.94366 0.000001
AL by CL -87016 23920.34 -3.63774 0.000855
AL by CQ -34098 21923.36 -1.55535 0.128612
AQ by CL 78211 20764.26 3.76664 0.000592
AQ by CQ 26936 19030.75 1.41538 0.165550
AL by DL -26741 23920.34 -1.11791 0.271008
AL by DQ 17319 22408.03 0.77288 0.444638
AQ by DL 36318 20764.26 1.74905 0.088805
AQ by DQ -16527 19451.48 -0.84967 0.401124
AL by EL 13706 23920.34 0.57300 0.570207
AL by EQ -1896 21813.89 -0.08693 0.931211
AQ by EL -9356 20764.26 -0.45060 0.654980
AQ by EQ 3731 18935.73 0.19701 0.844928
AL by FL 8421 20715.63 0.40652 0.686770
AQ by FL -2315 17982.37 -0.12876 0.898263
BL by CL -8220 23920.34 -0.34363 0.733124
BL by CQ -915 21923.36 -0.04172 0.966956
BQ by CL 9397 20764.26 0.45254 0.653597
BQ by CQ 3067 19030.75 0.16117 0.872861
BL by DL 35615 23920.34 1.48889 0.145225
BL by DQ -14631 22408.03 -0.65294 0.517942
BQ by DL -25128 20764.26 -1.21016 0.234103
BQ by DQ 9203 19451.48 0.47313 0.638974
BL by EL -607 23920.34 -0.02538 0.979894
BL by EQ 967 21813.89 0.04434 0.964876
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Table 5.10: Continued.

Effect Estimates; Var.:Var7; R-sqr=.91747; Adj:.81661 (Spreadsheet_HIPS) 1 2-
level factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=999806 x 103

Factor Effect Std.Err. t(36) p
BQ by EL -1702 20764.26 -0.08198 0.935117
BQ by EQ -1981 18935.73 -0.10462 0.917258
BL by FL 5314 20715.63 0.25651 0.799016
BQ by FL -6981 17982.37 -0.38819 0.700162
CL by DL -9952 15579.45 -0.63876 0.527020

A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time

Table 5.11: Effect estimate table of ejection force for ABS

Effect Estimates; Var.:Var7; R-sqr=.95183; Adj:.89295 (Spreadsheet_ABS) 1 2-level
factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=261934 x 103

Factor Effect Std.Err. t(36) p
Mean/Interc. 144031 6227.34 23.12888 0.000000

(1) A (L) -155059 18665.75 -8.30713 0.000000
A (Q) 85578 16202.96 5.28160 0.000006

(2) B (L) -152581 18665.75 -8.17441 0.000000
B (Q) 19420 16202.96 1.19857 0.238526

(3) C (L) -2467 10446.33 -0.23615 0.814657
C (Q) -8155 9364.91 -0.87077 0.389651

(4) D (L) 14056 10475.02 1.34182 0.188056
D (Q) -2443 9243.06 -0.26428 0.793072

(5) E (L) 1793 10691.65 0.16772 0.867743
E (Q) -3998 9695.87 -0.41233 0.682540

(6) F (L) -9309 9207.45 -1.01108 0.318725
AL by BL -112495 27786.65 -4.04853 0.000262
AL by BQ 59301 24120.43 2.45855 0.018892
AQ by BL 139072 24120.43 5.76574 0.000001
AQ by BQ -50735 20937.94 -2.42309 0.020546
AL by CL -23954 12243.49 -1.95646 0.058203
AL by CQ -12356 11036.13 -1.11957 0.270313
AQ by CL 21729 10628.07 2.04448 0.048272
AQ by CQ 10209 9580.01 1.06566 0.293671
AL by DL -794 12243.49 -0.06486 0.948645
AL by DQ -3397 10892.55 -0.31185 0.756950
AQ by DL -3047 10628.07 -0.28671 0.775980
AQ by DQ 6399 9455.37 0.67680 0.502862
AL by EL -3062 12243.49 -0.25010 0.803935
AL by EQ 2124 10713.05 0.19823 0.843977
AQ by EL 10694 10628.07 1.00617 0.321051
AQ by EQ -2746 9299.56 -0.29525 0.769501
AL by FL -7065 10603.17 -0.66629 0.509475
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Table 5.11: Continued.

Effect Estimates; Var.:Var7; R-sqr=.95183; Adj:.89295 (Spreadsheet_ABS) 1 2-level
factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=261934 x 103

Factor Effect Std.Err. t(36) p
AQ by FL 6914 9204.17 0.75122 0.457401
BL by CL 22331 12243.49 1.82394 0.076472
BL by CQ -2183 11036.13 -0.19778 0.844327
BQ by CL -12511 10628.07 -1.17712 0.246871
BQ by CQ 2585 9580.01 0.26982 0.788841
BL by DL 16852 12243.49 1.37642 0.177194
BL by DQ -2420 10892.55 -0.22221 0.825405
BQ by DL -9377 10628.07 -0.88229 0.383472
BQ by DQ -1727 9455.37 -0.18267 0.856083
BL by EL 7566 12243.49 0.61795 0.540501
BL by EQ -4055 10713.05 -0.37847 0.707305
BQ by EL -5808 10628.07 -0.54645 0.588125
BQ by EQ 3995 9299.56 0.42958 0.670059
BL by FL 7317 10603.17 0.69005 0.494586
BQ by FL 1371 9204.17 0.14892 0.882451
CL by DL 5222 8017.77 0.65136 0.518952

A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time

Table 5.12: Effect estimate table of ejection force for PA6

Effect Estimates; Var.:Var7; R-sqr=.83225; Adj:.58062 (Spreadsheet_PA6) 6 3-level
factors, 1 Blocks, 81 Runs; MS Residual=598305 x 103 DV: Var7

Factor Effect Std.Err. t(32) p
Mean/Interc. 63864 8999.05 7.09679 0.000000

(1) A (L) -104064 27515.19 -3.78205 0.000643
A (Q) 116244 23884.79 4.86688 0.000029

(2) B (L) -119860 27515.19 -4.35614 0.000128
B (Q) 93468 23884.79 3.91327 0.000447

(3) C (L) 57 15702.09 0.00361 0.997146
C (Q) -24231 13956.33 -1.73621 0.092148

(4) D (L) 2499 15702.09 0.15914 0.874558
D (Q) -6327 13688.77 -0.46219 0.647073

(5) E (L) 7694 15702.09 0.48999 0.627480
E (Q) 6179 13621.06 0.45360 0.653176

(6) F (L) 5844 15702.09 0.37216 0.712225
F (Q) -4454 13598.41 -0.32756 0.745379

AL by BL -122659 41995.42 -2.92078 0.006352
AL by BQ 88267 36454.47 2.42129 0.021313
AQ by BL 141051 36454.47 3.86924 0.000505
AQ by BQ -79592 31644.61 -2.51520 0.017114
AL by CL -15812 18504.23 -0.85450 0.399179
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Table 5.12: Continued.

Effect Estimates; Var.:Var7; R-sqr=.83225; Adj:.58062 (Spreadsheet_PA6) 6 3-level
factors, 1 Blocks, 81 Runs; MS Residual=598305 x 103 DV: Var7

Factor Effect Std.Err. t(32) p
AL by CQ -18570 16446.92 -1.12910 0.267247
AQ by CL 12209 16062.75 0.76011 0.452754
AQ by CQ 21337 14276.89 1.49452 0.144837
AL by DL -12490 18504.23 -0.67500 0.504521
AL by DQ -18452 16131.61 -1.14381 0.261186
AQ by DL 11803 16062.75 0.73481 0.467807
AQ by DQ 16701 14003.18 1.19268 0.241763
AL by EL -7468 18504.23 -0.40356 0.689220
AL by EQ 2814 16051.82 0.17530 0.861946
AQ by EL 7645 16062.75 0.47593 0.637357
AQ by EQ -5384 13933.92 -0.38642 0.701745
AL by FL -8899 18504.23 -0.48091 0.633852
AL by FQ -13776 16025.13 -0.85963 0.396390
AQ by FL 3465 16062.75 0.21570 0.830588
AQ by FQ 15237 13910.75 1.09534 0.281544
BL by CL -17780 18504.23 -0.96084 0.343836
BL by CQ -32062 16446.92 -1.94943 0.060054
BQ by CL 34023 16062.75 2.11811 0.042026
BQ by CQ 34913 14276.89 2.44544 0.020151
BL by DL -40016 18504.23 -2.16256 0.038156
BL by DQ -1313 16131.61 -0.08140 0.935629
BQ by DL 37302 16062.75 2.32229 0.026737
BQ by DQ 2921 14003.18 0.20857 0.836109
BL by EL 11278 18504.23 0.60950 0.546497
BL by EQ 14689 16051.82 0.91509 0.366989
BQ by EL -5111 16062.75 -0.31817 0.752425
BQ by EQ -14707 13933.92 -1.05546 0.299121
BL by FL 9203 18504.23 0.49734 0.622353
BL by FQ 1621 16025.13 0.10117 0.920046
BQ by FL -11451 16062.75 -0.71291 0.481068
BQ by FQ 1251 13910.75 0.08996 0.928882

A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time

From Table 5.4 and 5.5, it can be observed that the highlighted columns which

are the surface roughness, melting temperature and injection pressure, showed a

significant effect to the ejection force for HIPS and ABS resins. Meanwhile for PA6,

the highlighted columns which include the surface roughness, melting temperature
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injection pressure and packing pressure, also showed a significant effect to the

ejection force as shown in Table 5.6.

5.2.7 Model graph and surface contour plot

By referring to 3-D surface plot model as shown below, the relationship between

independent variables and dependent variable in this experiment can be observed. In

Figure 5.13, 5.14 and 5.15, the melting temperature plays an important role in

determining the ejection force particularly for PA6 where whilst increasing the

surface roughness, it gradually increases the ejection force. For injection pressure,

PA6 showed the ejection force which will increase when the injection pressure is

increased (Figure 5.18). Different for HIPS and ABS, the ejection force pressure

was increased at the surface roughness level decrease and high injection pressure as

shown in Figure 5.16 and 5.17.

The packing pressure for HIPS and ABS does not give much effect to ejection

force (Figure 5.19 and 5.20) compared to PA6 when at the surface roughness of 1.84

μm, the ejection force is high as shown in Figure 5.21. The cooling time does not

give significant effect for all resins used in this experiment as shown in Figure 5.22,

5.23 and 5.24.



140

Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=999806 x 103

> 2E5
< 2E5
< 1.5E5

Figure 5.13: Surface plot of surface roughness and melting temperature against
ejection force for HIPS

Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=261934 x10 3

> 2E5
< 2E5
< 1.8E5
< 1.6E5
< 1.4E5
< 1.2E5

Figure 5.14: Surface plot of surface roughness and melting temperature against
ejection force for ABS



141

Fitted Surface; Variable: Var7

6 3-level factors, 1 Blocks, 81 Runs; MS Residual=598305 x 10 3

DV: Var7

> 1.8E5
< 1.8E5
< 1.6E5
< 1.4E5
< 1.2E5
< 1E5
< 80000
< 60000
< 40000

Figure 5.15: Surface plot of surface roughness and melting temperature against
ejection force for PA6

Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=999806 x 103

> 2.5E5
< 2.5E5
< 2E5

Figure 5.16: Surface plot of surface roughness and injection pressure against
ejection force for HIPS
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Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=261934 x10 3

> 2E5
< 2E5
< 1.8E5
< 1.6E5
< 1.4E5
< 1.2E5

Figure 5.17: Surface plot of surface roughness and injection pressure against
ejection force for ABS

Fitted Surface; Variable: Var7

6 3-level factors, 1 Blocks, 81 Runs; MS Residual=598305 x 10 3

DV: Var7

> 1.8E5
< 1.8E5
< 1.6E5
< 1.4E5
< 1.2E5
< 1E5
< 80000

Figure 5.18: Surface plot of surface roughness and injection pressure against
ejection force for PA6
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Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=999806 x 103

> 2.5E5
< 2.5E5
< 2E5

Figure 5.19: Surface plot of surface roughness and packing pressure against
ejection force for HIPS

Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=261934 x 103

> 1.8E5
< 1.8E5
< 1.7E5
< 1.6E5
< 1.5E5
< 1.4E5
< 1.3E5
< 1.2E5

Figure 5.20: Surface plot of surface roughness and packing pressure against
ejection force for ABS
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Fitted Surface; Variable: Var7

6 3-level factors, 1 Blocks, 81 Runs; MS Residual=598305 x 10 3

DV: Var7

> 2E5
< 2E5
< 1.8E5
< 1.6E5
< 1.4E5
< 1.2E5
< 1E5

Figure 5.21: Surface plot of surface roughness and packing pressure against
ejection force for PA6

Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=999806 x 103

> 2.4E5
< 2.4E5
< 2.3E5
< 2.2E5
< 2.1E5
< 2E5

Figure 5.22: Surface plot of surface roughness and cooling time against
ejection force for HIPS
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Fitted Surface; Variable: Var7

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=261934 x 103

> 1.8E5
< 1.8E5
< 1.6E5
< 1.4E5
< 1.2E5

Figure 5.23: Surface plot of surface roughness and cooling time against
ejection force for ABS

Fitted Surface; Variable: Var7

6 3-level factors, 1 Blocks, 81 Runs; MS Residual=598305 x 10 3

DV: Var7

> 1.6E5
< 1.6E5
< 1.4E5
< 1.2E5
< 1E5

Figure 5.24: Surface plot of surface roughness and cooling time against
ejection force for PA6
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5.3 Effect of Control Factors

The effect and control of control factors were investigated through the analysis

of variance (ANOVA). The control factors considered for ANOVA are surface

roughness1 (A), surface roughness 2 (B), melting temperature (C), injection pressure

(D), packing pressure (E) and cooling time (F) which are indicated in Table 5.7 to

5.12. The influence of various design factors and the degree of sensitivity of the

result with different factors affecting the quality of characteristics can be observed.

5.3.1 Analysis of Variance (ANOVA)

An ANOVA is an analysis of variation present in an experiment. It is a test of

hypothesis that the variation in an experiment gives no greater than that due to

normal variation of individuals' characteristics and error in their measurement. The

reason for doing an ANOVA is to see any difference between groups on some

variables.

In an ANOVA, variation will come from a number of sources depending

upon the layout of the experiment. The concept behind experimental design and the

formulation of an ANOVA model is to identify the sources of variation and construct

proper tests to compare them.

The basis for every statistical test is to phrase the question in terms of a null

hypothesis, essentially that everything is equal, and then to test whether that can be

accepted within a certain probability. If the null hypothesis is rejected, that allows the
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researcher to say that "significant differences were found in ... with a probability

<0.05."

The tests in an ANOVA are based on the F-ratio: the variation due to an

experimental treatment or effect divided by the variation due to experimental error.

The null hypothesis is this ratio equals 1.0, or the treatment effect is the same as the

experimental error. This hypothesis is rejected if the F-ratio shows a significantly

large enough number that the possibility of it equalling to 1.0 which can be smaller

than some pre-assigned criteria such as 0.05 (one in twenty). In Taguchi method, the

signal to noise (S/N) ratio is expressed as a log transformation of the mean-squared

deviation (MSD) as the measure for analysis of experimental results (Roy, 2001).

Pooling is a process of disregarding an individual factor’s contribution and then

subsequently adjusting the contributions of other factors.

5.3.2 ANOVA and regression analysis

First analysis to be considered was based on the ANOVA output. It has

produced statistic concepts such as the Sum of Square (SS), Mean Square (MS),

Estimate Coefficient, Standard Error, F-test value and Prob > F to fit models in

crossed design. From the analysis, full factorial of mixing 2-level and 3-level was

chosen for HIPS and ABS and 3-level for PA6 to fit the six factors in this study.

Every individual and its interaction effects have a single degree of freedom and their

SS values were computed and tabulated in Table 5.13 (for ejection force of HIPS),

Table 5.14 (for ejection force of ABS) and Table 5.15 (for ejection force of PA6).

The analyses were carried out for a 95% confidence level. It was found that the
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highlighted column represents the significant value for the analysis of variance in

this experiment. For HIPS and ABS, the surface roughness core 1, surface roughness

core 2 and melting temperature give influence to the ejection force. The probability

value for these two materials was less than 0.05. The rest of the factors showed lack

of fit because the probability value is greater than 0.05 (P > 0.05), which means there

are insignificant values present as shown in Table 5.13 and 5.14. Meanwhile for

PA6, the surface roughness core 1, surface roughness core 2, melting temperature

and injection pressure give influence to the ejection force as shown in Figure 5.15.

The rest of the factors are insignificant because probability value is greater than 0.05.
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Table 5.13: ANOVA table of ejection force for HIPS

ANOVA; Var.:Var7; R-sqr=.91747; Adj:.81661 (Spreadsheet_PS) 1 2-level factors,
5 3-level factors, 81 Runs DV: Var7; MS Residual=999806 x 103

Factor SS df MS F p
(1) A (L) 9.289370 x 1010 1 9.289370 x 1010 92.9117 0.000000

A (Q) 7.993554 x 1010 1 7.993554 x 1010 79.9511 0.000000
(2) B (L) 8.254584 x 1010 1 8.254584 x 1010 82.5619 0.000000

B (Q) 1.262992 x 1010 1 1.262992 x 1010 12.6324 0.001082
(3) C (L) 9.803892 x 108 1 9.803892 x 108 0.9806 0.328665

C (Q) 3.288300 x 107 1 3.288300 x 107 0.0329 0.857107
(4) D (L) 3.712507 x 107 1 3.712507 x 107 0.0371 0.848279

D (Q) 1.687681 x 106 1 1.687681 x 106 0.0017 0.967455
(5) E (L) 9.468569 x 108 1 9.468569 x 108 0.9470 0.336968

E (Q) 1.682692 x 108 1 1.682692 x 108 0.1683 0.684057
(6) F (L) 1.356394 x 108 1 1.356394 x 108 0.1357 0.714786

AL by BL 7.936332 x 1010 1 7.936332 x 1010 79.3787 0.000000
AL by BQ 3.417006 x 1010 1 3.417006 x 1010 34.1767 0.000001
AQ by BL 1.135309 x 1011 1 1.135309 x 1011 113.5529 0.000000
AQ by BQ 3.532020 x 1010 1 3.532020 x 1010 35.3271 0.000001
AL by CL 1.323056 x 1010 1 1.323056 x 1010 13.2331 0.000855
AL by CQ 2.418632 x 109 1 2.418632 x 109 2.4191 0.128612
AQ by 3L 1.418482 x 1010 1 1.418482 x 1010 14.1876 0.000592
AQ by CQ 2.002917 x 109 1 2.002917 x 109 2.0033 0.165550
AL by DL 1.249491 x 109 1 1.249491 x 109 1.2497 0.271008
AL by DQ 5.972287 x 108 1 5.972287 x 108 0.5973 0.444638
AQ by DL 3.058584 x 109 1 3.058584 x 109 3.0592 0.088805
AQ by DQ 7.217999 x 108 1 7.217999 x 108 0.7219 0.401124
AL by EL 3.282642 x 108 1 3.282642 x 108 0.3283 0.570207
AL by EQ 7.554957 x 106 1 7.554957 x 106 0.0076 0.931211
AQ by EL 2.030013 x 108 1 2.030013 x 108 0.2030 0.654980
AQ by EQ 3.880552 x 107 1 3.880552 x 107 0.0388 0.844928
AL by FL 1.652234 x 108 1 1.652234 x 108 0.1653 0.686770
AQ by FL 1.657641 x 107 1 1.657641 x 107 0.0166 0.898263
BL by CL 1.180578 x 108 1 1.180578 x 108 0.1181 0.733124
BL by CQ 1.739857 x 106 1 1.739857 x 106 0.0017 0.966956
BQ by CL 2.047502 x 108 1 2.047502 x 108 0.2048 0.653597
BQ by CQ 2.597071 x 107 1 2.597071 x 107 0.0260 0.872861
BL by DL 2.216363 x 109 1 2.216363 x 109 2.2168 0.145225
BL by DQ 4.262508 x 108 1 4.262508 x 108 0.4263 0.517942
BQ by DL 1.464206 x 109 1 1.464206 x 109 1.4645 0.234103
BQ by DQ 2.238118 x 108 1 2.238118 x 108 0.2239 0.638974
BL by EL 6.438779 x 105 1 6.438779 x 105 0.0006 0.979894
BL by EQ 1.965935 x 106 1 1.965935 x 106 0.0020 0.964876
BQ by EL 6.719408 x 106 1 6.719408 x 106 0.0067 0.935117
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Table 5.7: Continued.

ANOVA; Var.:Var7; R-sqr=.91747; Adj:.81661 (Spreadsheet_PS) 1 2-level factors,
5 3-level factors, 81 Runs DV: Var7; MS Residual=999806 x 103

Factor SS df MS F p
BQ by EQ 1.094311 x 107 1 1.094311 x 107 0.0109 0.917258
BL by FL 6.578539 x 107 1 6.578539 x 107 0.0658 0.799016
BQ by FL 1.506615 x 108 1 1.506615 x 108 0.1507 0.700162
CL by DL 4.079399 x 108 1 4.079399 x 108 0.4080 0.527020

Error 3.599301 x 108 36 9.998057 x 108

Total SS 4.361413 x 1011 80
A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time, L – Linear and Q – Quadratic, L – Linear and Q - Quadratic

The reliability level of generated quadratic model for HIPS was verified through

the high values of R2 (0.91747) and Adj-R2 (0.81661) which were obtained from

statistical analysis, as shown in Table 5.7. The R2 value of 0.91747 indicated that the

quadratic model was able to fit more than 92% of the variability of the responses

obtained from experimental data. In case of ABS and PA6, the values of R2 are

0.95183 and 0.83225 respectively. Meanwhile for the Adj-R2 for ABS and PA6 are

0.81661 and 0.58062 respectively as shown in Table 5.8 and 5.9. It means that all R2

values obtained for the resins used in the experiment were able to fit in the model.

Table 5.14: ANOVA table of ejection force for ABS

ANOVA; Var.:Var7; R-sqr=.95183; Adj:.89295 (Spreadsheet_ABS) 1 2-level
factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=261934 x 103

Factor SS df MS F p
(1) A (L) 1.807561 x 1010 1 1.807561 x 1010 69.00834 0.000000

A (Q) 7.306730 x 109 1 7.306730 x 109 27.89534 0.000006
(2) B (L) 1.750266 x 1010 1 1.750266 x 1010 66.82095 0.000000

B (Q) 3.762858 x 108 1 3.762858 x 108 1.43657 0.238526
(3) C (L) 1.460682 x 107 1 1.460682 x 107 0.05577 0.814657

C (Q) 1.986076 x 108 1 1.986076 x 108 0.75824 0.389651
(4) D (L) 4.716085 x 108 1 4.716085 x 108 1.80049 0.188056

D (Q) 1.829443 x 107 1 1.829443 x 107 0.06984 0.793072
(5) E (L) 7.368150 x 106 1 7.368150 x 106 0.02813 0.867743

E (Q) 4.453378 x 107 1 4.453378 x 107 0.17002 0.682540
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Table 5.14: Continued.

ANOVA; Var.:Var7; R-sqr=.95183; Adj:.89295 (Spreadsheet_ABS) 1 2-level
factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=261934 x 103

Factor SS df MS F p
(6) F (L) 2.677717 x 108 1 2.677717 x 108 1.02229 0.318725

AL by BL 4.293250 x 109 1 4.293250 x 109 16.39060 0.000262
AL by BQ 1.583253 x 109 1 1.583253 x 109 6.04448 0.018892
AQ by BL 8.707672 x 109 1 8.707672 x 109 33.24381 0.000001
AQ by BQ 1.537907 x 109 1 1.537907 x 109 5.87136 0.020546
AL by CL 1.002612E+09 1 1.002612 x 109 3.82773 0.058203
AL by CQ 3.283145 x 108 1 3.283145 x 108 1.25343 0.270313
AQ by CL 1.094861 x 109 1 1.094861 x 109 4.17992 0.048272
AQ by CQ 2.974626 x 108 1 2.974626 x 108 1.13564 0.293671
AL by DL 1.101892 x 106 1 1.101892 x 106 0.00421 0.948645
AL by DQ 2.547384 x 107 1 2.547384 x 107 0.09725 0.756950
AQ by DL 2.153129 x 107 1 2.153129 x 107 0.08220 0.775980
AQ by DQ 1.199792 x 108 1 1.199792 x 108 0.45805 0.502862
AL by EL 1.638347 x 107 1 1.638347E+07 0.06255 0.803935
AL by EQ 1.029316 x 107 1 1.029316 x 107 0.03930 0.843977
AQ by EL 2.651743 x 108 1 2.651743 x 108 1.01237 0.321051
AQ by EQ 2.283306 x 107 1 2.283306 x 107 0.08717 0.769501
AL by FL 1.162827 x 108 1 1.162827 x 108 0.44394 0.509475
AQ by FL 1.478188 x 108 1 1.478188 x 108 0.56434 0.457401
BL by CL 8.713871 x 108 1 8.713871 x 108 3.32675 0.076472
BL by CQ 1.024645 x 107 1 1.024645 x 107 0.03912 0.844327
BQ by CL 3.629395 x 108 1 3.629395 x 108 1.38562 0.246871
BQ by CQ 1.906929 x 107 1 1.906929 x 107 0.07280 0.788841
BL by DL 4.962402 x 108 1 4.962402 x 108 1.89453 0.177194
BL by DQ 1.293380 x 107 1 1.293380 x 107 0.04938 0.825405
BQ by DL 2.039000 x 108 1 2.039000 x 108 0.77844 0.383472
BQ by DQ 8.740161 x 106 1 8.740161 x 106 0.03337 0.856083
BL by EL 1.000210 x 108 1 1.000210 x 108 0.38186 0.540501
BL by EQ 3.751910 x 107 1 3.751910 x 107 0.14324 0.707305
BQ by EL 7.821658 x 107 1 7.821658 x 107 0.29861 0.588125
BQ by EQ 4.833774 x 107 1 4.833774 x 107 0.18454 0.670059
BL by FL 1.247258 x 108 1 1.247258 x 108 0.47617 0.494586
BQ by FL 5.808624 x 106 1 5.808624 x 106 0.02218 0.882451
CL by DL 1.111300 x 108 1 1.111300 x 108 0.42427 0.518952

Error 9.429612 x 109 36 2.619337 x 108

Total SS 1.957399 x 1011 80
A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time, L – Linear and Q - Quadratic



152

Table 5.15: ANOVA table of ejection force for PA6

ANOVA; Var.:Var7; R-sqr=.83225; Adj:.58062 (Spreadsheet_PA6) 6 3-level
factors, 1 Blocks, 81 Runs; MS Residual=598305 x 103 DV: Var7

Factor SS df MS F p
(1)Var1 (L) 8.558118 x 109 1 8.558118 x 109 14.30393 0.000643

Var1 (Q) 1.417176 x 1010 1 1.417176 x 1010 23.68650 0.000029
(2)Var2 (L) 1.135344 x 1010 1 1.135344 x 1010 18.97599 0.000128

Var2 (Q) 9.162265 x 109 1 9.162265 x 109 15.31369 0.000447
(3)Var3 (L) 7.777133 x 103 1 7.777133 x 103 0.00001 0.997146

Var3 (Q) 1.803539 x 109 1 1.803539 x 109 3.01441 0.092148
(4)Var4 (L) 1.515259 x 107 1 1.515259 x 107 0.02533 0.874558

Var4 (Q) 1.278090 x 108 1 1.278090 x 108 0.21362 0.647073
(5)Var5 (L) 1.436500 x 108 1 1.436500 x 108 0.24009 0.627480

Var5 (Q) 1.231049 x 108 1 1.231049 x 108 0.20576 0.653176
(6)Var6 (L) 8.286855 x 107 1 8.286855 x 107 0.13851 0.712225

Var6 (Q) 6.419492 x 107 1 6.419492 x 107 0.10729 0.745379
1L by 2L 5.104117 x 109 1 5.104117 x 109 8.53096 0.006352
1L by 2Q 3.507643 x 109 1 3.507643 x 109 5.86263 0.021313
1Q by 2L 8.957241 x 109 1 8.957241 x 109 14.97102 0.000505
1Q by 2Q 3.785007 x 109 1 3.785007 x 109 6.32621 0.017114
1L by 3L 4.368671 x 108 1 4.368671 x 108 0.73017 0.399179
1L by 3Q 7.627658 x 108 1 7.627658 x 108 1.27488 0.267247
1Q by 3L 3.456789 x 108 1 3.456789 x 108 0.57776 0.452754
1Q by 3Q 1.336366 x 109 1 1.336366 x 109 2.23358 0.144837
1L by 4L 2.726065 x 108 1 2.726065 x 108 0.45563 0.504521
1L by 4Q 7.827658 x 108 1 7.827658 x 108 1.30831 0.261186
1Q by 4L 3.230522 x 108 1 3.230522 x 108 0.53995 0.467807
1Q by 4Q 8.510845 x 108 1 8.510845 x 108 1.42249 0.241763
1L by 5L 9.744059 x 107 1 9.744059 x 107 0.16286 0.689220
1L by 5Q 1.838651 x 107 1 1.838651 x 107 0.03073 0.861946
1Q by 5L 1.355226 x 108 1 1.355226 x 108 0.22651 0.637357
1Q by 5Q 8.933776 x 107 1 8.933776 x 107 0.14932 0.701745
1L by 6L 1.383729 x 108 1 1.383729 x 108 0.23127 0.633852
1L by 6Q 4.421210 x 108 1 4.421210 x 108 0.73896 0.396390
1Q by 6L 2.783803 x 107 1 2.783803 x 107 0.04653 0.830588
1Q by 6Q 7.178281 x 108 1 7.178281 x 108 1.19977 0.281544
2L by 3L 5.523667 x 108 1 5.523667 x 108 0.92322 0.343836
2L by 3Q 2.273730 x 109 1 2.273730 x 109 3.80028 0.060054
2Q by 3L 2.684228 x 109 1 2.684228 x 109 4.48638 0.042026
2Q by 3Q 3.577982 x 109 1 3.577982 x 109 5.98019 0.020151
2L by 4L 2.798066 x 109 1 2.798066 x 109 4.67665 0.038156
2L by 4Q 3.964628 x 106 1 3.964628 x 106 0.00663 0.935629
2Q by 4L 3.226666 x 109 1 3.226666 x 109 5.39301 0.026737
2Q by 4Q 2.602606 x 107 1 2.602606 x 107 0.04350 0.836109
2L by 5L 2.222639 x 108 1 2.222639 x 108 0.37149 0.546497
2L by 5Q 5.010137 x 108 1 5.010137 x 108 0.83739 0.366989
2Q by 5L 6.056660 x 107 1 6.056660 x 107 0.10123 0.752425

A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time
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Table 5.15: Continued

ANOVA; Var.:Var7; R-sqr=.83225; Adj:.58062 (Spreadsheet_PA6) 6 3-level
factors, 1 Blocks, 81 Runs; MS Residual=598305 x 103 DV: Var7

Factor SS df MS F p
2Q by 5Q 6.665040 x 108 1 6.665040 x 108 1.11399 0.299121
2L by 6L 1.479864 x 108 1 1.479864 x 108 0.24734 0.622353
2L by 6Q 6.123932 x 106 1 6.123932 x 106 0.01024 0.920046
2Q by 6L 3.040830 x 108 1 3.040830 x 108 0.50824 0.481068
2Q by 6Q 4.841700 x 106 1 4.841700 x 106 0.00809 0.928882

Error 1.914577 x 1010 32 5.983053 x 108

Total SS 1.141322 x 1011 80
A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time

Table 5.16, 5.17 and 5.18 below show the regression coefficient of ejection force

for HIPS, ABS and PA6. These tables are used to produce the mathematical model

of the resin used in this study.

Table 5.16: Regression coefficient table of ejection force for HIPS

Regr. Coefficients; Var.:Var7; R-sqr=.91747; Adj:.81661 (Spreadsheet_PS) 1 2-level
factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=999806 x 103

Factor Regressn - Coeff. Std.Err. t(36) p
Mean/Interc. -8102506 8365260 -0.96859 0.339213

(1) A (L) -9591112 10217946 -0.93865 0.354164
A (Q) 3494937 3110126 1.12373 0.268566

(2) B (L) -2825070 10217946 -0.27648 0.783760
B (Q) 858432 3110126 0.27601 0.784117

(3) C (L) 79176 74440 1.06361 0.294586
C (Q) -181 178 -1.01441 0.317159

(4) D (L) 26850 95364 0.28155 0.779898
D (Q) -129 759 -0.16948 0.866364

(5) E (L) -25632 60418 -0.42425 0.673911
E (Q) 256 584 0.43912 0.663196

(6) F (L) -740 17539 -0.04220 0.966575
AL by BL -41360 26915 -1.53670 0.133110
AL by BQ 44193 8192 5.39440 0.000004
AQ by BL 19460 8192 2.37538 0.022977
AQ by BQ -14821 2494 -5.94366 0.000001
AL by CL 110398 90914 1.21431 0.232536
AL by CQ -258 218 -1.18215 0.244894
AQ by CL -40123 27672 -1.44993 0.155735
AQ by CQ 94 66 1.41538 0.165550
AL by DL -90106 114648 -0.78594 0.437048
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Table 5.16: Continued.

Regr. Coefficients; Var.:Var7; R-sqr=.91747; Adj:.81661 (Spreadsheet_PS) 1 2-level
factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=999806 x 103

Factor Regressn - Coeff. Std.Err. t(36) p
AL by DQ 754 930 0.81060 0.422925
AQ by DL 28910 34896 0.82844 0.412879
AQ by DQ -240 283 -0.84967 0.401124
AL by EL 16274 67943 0.23953 0.812056
AL by EQ -162 658 -0.24587 0.807181
AQ by EL -3872 20680 -0.18722 0.852542
AQ by EQ 39 200 0.19701 0.844928
AL by FL 1213 20628 0.05880 0.953439
AQ by FL 808 6279 0.12876 0.898263
BL by CL 20346 90914 0.22380 0.824179
BL by CQ -48 218 -0.21959 0.827430
BQ by CL -4576 27672 -0.16535 0.869592
BQ by CQ 11 66 0.16117 0.872861
BL by DL 34382 114648 0.29989 0.765982
BL by DQ -290 930 -0.31168 0.757082
BQ by DL -15976 34896 -0.45781 0.649842
BQ by DQ 134 283 0.47313 0.638974
BL by EL -9256 67943 -0.13623 0.892397
BL by EQ 87 658 0.13171 0.895950
BQ by EL 2222 20680 0.10746 0.915018
BQ by EQ -21 200 -0.10462 0.917258
BL by FL -8890 20628 -0.43096 0.669064
BQ by FL 2437 6279 0.38819 0.700162
CL by DL -57 89 -0.63876 0.527020

A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time, L – Linear and Q - Quadratic

Table 5.17: Regression coefficient table of ejection force for ABS

Regr. Coefficients; Var.:Var7; R-sqr=.95183; Adj:.89295 (Spreadsheet_ABS) 1 2-
level factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=261934 x 103

Factor Regressn - Coeff. Std.Err. t(36) p
Mean/Interc. 1119801 1498810 0.74713 0.459839

(1) A (L) -2115677 1823893 -1.15998 0.253693
A (Q) 702775 555154 1.26591 0.213677

(2) B (L) -578778 1823893 -0.31733 0.752826
B (Q) 130371 555154 0.23484 0.815666

(3) C (L) -4134 13266 -0.31161 0.757136
C (Q) 8 30 0.25390 0.801018

(4) D (L) -1711 7999 -0.21396 0.831783
D (Q) -1 58 -0.02424 0.980799

(5) E (L) -2538 7328 -0.34633 0.731110
E (Q) 22 69 0.31155 0.757179

(6) F (L) -15231 8839 -1.72317 0.093439
AL by BL 8845 13776 0.64207 0.524893
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Table 5.17: Continued.

Regr. Coefficients; Var.:Var7; R-sqr=.95183; Adj:.89295 (Spreadsheet_ABS) 1 2-
level factors, 5 3-level factors, 81 Runs DV: Var7; MS Residual=261934 x 103

Factor Regressn - Coeff. Std.Err. t(36) p
AL by BQ 9024 4193 2.15195 0.038183
AQ by BL 319 4193 0.07618 0.939695
AQ by BQ -3093 1276 -2.42309 0.020546
AL by CL 15443 16205 0.95296 0.346967
AL by CQ -34 37 -0.92238 0.362473
AQ by CL -5418 4932 -1.09839 0.279328
AQ by CQ 12 11 1.06566 0.293671
AL by DL 7364 8970 0.82091 0.417100
AL by DQ -60 71 -0.83633 0.408484
AQ by DL -1828 2730 -0.66935 0.507542
AQ by DQ 15 22 0.67680 0.502862
AL by EL -2029 8319 -0.24395 0.808655
AL by EQ 26 79 0.32581 0.746453
AQ by EL 597 2532 0.23584 0.814892
AQ by EQ -7 24 -0.29525 0.769501
AL by FL 7680 10558 0.72737 0.471702
AQ by FL -2414 3214 -0.75122 0.457401
BL by CL 4433 16205 0.27354 0.786001
BL by CQ -11 37 -0.28732 0.775517
BQ by CL -1215 4932 -0.24623 0.806905
BQ by CQ 3 11 0.26982 0.788841
BL by DL -4006 8970 -0.44659 0.657849
BL by DQ 30 71 0.41803 0.678408
BQ by DL 625 2730 0.22897 0.820189
BQ by DQ -4 22 -0.18267 0.856083
BL by EL 3271 8319 0.39322 0.696477
BL by EQ -33 79 -0.41754 0.678762
BQ by EL -1011 2532 -0.39918 0.692122
BQ by EQ 10 24 0.42958 0.670059
BL by FL 6971 10558 0.66020 0.513328
BQ by FL -479 3214 -0.14892 0.882451
CL by DL 10 15 0.65136 0.518952

A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time, L – Linear and Q - Quadratic

Table 5.18: Regression coefficient table of ejection force for PA6

Regr. Coefficients; Var.:Var7; R-sqr=.83225; Adj:.58062 (Spreadsheet_PA6) 6 3-
level factors, 1 Blocks, 81 Runs; MS Residual=598305 x 103 DV: Var7

Factor Regressn - Coeff. Std.Err. t(32) p
Mean/Interc. 2736331 4643412 0.58929 0.559802

(1) A (L) -9736619 5687531 -1.71192 0.096588
A (Q) 2877944 1731164 1.66243 0.106192

(2) B (L) -6942703 5687531 -1.22069 0.231123
B (Q) 1874824 1731164 1.08298 0.286908
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Table 5.18: Continued.

Regr. Coefficients; Var.:Var7; R-sqr=.83225; Adj:.58062 (Spreadsheet_PA6) 6 3-
level factors, 1 Blocks, 81 Runs; MS Residual=598305 x 103 DV: Var7

Factor Regressn - Coeff. Std.Err. t(32) p
(3) C (L) -12280 14078 -0.87227 0.389561

C (Q) 22 25 0.87986 0.385497
(4) D (L) 951 7873 0.12082 0.904590

D (Q) -1 87 -0.01049 0.991696
(5) E (L) 1787 9564 0.18686 0.852947

E (Q) -23 132 -0.17710 0.860546
(6) F (L) -120646 469068 -0.25720 0.798668

F (Q) 3504 13028 0.26897 0.789683
AL by BL -20377 20821 -0.97871 0.335065
AL by BQ 14676 6337 2.31579 0.027133
AQ by BL 8917 6337 1.40698 0.169071
AQ by BQ -4852 1929 -2.51520 0.017114
AL by CL 27173 17244 1.57578 0.124912
AL by CQ -49 31 -1.57036 0.126167
AQ by CL -7890 5249 -1.50325 0.142580
AQ by CQ 14 9 1.49452 0.144837
AL by DL 11006 9643 1.14128 0.262220
AL by DQ -118 107 -1.10085 0.279173
AQ by DL -3625 2935 -1.23495 0.225842
AQ by DQ 39 33 1.19268 0.241763
AL by EL -5136 11714 -0.43842 0.664027
AL by EQ 77 161 0.47923 0.635032
AQ by EL 1234 3565 0.34604 0.731577
AQ by EQ -19 49 -0.38642 0.701745
AL by FL 649846 574542 1.13107 0.266432
AL by FQ -18044 15957 -1.13078 0.266552
AQ by FL -192131 174878 -1.09866 0.280115
AQ by FQ 5320 4857 1.09534 0.281544
BL by CL 43957 17244 2.54913 0.015794
BL by CQ -78 31 -2.50559 0.017506
BQ by CL -13008 5249 -2.47842 0.018659
BQ by CQ 23 9 2.44544 0.020151
BL by DL 4154 9643 0.43077 0.669524
BL by DQ -29 107 -0.26696 0.791215
BQ by DL -1126 2935 -0.38363 0.703792
BQ by DQ 7 33 0.20857 0.836109
BL by EL -12128 11714 -1.03533 0.308276
BL by EQ 167 161 1.03515 0.308360
BQ by EL 3824 3565 1.07244 0.291546
BQ by EQ -52 49 -1.05546 0.299121
BL by FL 108144 574542 0.18823 0.851888
BL by FQ -3202 15957 -0.20068 0.842219
BQ by FL -13730 174878 -0.07851 0.937908
BQ by FQ 437 4857 0.08996 0.928882

A – Core insert1, B – Core Insert 2, C – Melting temperature, D – Injection pressure, E – Packing
pressure and F – Cooling time, L – Linear and Q - Quadratic
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5.4 Analysis Method

In analysing the result, Taguchi had introduced the use of signal-to-noise (S/N)

ratio to determine the quality of characteristics in products. The S/N ratio

characteristics can be divided into three categories; the-nominal-the-best, the-

smaller-the-better and the-larger-the-better while the quality characteristics is

continuous. The S/N ratio is a measure of performance aimed at developing products

and processes insensitive to noise factors (Oktem et al., 2007). The aim of study is to

minimise the ejection force within the process parameters, the-smaller-the-better

method has been selected. The MSD for the-smaller-the-better written as;

),..log(10 DSM (5.1)
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Where M.S.D is the mean square deviation, Yi the observation or data and n is the

number of tests in a trial.

5.5 Effect of machining parameter on ejection force, Fe

In this study, decreasing in surface roughness may result in increasing the

ejection force. At optimum condition, the levels of machining parameter found are

intended to produce less ejection force as shown in Figure 5.25, 5.26 and 5.27. Table
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5.19, 5.20, 5.21, 5.22, 5.23 and 5.24 show the value ejection force recorded based on

the machine parameters used during the experiment.

In the case of injection pressure as shown in Figure 5.25, 5.26 and 5.27, as

the injection of pressure becomes high, the injection force also shows an increase

except for PA6, in which, the melting temperature is at 300 °C (Figure 5.27c). At

this temperature, the viscosity of subjected resin is high. For HIPS, an increase in

injection pressure resulted to an increase of ejection force except at high temperature

(220 °C) as shown in Figure 5.27a. The same phenomenon can be observed for

ABS, where the increased in injection pressure showed an increasing in ejection

force except for the surface roughness of 6.32 μm (Figure 5.27b). For PA6; behaved

the same result as HIPS and ABS except at temperature 300 °C, the ejection force

was decreasing (Figure 5.27c). This indicates that higher melting temperature will

influence the ejection force of the moulding due to high viscosity which causes

higher pressure losses (Menges et al., 2001). The higher injection pressure loss, the

more energy is dissipated during the injection as can be seen in Figure 5.27c for PA6.

In the case of packing pressure, generally high packing pressures resulted in

the ejection force which can be seen in Figure 5.25, 5.26 and 5.27. It is desirable to

keep from 80 % - 100 % of the pressure applied to fill the moulding. However, the

packing pressure can be much higher or lower (Jay shoemaker, 2006).
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Table 5.19: Ejection force for injection pressure and melting temperature
for S1x + S1y surface roughness combinations

Resin
Melting

Temperature
Injection Pressure x 103 (MPa)

55 67 69 Error

195°C 255 292 334 22.8

PS 200°C 337 330 336 2.2

220°C 327 288 275 15.6

50 69 77 Error

200°C 246 257 262 4.7

ABS 210°C 250 276 242 10.3

220°C 266 278 295 8.4

32 42 57 Error

250°C 98 114 128 8.7

PA6 265°C 99 104 106 2.1

300°C 77 101 95 7.2

Table 5.20: Ejection force for melting temperature and packing pressure
for S1x + S1y surface roughness combinations

Resin
Melting

Temperature
Packing Pressure x 103 (MPa)

45 56 59 Error

195°C 255 292 334 22.8

PS 200°C 330 336 337 2.2

220°C 275 327 288 15.6

41 56 65 Error

200°C 246 267 262 6.3

ABS 210°C 276 242 250 10.3

220°C 295 266 278 8.4

26 35 46 Error

250°C 98 114 128 8.7

PA6 265°C 104 106 99 2.1

300°C 95 77 101 7.2
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Table 5.21: Ejection force for injection pressure and melting temperature
for S2x + S2y surface roughness combinations

Resin
Melting

Temperature
Injection Pressure x 103 (MPa)

55 67 69 Error

195°C 162 177 184 6.5

PS 200°C 188 200 214 7.5

220°C 212 224 217 3.5

50 69 77 Error

200°C 141 152 168 7.8

ABS 210°C 174 164 167 3.0

240°C 174 173 170 1.2

32 42 57 Error

250°C 63 116 133 21.1

PA6 265°C 158 176 166 5.2

300°C 78 136 152 22.5

Table 5.22: Ejection force for packing pressure and melting temperature
for S2x + S2y surface roughness combinations

Resin
Melting

Temperature
Packing Pressure x 103 (MPa)

45 56 59 Error

195°C 162 177 184 6.5

PS 200°C 200 214 188 7.5

220°C 217 212 224 3.5

41 56 65 Error

200°C 141 152 168 7.8

ABS 210°C 164 167 173 2.6

240°C 170 174 173 1.2

26 35 46 Error

250°C 63 116 134 21.3

PA6 265°C 176 166 158 5.2

300°C 152 78 136 22.5
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Table 5.23: Ejection force for Injection pressure and melting temperature
for S3x + S3y surface roughness combinations

Resin
Melting

Temperature
Injection Pressure x 103 (MPa)

55 67 69 Error

195°C 99 121 150 14.8

HIPS 200°C 128 140 164 10.6

220°C 90 96 77 5.6

50 69 77 Error

200°C 100 111 110 3.5

ABS 210°C 111 101 97 4.2

240°C 134 121 103 9.0

32 42 57 Error

250°C 93 98 98 1.7

PA6 265°C 91 85 91 2.0

300°C 88 91 88 1.0

Table 5.24: Ejection force for packing pressure and melting temperature
for S3x + S3y surface roughness combinations

Resin
Melting

Temperature
Packing Pressure x 103 (MPa)

45 56 59 Error

195°C 99 121 150 14.8

PS 200°C 140 164 128 10.6

220°C 77 90 96 5.6

41 56 65 Error

200°C 100 111 110 3.5

ABS 210°C 101 97 111 4.2

240°C 103 134 121 9.0

26 35 46 Error

250°C 93 98 98 1.7

PA6 265°C 85 91 91 2.0

300°C 87 88 91 1.2
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(a) HIPS

(b) ABS

(c)

Figure 5.25: (a) HIPS, (b) ABS and (c) PA6. Ejection force versus injection
pressure for surface roughness S1x + S1y
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(a)

(b)

(c)

Figure 5.26: (a) HIPS, (b) ABS and (c) PA6. Ejection force versus packing
pressure for surface roughness S1x + S1y
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(a)

(b)

(c)

Figure 5.27: (a) HIPS, (b) ABS and (c) PA6. Ejection force versus injection
pressure for surface roughness S2x + S2y
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(a)

(b)

(c)

Figure 5.28: (a) HIPS, (b) ABS and (c) PA6. Ejection force versus packing
pressure for surface roughness S2x + S2y
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(a)

(b)

(c)

Figure 5.29: (a) HIPS, (b) ABS and (c) PA6. Ejection force versus injection
pressure for surface roughness S3x + S3y
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(a)

(b)

(c)

Figure 5.30: (a) HIPS, (b) ABS and (c) PA6. Ejection force versus packing
pressure for surface roughness S3x + S3y
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All of the independent factors were optimised simultaneously through

Taguchi method. The optimum condition represents the combination of control

factor levels that is expected to produce the best performance. The average S/N ratio

for each factor level indicates the relative effects of the various factors on ejection

force generated. Taguchi analysis observes that the bigger value of mean S/N ratio

will demonstrate a better quality characteristic of a product. Therefore, based on the

average S/N ratio for each factor level as illustrated in Figure 5.31, 5.32 and 5.33, the

optimum machining performance for ejection force was obtained at all levels. The

optimum parametric combination for HIPS is A1B1C1D3E3F3. Meanwhile for ABS

and PA6 were A3B3C1D3E3F2 and A3B3C1D3E2F3 respectively. Appendix K.1,

K.2 and K.3 show the tabulated data for orthogonal array, L81 of HIPS, ABS and

PA6 to obtain the optimum machining performance. The reason why this analysis is

performed is to optimize value according to the average signal-noise ratio value and

its control factor for three levels of the material used. This analysis can reduce the

number of experiment. The analysis is carried out by using L81 orthogonal array.
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5.6 Mathematical Models

To predict ejection force, the responses’s regression model was generated as

shown in Table 5.10, 5.11 and 5.12. The generated model was fitted to the

experiment data to predict the optimum condition. The interaction model was also

considered.

xxxxxY jiijiiiii    2
0)( (5.3)

where the dependent variable )(xY represents the value of Fe predicted;  0 is

constant,  i are the first order or linear effect coefficients,  ii are the second order

or quadratic effect coefficients and  ij are the interaction effect coefficients.

The model for HIPS was;

FeHIPS = - 8102506 + AB + AC + AB2 + AC2 + A2C + A2B2 + A2C2 (5.4)

Substitutes the above equation, the model of ejection force for HIPS as follow;

Mathematical model of ejection force for HIPS;

FeHIPS = – 8102506 – 41360x1x2 + 110398x1x3 + 44193 x1 x 2
2 – 258x1x

2
3 + 19460x 2

1 x2

– 14821x 2
1 x 2

2 + 94x 2
1 x 2

3 (5.5)

The model for ABS was;

FeABS = 1119801 + A + B +F + AB2 + AC2 + A2B2 + A2C2 (5.6)

Substitutes the above equation, the model of ejection force for HIPS as follow;
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Mathematical model ejection force for ABS;

FeABS = 2736331 – 2115677x1 – 578778x2 – 152316x6 + 702775x 2
1 – 5418x 2

1 x3

+ 12 x 2
1 x 2

3 (5.7)

The model for PA6 was;

FePA6 = 2736331 + A + E2 + AB2 + BC + BC2 + B2C + A2B2 (5.8)

Where A is the core insert1, B is the Core Insert 2, C is the melting temperature, D is

the injection pressure and E is the packing pressure and F is the cooling time.

Mathematical model ejection force for PA6;

FePA6 = 2736331 – 9736619x1 – 23x 2
5 + 14676x1x

2
2 + 43957x2x3 – 78x2x

2
3 –

13008x 2
2 x3 – 485x 2

1 x 2
2 (5.9)

Where x1 is the core insert 1 (μm), x2 is the core insert 2, x3 (μm) is the melting

temperature (˚C), x4 is the injection pressure (MPa), x5 is the packing pressure (MPa)

and x6 is the cooling time (s).

To justify the normal distribution assumption, Normal Probability plot can be

used and the graph can be generated from the STATISTICA. Normal distribution is

accepted as the normal values are scattered nearby to the solid line. Figure 5.34, 5.35

and 5.36 showed the Normal Probability plot for the dependent variables in the

experiment.
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Normal Prob. Plot; Raw Residuals

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=999806 x103
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Figure 5.34: Normal probability plot of ejection force for HIPS

Normal Prob. Plot; Raw Residuals

1 2-level factors, 5 3-level factors, 81 Runs

DV: Var7; MS Residual=261934 x 10 3
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Figure 5.35: Normal probability plot of ejection force for ABS
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Normal Prob. Plot; Raw Residuals

6 3-level factors, 1 Blocks, 81 Runs; MS Residual=598305 x 10 3

DV: Var7
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Figure 5.36: Normal probability plot of ejection force for PA6

5.7 Summary

This section explained the experimental work of this research and how the

analysis is performed by using Statistica Release 7 software. The relationship

between the ejection force and the level of different surface roughness are discussed

and elaborated thoroughly in this chapter. In such a case, a mathematical model for

HIPS, ABS and PA6 are developed further future analysis. The optimizations of

parameters are later given using ANOVA and regression analysis.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusion

The following conclusions are drawn based on the results throughout the study

on mould filling and ejection of moulding for HIPS, ABS and PA6. The relationship

of surface roughness and ejection force generated was analysed. It can be observed

that the surface roughness of core substantially influences the ejection force. The

following results obtained lead to several conclusions that;

1. The usage of simulation software package enables the prediction of initial

result for filling and pressure distribution prior to the experimental works. By

utilising filling analysis, the processing characteristics of an injection mould

can be investigated and optimized at the design stage. This will be improved

in quality part of weld lines, eliminating gas traps, balancing pressure drops

and reducing stress levels.

2. In the simulation environment, the optimal fill time and pressure distribution

combined with other processing criteria from Moldflow were used to

determine an optimal, feasible fill time and pressure generated.
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3. HIPS and ABS showed minimum ejection force when the combination core

surface roughness was about 6.42 μmRa whereas, PA6 showed the minimum

ejection forces near 3.22 μmRa. It indicates that the optimum core surface

roughness exists for the ejection force.

4. The results in 3 above suggest that the amorphous materials exhibit same

behaviour compared to crystalline material. PA6 generates more ejection

force compared to HIPS and ABS due to the material in which it has a high

viscosity characteristic. It is suggested that a minimum ejection force

produces a good moulding with the least deformation caused by the ejection

force.

5. The ejection force generated with regards to different levels of surface

roughness which can be summarised in the following sequence; PA6 > HIPS

> ABS.
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6.2 Contribution to knowledge

Measuring ejection forces in actual operating conditions has been less

reported in the literature due to the mechanical complexity associated to a suitable

tool. The principal contributions of this research are as follow.

The test tool developed in this work enables the on-line monitoring of the ejection

force. The force sensor mounted in this tool does not require modification on the

tool itself. By doing this, the actual mould can be used to measure the ejection

force without any modification. The same idea can be adopted by research on

how to mount the sensor and where to locate it.

One of the major contribution knowledge of this research is developing the

mathematical model for HIPS, ABS and PA6 which are not available data in

industrial and research community. One does not require doing a trial and error

on checking force. In this model, the pre-setting of surface roughness can be set

earlier and the variable of processing parameter such as melting temperature,

injection pressure, packing pressure as well as cooling time can be used as per

recommended or manufacturer’s data sheet. It is a necessity to develop model

ejection force for amorphous and crystalline resin which can later help people in

moulding industries in planning the undertaken job and also improving easy

manufacture of the plastic parts.
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The optimum levels of processing parameters towards production of plastic

components for plastic parts (HIPS, ABS and PA6) can be determined by exploiting

the S/N ratio and ANOVA.

6.3 Recommendation for Further Work

There are still few areas for further study in order to improve the

accuracy in predicting the model for ejection force of moulding. This section

describes some of the possibilities for extending the work investigated based

on the obtained result and observations. Profoundly, effective

recommendations for further work benefits shall be suggested as below.

1. The details of tool information may also be added to the Moldflow

software in order to allow the calculation of the resin performance over

the range of typical mould. The possibility of reducing cycle time and

heating conditions should be explored further together with trial and the

software before being placed on production.

2. There is a possibility to explore on plastic resin field in this study which

is found widely available in Malaysia but not in the list of Moldflow

library. Resins such as polyethylene (PE) and propylene (PP) up to

certain grades are not in the list. Hence, such resins cannot be simulated

prior to production.
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3. The mould heating system can be used to suit the temperature range. For

instance an “intelligent” manifold system can be developed further for

such resin usage. It may work like the valve system and integrates with

the sensor to on/off in response to the required temperature range.

4. The sensor for pressure cavity should be employed to measure the

pressure generated inside the cavity. The pressure gives a significant

effect to eject the force generated. Unfortunately the sensor is

unavailable to be used in this study.
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APPENDIX B

Surface Roughness
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APPENDIX B.1

Mirror polishing techniques

(a) Setting up the insert on the machine (b) Applied different grade of sand paper

(c) Apply light pressure (d) Finish with Kemet KD compound
paste on the surface insert
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Process of producing the spark erosion for the core inserts

(a) Setting up the core insert (b) Close-up setting by using dial
indicator

(Before EDM process)

(c) Surface roughness after EDM process
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APPENDIX C

Tooling Fabricating
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Machining works to fabricate the tool.

(a) Cavity insert after heat treatment (b) Cavity insert after heat treatment

(a) Cavity insert after heat treatment (b) Cylindrical grinding (CG)
process for cavity insert

(c) After OD (out side diameter) machining

APPENDIX C.1



217

Continued.

(d)Some of mold base parts waiting
for machining

(e) Setting cavity plate prior
machining process

(f) After machining process for
cavity plate

(g) Fitting cavity insert and dowel
pin

(h) Fitting 2 cavity inserts and dowel
pins

(i) Fitting top plate
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Continued.

(j) Fitting sprue bush (k) Tighten the register ring

(l) Fitting top plate (m)Fitting core inserts

(n) Fitting Test mould (o) Test mould in open position
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Resin Specification
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IDEMITSU PS ® - PETROCHEMICAL (MALAYSIA) SDN. BHD.

Properties of IDEMITSU PS

PROPERTY
TESTING

MODE

RESIN General Purpose PS High Impact PS

GRADE
HF –

10
HH –
30G

HH –
30

HH –
35

US –
320

HT40 HT50 HT54 HT560 ET63 MS500

UNIT/
TYPE

High
Flow

Good
Flow

High
Heat

High
Heat
Mold

Release

High
Strength

Mold
Flow

Good
Flow

High
Impact

High
Gloss

High
Flow

Thick
Sheet

High
Flow

Specific Gravity
ASTM –
D792

– 1.04 1.04 1.04 1.04 1.04 1.05 1.05 1.05 1.05 1.05 1.05

Melt index (200 ˚C)
ASTM –
D1238

g/10 min 29 8.6 5.3 6.3 3.0 6.5 3.7 2.2 16 2.4 4.8

Tensile
Properties

Strength ASTM –
D638

kg/cm2 370 400 460 400 470 230 280 290 200 280 290
Elongation % 2.2 2.4 2.6 2.6 3.0 50 45 64 37 50 40

Flexural
Properties

Strength ASTM –
D790

kg/cm2 560 720 890 890 900 460 560 560 410 500 600
Modulus 31,000 31,000 31,000 31,000 20,000

Izod Impact Strength
ASTM –
D256

kg.
cm/cm

1.1 1.2 1.2 1.2 1.3 8.5 8.4 12 8.9 9.4 7.3

Heat Distortion Temp.
ASTM –
D648

˚ C 75 80 86 86 86 81 85 86 79 85 85

Rockwell Hardness
ASTM –
D785

– M 60 M 60 M 60 M 60 M 65 L 55 L 60 L 60 L 48 L 56 L 68

Glossiness
ASTM –
D523

% – – – – – 49 47 80 60 53 53

Flammability UL - 94
1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

1/16”
HB

APPLICATION
– House

hold
Goods

Audio
Cassette

House
hold

Goods

House
hold

Goods

Audio
Cassette

Audio &
TV

Housing

APPENDIX D.1
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ABS Characteristics
POLYLAC ®

Typical Properties ASTM Test Units
General Purpose

PA – 707 PA – 757 PA – 717C PA – 727 PA – 747 PA - 709

Tensile Strength D - 638
Kg/cm2

(Ib/in2)
500

(7,090)
480

(6,800)
450

(6,380)
485

(6,870)
385

(5,470)
400

(5,670)
Tensile Elongation D - 638 % 15 20 25 20 30 40

Flexural Modulus D – 790
104 kg/cm2

(105 Ib/in2)
2.9

(4.1)
2.7

(3.8)
2.5

(3.5)
2.7

(3.8)
2.2

(3.1)
2.3

(3.2)

Flexural Strength D – 790
Kg/cm2

(Ib/in2)
860

(12,200)
790

(11,200)
720

(10,200)
780

(11,000)
620

(8,800)
640

(9,070)
Rockwell Hardness D - 785 R – 116 R – 116 R – 115 R – 110 R – 108 R – 102

IZOD Impact
Strength (Notched)

D – 256

8
1 ” kg-cm/cm

(ft-Ib/in)

14
(2.6)

20
(3.7)

28
(5.2)

26
(4.8)

41
(7.5)

45
(8.4)

¼” kg-cm/cm
(ft-Ib/in)

14
(2.6)

18
(3.3)

25
(4.6)

23
(4.2)

36
(6.6)

40
(7.4)

Vicat Softening
Temp

D – 1525 ˚C (˚F)
105

(221)
105
(221)

104
219)

105
(221)

103
(217)

105
(221)

H. D. T
D – 648

(annealed)
(unannealed)

˚C (˚F)
99 (210)
88 (190)

99 (210)
88 (190)

98 (208)
87 (189)

99 (210)
88 (190)

97 (206)
86 (187)

98 (208)
88 (190)

Specific Gravity D – 792 23/23 ˚C 1.06 1.05 1.04 1.04 1.03 1.03

Melt Flow Index
D – 1238

200 ˚C x 5 kg
g/10 min
(Cond. G)

1.9 1.8 1.2 1.8 1.2 0.5

ISO – 1133*
220 ˚C x 10 kg

g/10 min
20 22 12 19 13 5

APPENDIX D.2
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Typical Properties ASTM Test Units
General Purpose

PA – 707 PA – 757 PA – 717C PA – 727 PA – 747 PA - 709

Flammability
File No. E56070

UL & C – UL
1/16” HB 1/16” HB 1/16” HB 1/16” HB 1/16” HB 1/16” HB

Product Description
High gloss
High Rigid

High gloss
Medium
Impact

Medium
Impact

Electro-
Plating

High
Impact

Super
Impact

All tests were run under laboratory condition. ASTM where applicable testing procedure. * ISO testing condition.
The data listed here fall within the normal range of product properties, but they should not be used to establish specification limits or used alone as a basis for design. This
information is not intended as a warranty of any kind. Buyers must make their own representative tests and assume all risks of use whether used alone or in combination with
other products. Chi Mei Corporation assumes no obligation or liability of any advice furnished by it or its employees or representatives. Test results obtained with respect to
these products are for reference only. All warranties expressed or implied including warranties of merchantability for a particular purpose or use are excluded and disclaimed.
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TYPICAL PROPERTIES AND PROCESSING CONDITIONS OF
NOVAMID ®

A. Injection molding
 Typical Properties (Dry-as-Molded)

PROPERTY
ASTM
(Test

Method)
UNIT

NOVAMID ®
1010C

2
1010C

R
1020C

1010N
2

1015G
1018F

2
PHYSICAL
Specific gravity D1505 – 1.13 1.13 1.13 1.16 1.35 1.42
GF Content – Wt. % – – – – 30 –
MECHANICA
L
Tensile strength
at yield

D638 kg/cm2 800 810 780 800 1800 850

Elongation D638 % 100 60 200 11 4 8
Flexural
strength

D790 kg/cm2 1,050 1,050 1,000 1,150 2,100 1,300

Flexural
modulus

D790 kg/cm2 26,500 28,000
26,00

0
32,000 80,000 70,000

Izod impact
strength
(Notched)

D256
kg.cm/c

m
4.2 4.4 4.7 3.7 9 7.5

Hardness
(Rockwell)

D785 – 120 120 120 110 120 120

Taber abrasion
(CS-17, 1000
gr.)

D1044
mg/1000

rpm
7 7 – 7 15 12

THERMAL

Melting point
DSC (
2˚C/min

)
˚C 224 224 224 224 224 224

Deflexion,
temperature
(4.6 kg/cm2) D648 ˚C 160 160 – 170 220 195
(18.6 kg/cm2) D648 ˚C 65 67 57 75 208 165
ELECTRICAL
Volume
sensitivity

D257 Ω . cm 1015 1015 1015 1015 1015 1015

Dielectric
strength
(3.2 mm
thickness)

D149 kV/min 20 20 20 20 15 20

Dielectric
constant (106

Hz)
D150 – 4 – 5 4 – 5 4 – 5 4 – 5 4 – 6 3 – 4

Dissipation
factor (166 Hz)

D150 – 0.03 0.03 0.03 0.03 0.02 0.02

Arc resistance
(Tungsten)

D495 sec. 124 124 – 123 132 –

OTHERS
Flammability UL94 – 94V-2 94V-2 – 94V-0 94HB –
(Minimum
thickness,
colour)

(1/32”,
all)

(1/32”,
all)

(1/32”,
all)

(1/32”
, all)

–

Mold shrinkage
(3 mm
thickness)

– %
1.0 –
1.5

1.0 –
1.5

1.0 –
1.5

1.0 –
1.5

0.2 –
0.8

0.4 –
0.9

APPENDIX D.3
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Typical Processing conditions

Type of NOVAMID ® : NOVAMID ® 1010C2
Molding machine : Screw-in-line type

(Nissei Plastic TS-100)
Machine capacity : 3.5 oz
Product : Plate

(80 mm x 80 mm X 3 mm)
(Side gate: 4.0 mm x 1.0 mm)

Cylinder temperature
rear : 240 ˚C
center : 250 ˚C
front : 250 ˚C

Nozzle temperature : 260 ˚C
Mold temperature : 80 ˚C
Injection pressure : 320 kg/cm2

Back pressure : 50 kg/cm2

Screw speed : 40 rpm

Cycle time
injection time : 10 sec.
Cooling time : 10 sec.
Total time : 20 sec.
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APPENDIX E

Injection Moulding Machine Specification
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ENGEL
TECHNICAL DATA

ES 650/125 HL-Victory
1999-05-06

International size designation 650/125

INJECTION UNIT
Screw diameter mm 40 45 50
Metering stroke mm 200
Screw speed min-1 5 – 290
Plasticizing rate g/sec 26 35 46
Injection rate cm3/sec 127 161 199

cm3/sec 95 120 149
Maximum stroke volume cm3 251 318 392

g 226 286 353
Specific injection pressure bar 1930 1520 1230
Specific injection pressure increased bar 2400 2040 1650
Nozzle stroke mm 350
Nozzle contact pressure kN 67
Heating capacity 12,3 13,3 15,3
Number of heating zone 5

CLAMPING UNIT
Clamping force kN 1250
Opening stroke mm 600
Ejector force kN 61
Ejector stroke mm 130
Platen distance maximum mm 850
Mould height minimum mm 250

Total size mm 740 x 480
Enlarged mould fixing platen mm 740 x 700

mm 470

DRIVE
Pump drive power kW 22
Oil filling l 310

WEIGHT
Net kg 9000



227

APPENDIX F

Force Link and Signal Processing

Conditioning Specification
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APPENDIX G

Moldflow’s Analysis Log
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Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Cool Analysis

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1995 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Sun Jul 26 11:48:56 2009
Executed: Sun Jul 26 11:48:58 2009

Mesh Type = 3D Tetrahedra
Number of nodes = 36979
Number of beam elements = 214
Number of triangular elements = 0
Number of tetrahedral elements = 202348

Reading nodal data...
Reading beam element data...
Reading triangular element data...
Reading tetrahedral element data...

Method of calculating geometrical influence = Ideal

Cool analysis type = Manual

Total number of part elements = 26
Total number of runner elements = 26
Total number of shell facets = 20032
Total number of mold elements = 536
Total number of circuit elements = 188
Co-ordinates of part extremity:

X Y Z
Maximum 115.94844 mm 14.99562 mm 60.25000 mm
Minimum -14.99791 mm -15.16810 mm -0.00018 mm
Orientation 246.89479 mm 45.15934 mm 120.50018 mm

** WARNING 701360 ** Beam element 222394 has a very bad length/diameter ratio

** WARNING 701360 ** Beam element 222408 has a very bad length/diameter ratio

** WARNING 701380 ** Warnings were reported in the model.
Mesh quality may be poor.

Co-ordinates of mold extremity:
X Y Z

Center 50.47527 mm -0.08625 mm 30.12490 mm
Right corner 300.37662 mm 249.81511 mm 280.02626 mm
Left corner -199.42608 mm -249.98760 mm -219.77645 mm

Using mesh aggregation

** WARNING 701360 ** Beam element 222394 has a very bad length/diameter ratio

** WARNING 701360 ** Beam element 222408 has a very bad length/diameter ratio

** WARNING 701380 ** Warnings were reported in the model.
Mesh quality may be poor.

Total Mbytes required for Cool analysis = 216.78
Total Mbytes available for Cool analysis = 67952.52

Now beginning the task: Input part model

APPENDIX G.1
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Current time is: Sun Jul 26 11:49:33 2009

Now beginning the task: Input mold model
Current time is: Sun Jul 26 11:49:33 2009
Performing cooling network analysis

+---------+-------------+-----------------------+--------------+-------------+
| Inlet |Flowrate | Reynolds No. |Press. drop | Pumping |
| node |in/out | range | over | power over |
| | | | circuit | circuit |
| | (lit/min) | | (MPa) | (kW) |
+---------+-------------+-----------------------+--------------+-------------+
| 57016 | 3.81 | 4997.7 - 10000.0 | 0.0029 | 1.821e-04 |
| 57017 | 3.81 | 10000.0 - 11005.7 | 0.0166 | 0.001 |
+---------+-------------+-----------------------+--------------+-------------+

Now beginning the task: Boundary Integration
Current time is: Sun Jul 26 11:49:33 2009

Now beginning the task: Solution of equilibrium TMP field
Current time is: Sun Jul 26 11:50:06 2009
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 28.47|
| 4.41| 60.07|
| 8.01| 91.02|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 1| 35.000| 9| 19.981163| 0| 0.000000| 1.000000|
| 1| 35.000| 8| 9.011693| 0| 0.000000| 1.000000|
| 1| 35.000| 4| 5.859069| 0| 0.000000| 1.000000|
| 1| 35.000| 3| 1.737987| 0| 0.000000| 1.000000|
| 1| 35.000| 1| 0.000931| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 33.01|
| 4.41| 68.98|
| 8.01| 100.00|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.084836|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 1| 35.000| 0| 0.000311| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
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| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 32.87|
| 4.41| 68.90|
| 8.01| 100.00|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.001393|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 2| 35.000| 12| 0.021010| 0| 0.000000| 1.000000|
| 2| 35.000| 3| 0.004897| 0| 0.000000| 1.000000|
| 2| 35.000| 0| 0.001026| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 32.87|
| 4.41| 68.89|
| 8.01| 100.00|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.000001|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 3| 35.000| 6| 0.006070| 0| 0.000000| 0.000144|
| 3| 35.000| 0| 0.001062| 0| 0.000000| 0.000144|
| 3| 35.000| 0| 0.000385| 0| 0.000000| 0.000144|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+

Coolant Temperatures

Inlet Coolant temp. Coolant temp. rise
node range over circuit

57016 25.0 - 25.1 0.1 C
57017 25.0 - 25.1 0.1 C

Final circuit temperature residual: 4.01341E-08

+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 32.87|
| 4.41| 68.90|
| 8.01| 100.00|
| 13.06| 100.00|
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| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+

** WARNING 702560 ** Calculating internal mold temperatures option has been selected,
however the external mold boundaries have not been modeled.
Continuing analysis without calculating the internal mold temperatures.

Summary of Cavity Temperature Results

=====================================
Part surface temperature - maximum = 30.9823 C
Part surface temperature - minimum = 25.0000 C
Part surface temperature - average = 28.8733 C
Cavity surface temperature - maximum = 29.7373 C
Cavity surface temperature - minimum = 25.0000 C
Cavity surface temperature - average = 26.9257 C
Average mold exterior temperature = 25.1622 C
Cycle time = 35.0000 s

Execution time
Analysis commenced at Sun Jul 26 11:48:56 2009
Analysis completed at Sun Jul 26 11:56:50 2009
CPU time used 432.45 s

Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Coupled 3D Flow Solver.

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1995 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Sun Jul 26 11:56:51 2009
Mesh and boundary conditions file name : design3aa_3d-new_cooling.udm
Results files core name : design3aa_3d-new_cooling~3

Core shift calculation : ON
--------------------------------------------------------------------------

Solver Parameters:
=================

Solver setup:
------------
Solver = Coupled 3D
Solution type = Stokes
AMG matrix solver selection = Automatic
Simulate inertia effect = No
Simulate gravity effect = No
Gate diameter at cavity injection locations = Automatic

Filling parameters:
------------------
Maximum %volume to fill per time step = 4.000 %
Maximum iterations per time step = 50
Convergence tolerance (scaling factor) = 1.000

Packing parameters:
------------------
Maximum time step = 2.000 s
Maximum iterations per time step = 50
Convergence tolerance (scaling factor) = 1.000
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Intermediate results:
--------------------
Intermediate results type = Write at constant intervals
Number of intermediate results in filling phase = 5
Number of intermediate results in packing phase = 5
Number of intermediate results in cooling phase = 3

--------------------------------------------------------------------------

Material Data:
=============

Manufacturer Idemitsu Petrochemical Co Ltd
Trade name HT-50
Family name PS

Specific heat (Cp) = 1340.0000 J/kg-C

Thermal conductivity = 0.1670 W/m-C

Transition temperature = 100.0000 C
PVT Model: 2-domain modified Tait

coefficients: b5 = 376.8100 K
b6 = 3.5250E-07 K/Pa
Liquid phase Solid phase
-------------------------------
b1m = 0.0010 b1s = 0.0010 m^3/kg
b2m = 6.0420E-07 b2s = 2.2340E-07 m^3/kg-K
b3m = 1.8592E+08 b3s = 2.6630E+08 Pa
b4m = 0.0049 b4s = 0.0035 1/K

b7 = 0.0000 m^3/kg
b8 = 0.0000 1/K
b9 = 0.0000 1/Pa

Viscosity model: Cross-WLF
coefficients: n = 0.3180

TAUS = 1.7710E+04 Pa
D1 = 2.8265E+10 Pa-s
D2 = 373.1500 K
D3 = 0.0000 K/Pa
A1 = 20.3620
A2T = 51.6000 K

Reading interface file from Cool analysis.

No mesh for the cores was found.
Core shift analysis switched OFF

--------------------------------------------------------------------------

Model Details:
=============

Mesh Type = 3D Tetrahedra
Laminates across radius of beam elements = 12
Total number of nodes = 36789
Number of 3D nodes = 36762
Number of HS nodes = 25
Number of interface nodes = 2

Total number of injection location nodes = 1
The injection location node numbers are:

46800

Total number of elements = 202374
Number of part elements = 202374
Number of tetrahedral elements = 202348
Number of sprue/runner/gate elements = 26

Total volume = 18.7701 cm^3
Volume of tetrahedral elements = 16.2731 cm^3
Volume of sprue/runner/gate elements = 2.4970 cm^3
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Volume filled initially = 0.0000 cm^3
Volume to be filled = 18.7701 cm^3

Part volume to be filled = 16.2731 cm^3
Sprue/runner/gate volume to be filled = 2.4970 cm^3

Parting plane normal (dx) = 0.0000
(dy) = 0.0000
(dz) = 1.0000

Total projected area = 8.0736 cm^2
--------------------------------------------------------------------------

Process Settings:
================

Machine parameters:
------------------
Maximum injection pressure = 1.9300E+02 MPa
Maximum machine clamp force = 1.2500E+02 tonne
Maximum machine injection rate = 1.2700E+02 cm^3/s
Machine hydraulic response time = 1.0000E-02 s

Temperature control:
-------------------
Melt temperature = 200.00 C
Mold temperature = 26.93 C
Mold-melt heat transfer coefficients

Global values. (Superseded by any values set on individual elements.)
Filling = 5000.0000 W/m^2-C
Packing = 2500.0000 W/m^2-C
Detached = 1250.0000 W/m^2-C

Atmospheric temperature = 25.00 C

Filling Control:
---------------
Filling control type = Automatic
Fill time = 1.73 s
Stroke volume determination = Automatic

Velocity/pressure switch-over control:
-------------------------------------
Velocity/pressure switch-over control type = Automatic

Pack/holding control:
--------------------
Pack/holding control type = %Filling pressure vs time
Pressure profile:

duration % filling pressure
-----------------------------

0.00 s 80.00
10.00 s 80.00

Cooling time:
------------
Cooling time determination = Prior Cool analysis
Injection + packing + cooling time = 30.00 s

--------------------------------------------------------------------------

AMG matrix solver = Not used
--------------------------------------------------------------------------

Filling Phase: Status: V = Velocity control
============= V/P = Velocity/pressure switch-over

P = Pressure control
|----------------------------------------------------------------------|
| Time | Fill Vol| Inj Press | Clamp F | Flow Rate| Frozen | Status|
| (s) | (%) | (MPa) | (tonne) | (cm^3/s) | Vol (%)| |
|----------------------------------------------------------------------|
| 0.027 | 1.388 | 3.641e+00 | 0.00e+00 | 7.780 | 0.00 | V |
| 0.092 | 3.886 | 9.435e+00 | 0.00e+00 | 8.584 | 0.00 | V |
| 0.144 | 7.055 | 1.263e+01 | 0.00e+00 | 9.650 | 0.00 | V |
| 0.217 | 11.055 | 1.540e+01 | 3.76e-02 | 10.102 | 0.00 | V |
| 0.256 | 13.292 | 1.778e+01 | 1.22e-01 | 10.150 | 0.00 | V |
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| 0.257 | 13.295 | 1.835e+01 | 2.02e-01 | 7.847 | 0.00 | V |
| 0.259 | 13.303 | 1.906e+01 | 3.03e-01 | 4.821 | 0.00 | V |
| 0.260 | 13.304 | 1.963e+01 | 3.45e-01 | 3.617 | 0.00 | V |
| 0.262 | 13.339 | 2.106e+01 | 4.09e-01 | 3.110 | 0.00 | V |
| 0.268 | 13.417 | 2.471e+01 | 4.99e-01 | 3.098 | 0.00 | V |
| 0.287 | 13.738 | 3.255e+01 | 6.88e-01 | 4.507 | 0.04 | V |
| 0.349 | 15.877 | 3.857e+01 | 8.29e-01 | 7.728 | 0.12 | V |
| 0.400 | 19.877 | 4.084e+01 | 9.05e-01 | 10.027 | 0.99 | V |
| 0.469 | 23.877 | 4.268e+01 | 9.70e-01 | 10.460 | 2.98 | V |
| 0.538 | 27.878 | 4.388e+01 | 1.01e+00 | 10.617 | 4.89 | V |
| 0.607 | 31.879 | 4.485e+01 | 1.04e+00 | 10.694 | 6.21 | V |
| 0.676 | 35.880 | 4.553e+01 | 1.06e+00 | 10.736 | 7.14 | V |
| 0.745 | 39.880 | 4.595e+01 | 1.08e+00 | 10.777 | 7.79 | V |
| 0.814 | 43.882 | 4.653e+01 | 1.11e+00 | 10.788 | 8.35 | V |
| 0.884 | 47.884 | 4.718e+01 | 1.13e+00 | 10.778 | 8.86 | V |
| 0.953 | 51.887 | 4.756e+01 | 1.15e+00 | 10.792 | 9.33 | V |
| 1.022 | 55.886 | 4.786e+01 | 1.17e+00 | 10.813 | 9.78 | V |
| 1.091 | 59.888 | 4.823e+01 | 1.19e+00 | 10.816 | 10.17 | V |
| 1.161 | 63.887 | 4.876e+01 | 1.21e+00 | 10.809 | 10.58 | V |
| 1.230 | 67.888 | 4.948e+01 | 1.24e+00 | 10.797 | 11.03 | V |
| 1.300 | 71.885 | 5.049e+01 | 1.29e+00 | 10.782 | 11.49 | V |
| 1.371 | 75.889 | 5.129e+01 | 1.32e+00 | 10.785 | 11.95 | V |
| 1.441 | 79.888 | 5.224e+01 | 1.37e+00 | 10.793 | 12.33 | V |
| 1.513 | 83.884 | 5.488e+01 | 1.51e+00 | 10.751 | 12.75 | V |
| 1.586 | 87.881 | 5.819e+01 | 1.68e+00 | 10.705 | 13.28 | V |
| 1.659 | 91.881 | 6.109e+01 | 1.84e+00 | 10.718 | 13.74 | V |
| 1.731 | 95.880 | 6.389e+01 | 2.03e+00 | 10.746 | 14.16 | V |
| 1.772 | 97.937 | 6.675e+01 | 2.24e+00 | 10.735 | 14.35 | V |

Automatic V/P switch-over point reached. Switching to pressure control.

| 1.794 | 98.967 | 7.015e+01 | 2.58e+00 | 10.652 | 14.44 | V/P |
| 1.804 | 99.420 | 5.612e+01 | 2.44e+00 | 6.947 | 14.42 | P |
| 1.846 | 99.854 | 5.612e+01 | 2.64e+00 | 3.176 | 15.28 | P |
| 1.889 | 100.000 | 5.612e+01 | 3.08e+00 | 3.049 | 16.16 | Filled|
|----------------------------------------------------------------------|

End of filling phase results summary :

Current time from start of cycle = 1.8888 s
Total mass = 19.0263 g

Part mass = 16.5035 g
Sprue/runner/gate mass = 2.5228 g

Frozen volume = 16.1644 %
Injection pressure = 56.1238 MPa
Volumetric shrinkage - minimum = 0.6233 %
Volumetric shrinkage - maximum = 10.6523 %
Time at velocity/pressure switch-over = 1.7942 s
Injection pressure at velocity/pressure switch-over= 70.1547 MPa
Volume filled at velocity/pressure switch-over = 98.9670 %

End of filling. Packing will now commence.

Pack Analysis
|----------------------------------------------------------------------|
| Time | Packing | Inj Press | Clamp F | Part Mass| Frozen | Status|
| (s) | (%) | (MPa) | (tonne) | (g) | Vol (%)| |
|----------------------------------------------------------------------|
| 1.902 | 0.05 | 5.612e+01 | 3.20e+00 | 1.65e+01 | 16.34 | P |
| 1.926 | 0.13 | 5.612e+01 | 3.25e+00 | 1.65e+01 | 16.59 | P |
| 2.020 | 0.47 | 5.612e+01 | 3.25e+00 | 1.65e+01 | 17.89 | P |
| 2.383 | 1.75 | 5.612e+01 | 2.93e+00 | 1.65e+01 | 22.40 | P |
| 2.715 | 2.93 | 5.612e+01 | 2.59e+00 | 1.66e+01 | 27.31 | P |
| 3.020 | 4.01 | 5.612e+01 | 2.26e+00 | 1.66e+01 | 32.57 | P |
| 3.311 | 5.04 | 5.612e+01 | 1.95e+00 | 1.66e+01 | 38.11 | P |
| 3.573 | 5.97 | 5.612e+01 | 1.77e+00 | 1.66e+01 | 44.40 | P |
| 3.781 | 6.71 | 5.612e+01 | 1.71e+00 | 1.66e+01 | 50.75 | P |
| 3.945 | 7.29 | 5.612e+01 | 1.70e+00 | 1.66e+01 | 55.11 | P |
| 4.133 | 7.96 | 5.612e+01 | 1.71e+00 | 1.66e+01 | 58.00 | P |
| 4.459 | 9.11 | 5.612e+01 | 1.74e+00 | 1.66e+01 | 60.98 | P |
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| 5.005 | 11.05 | 5.612e+01 | 1.75e+00 | 1.66e+01 | 65.90 | P |
| 5.560 | 13.02 | 5.612e+01 | 1.73e+00 | 1.66e+01 | 71.03 | P |
| 6.101 | 14.94 | 5.612e+01 | 1.69e+00 | 1.66e+01 | 76.25 | P |
| 6.620 | 16.77 | 5.612e+01 | 1.64e+00 | 1.66e+01 | 81.77 | P |
| 7.090 | 18.44 | 5.612e+01 | 1.60e+00 | 1.66e+01 | 86.85 | P |
| 7.552 | 20.08 | 5.612e+01 | 1.56e+00 | 1.66e+01 | 91.54 | P |
| 8.045 | 21.82 | 5.612e+01 | 1.51e+00 | 1.66e+01 | 95.92 | P |
| 8.607 | 23.82 | 5.612e+01 | 1.48e+00 | 1.66e+01 | 99.10 | P |
| 9.491 | 26.95 | 5.612e+01 | 1.43e+00 | 1.66e+01 | 100.00 | P |
| 11.334 | 33.49 | 5.612e+01 | 1.43e+00 | 1.66e+01 | 100.00 | P |
| 11.794 | 35.12 | 5.612e+01 | 1.38e+00 | 1.66e+01 | 100.00 | P |
| 11.795 | 35.12 | 4.911e+01 | 1.38e+00 | 1.66e+01 | 100.00 | P |
| 11.800 | 35.14 | 2.105e+01 | 1.37e+00 | 1.66e+01 | 100.00 | P |
| 11.804 | 35.15 | 0.000e+00 | 1.37e+00 | 1.66e+01 | 100.00 | P |
| 11.819 | 35.21 | 0.000e+00 | 1.36e+00 | 1.66e+01 | 100.00 | P |
| 11.879 | 35.42 | 0.000e+00 | 1.35e+00 | 1.66e+01 | 100.00 | P |
| 12.119 | 36.27 | 0.000e+00 | 1.32e+00 | 1.66e+01 | 100.00 | P |
| 13.079 | 39.67 | 0.000e+00 | 1.23e+00 | 1.66e+01 | 100.00 | P |
| 15.079 | 46.77 | 0.000e+00 | 1.05e+00 | 1.66e+01 | 100.00 | P |
| 17.079 | 53.86 | 0.000e+00 | 8.99e-01 | 1.66e+01 | 100.00 | P |
| 19.079 | 60.95 | 0.000e+00 | 7.74e-01 | 1.66e+01 | 100.00 | P |
| 21.079 | 68.04 | 0.000e+00 | 6.69e-01 | 1.66e+01 | 100.00 | P |
| 23.079 | 75.13 | 0.000e+00 | 5.81e-01 | 1.66e+01 | 100.00 | P |
| 25.079 | 82.22 | 0.000e+00 | 5.07e-01 | 1.66e+01 | 100.00 | P |
| 27.079 | 89.31 | 0.000e+00 | 4.46e-01 | 1.66e+01 | 100.00 | P |
| 29.079 | 96.40 | 0.000e+00 | 3.95e-01 | 1.66e+01 | 100.00 | P |
| 30.000 | 99.66 | 0.000e+00 | 3.72e-01 | 1.66e+01 | 100.00 | P |
|----------------------------------------------------------------------|

End of packing phase results summary :

Current time from start of cycle = 30.0000 s
Total mass = 19.2543 g

Part mass = 16.6350 g
Sprue/runner/gate mass = 2.6193 g

Frozen volume = 100.0000 %
Injection pressure = 0.0000 MPa
Volumetric shrinkage - minimum = 0.5739 %
Volumetric shrinkage - maximum = 10.6523 %
Maximum velocity = 1.1887E+04 cm/s
Maximum shear rate = 2.8240E+06 1/s

Execution time
Analysis commenced at Sun Jul 26 11:56:51 2009
Analysis completed at Sun Jul 26 12:20:22 2009
CPU time used 1390.09 s

equivalent to 0 hr, 23 min
Elapsed wall clock time 1411.00 s

equivalent to 0 hr, 23 min
Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Warp Analysis

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1995 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Sun Jul 26 12:20:25 2009

Model file name: design3aa_3d-new_cooling.udm
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Reading solver parameters...
Reading mechanical property and shrinkage data...

Read input tetra mesh:
Total number of nodes: 36979 tetras: 202348

** WARNING 201412 ** The mesh aggregation option is used in the analysis. This option is
recommended for typical thin-walled parts, but should not be used
for chunky parts.

Warp Analysis using a 2-layer aggregated 2nd-order tetrahedral mesh.
Number of vertex nodes: 16224
Number of midside nodes: 95776
Total number of nodes in Warp analysis: 112000
Total number of elements in Warp analysis: 69536
Estimated memory requirement: 440 Mbytes.

Mapping shrinkage and material property data...

Defining anchor plane...
Number of separate cavities = 2

Writing input file for structural analysis program...

Launching structural analysis program...

Reading structural analysis input file...
...finished reading structural analysis input file.

Beginning load incrementation loop...

Setting structure information...

Assembling stiffness matrix...

Solving finite element static equilibrium equations...
Using AMG matrix solver

--------------------------------------------------------
Kstep Kstra Nref Nite Node Ipos Rfac Displacement
--------------------------------------------------------

1 1 1 0 15 1 1.000e+00 -3.225e-01

Minimum/maximum displacements at last step (unit: mm):

Node Min. Node Max.
-----------------------------------------------------
Trans-X 2907 -1.4995e-01 23398 1.8381e-01
Trans-Y 129295 -1.0142e-01 81421 1.7801e-01
Trans-Z 4907 -7.7542e-03 23108 3.1087e-01

Elapsed wall clock time in structural analysis: 91.86 secs.

Read input tetra mesh:
Total number of nodes: 36979 tetras: 202348

Mapping warpage result...
Writing result file...

Execution time
Analysis commenced at Sun Jul 26 12:21:18 2009
Analysis completed at Sun Jul 26 12:23:01 2009
CPU time used 99.23 s
Elapsed wall clock time 103.00 s

equivalent to 0 hr, 1 min
Warp analysis has completed successfully.
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Injection Machine Setup Sheet

General Information
------------------------------------------------------------------------------

Project Name: design3aa_3d-new_cooling.udm

Version: ami2010

Date: Sun Jul 26 12:20:22 2009

Processing Type: Thermoplastics injection molding

Machine Name: Default injection molding machine #1

Material Name: HT-50 : Idemitsu Petrochemical Co Ltd
------------------------------------------------------------------------------

Machine Specification:
------------------------------------------------------------------------------

Maximum pressure: 193.0000 MPa

Screw diameter: 45.0000 mm

Maximum injection speed: 79.8526 mm/s

Screw intensification ratio: 10.0000

Machine maximum clamp force: 125.0000 tonne
------------------------------------------------------------------------------

Temperature Settings
------------------------------------------------------------------------------

Mold temperature: 26.9300 C

Melt temperature: 200.0000 C
------------------------------------------------------------------------------

Part Volume, Stroke and Maximum Clamp Force
------------------------------------------------------------------------------

Total volume of the part and cold runners: 18.7701 cm^3

Maximum clamp force required: 3.2534 tonne
------------------------------------------------------------------------------

Injection Settings
------------------------------------------------------------------------------

Filling Control:
---------------
Filling control type = Automatic
Fill time = 1.73 s
Stroke volume determination = Automatic
Filling control type = Injection time
Stroke volume determination = Automatic
Filling control type = Flow rate
Stroke volume determination = Automatic

Velocity/pressure switch-over:

Switch-over Time: 1.7942 s

Switch-over Pressure: 70.1547 MPa
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Switch-over Volume: 98.9670 %

Packing pressure profile

Duration Pressure
(s) (MPa)

0.0100 56.1238
9.9900 56.1238
0.0100 0.0000

18.1958 0.0000

Cooling time: 20.0000 s
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Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Cool Analysis

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1994 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Tue Jul 28 11:17:37 2009
Executed: Tue Jul 28 11:17:39 2009

Mesh Type = 3D Tetrahedra
Number of nodes = 36979
Number of beam elements = 214
Number of triangular elements = 0
Number of tetrahedral elements = 202348

Reading nodal data...
Reading beam element data...
Reading triangular element data...
Reading tetrahedral element data...

Method of calculating geometrical influence = Ideal

Cool analysis type = Manual

Total number of part elements = 26
Total number of runner elements = 26
Total number of shell facets = 20032
Total number of mold elements = 536
Total number of circuit elements = 188
Co-ordinates of part extremity:

X Y Z
Maximum 115.94844 mm 14.99562 mm 60.25000 mm
Minimum -14.99791 mm -15.16810 mm -0.00018 mm
Orientation 246.89479 mm 45.15934 mm 120.50018 mm

** WARNING 701360 ** Beam element 222394 has a very bad length/diameter ratio

** WARNING 701360 ** Beam element 222408 has a very bad length/diameter ratio

** WARNING 701380 ** Warnings were reported in the model.
Mesh quality may be poor.

Co-ordinates of mold extremity:
X Y Z

Center 50.47527 mm -0.08625 mm 30.12490 mm
Right corner 300.37662 mm 249.81511 mm 280.02626 mm
Left corner -199.42608 mm -249.98760 mm -219.77645 mm

Using mesh aggregation

** WARNING 701360 ** Beam element 222394 has a very bad length/diameter ratio

** WARNING 701360 ** Beam element 222408 has a very bad length/diameter ratio

** WARNING 701380 ** Warnings were reported in the model.
Mesh quality may be poor.

Total Mbytes required for Cool analysis = 216.78
Total Mbytes available for Cool analysis = 67764.08

Now beginning the task: Input part model

APPENDIX G.2
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Current time is: Tue Jul 28 11:18:17 2009

Now beginning the task: Input mold model
Current time is: Tue Jul 28 11:18:17 2009
Performing cooling network analysis

+---------+-------------+-----------------------+--------------+-------------+
| Inlet |Flowrate | Reynolds No. |Press. drop | Pumping |
| node |in/out | range | over | power over |
| | | | circuit | circuit |
| | (lit/min) | | (MPa) | (kW) |
+---------+-------------+-----------------------+--------------+-------------+
| 57016 | 3.81 | 4997.7 - 10000.0 | 0.0029 | 1.821e-04 |
| 57017 | 3.81 | 10000.0 - 11005.7 | 0.0166 | 0.001 |
+---------+-------------+-----------------------+--------------+-------------+

Now beginning the task: Boundary Integration
Current time is: Tue Jul 28 11:18:17 2009

Now beginning the task: Solution of equilibrium TMP field
Current time is: Tue Jul 28 11:18:48 2009
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 16.55|
| 4.41| 36.26|
| 8.01| 62.80|
| 13.06| 97.03|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 1| 35.000| 9| 19.975622| 0| 0.000000| 1.000000|
| 1| 35.000| 10| 9.064363| 0| 0.000000| 1.000000|
| 1| 35.000| 4| 5.150259| 0| 0.000000| 1.000000|
| 1| 35.000| 3| 1.580585| 0| 0.000000| 1.000000|
| 1| 35.000| 1| 0.000707| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 25.50|
| 4.41| 49.89|
| 8.01| 73.23|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.064907|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 1| 35.000| 0| 0.000232| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
| 2| 35.000| 15| 0.035711| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
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+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 25.29|
| 4.41| 49.65|
| 8.01| 73.06|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.001498|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 2| 35.000| 1| 0.004328| 0| 0.000000| 1.000000|
| 2| 35.000| 3| 0.004963| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 25.30|
| 4.41| 49.66|
| 8.01| 73.07|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.000032|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 3| 35.000| 7| 0.005759| 0| 0.000000| 0.000208|
| 3| 35.000| 0| 0.001323| 0| 0.000000| 0.000208|
| 3| 35.000| 0| 0.000565| 0| 0.000000| 0.000208|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+

Coolant Temperatures

Inlet Coolant temp. Coolant temp. rise
node range over circuit

57016 25.0 - 25.1 0.1 C
57017 25.0 - 25.1 0.1 C

Final circuit temperature residual: 4.05180E-08

+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 25.30|
| 4.41| 49.66|
| 8.01| 73.07|
| 13.06| 100.00|
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| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+

** WARNING 702560 ** Calculating internal mold temperatures option has been selected,
however the external mold boundaries have not been modeled.
Continuing analysis without calculating the internal mold temperatures.

Summary of Cavity Temperature Results

=====================================
Part surface temperature - maximum = 34.2251 C
Part surface temperature - minimum = 25.0000 C
Part surface temperature - average = 31.0761 C
Cavity surface temperature - maximum = 31.9283 C
Cavity surface temperature - minimum = 25.0000 C
Cavity surface temperature - average = 28.1207 C
Average mold exterior temperature = 25.3038 C
Cycle time = 35.0000 s

Execution time
Analysis commenced at Tue Jul 28 11:17:37 2009
Analysis completed at Tue Jul 28 11:25:15 2009
CPU time used 433.71 s

Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Coupled 3D Flow Solver.

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1994 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Tue Jul 28 11:25:16 2009
Mesh and boundary conditions file name : design3aa_3d-new_coolingabs180.udm
Results files core name : design3aa_3d-new_coolingabs180~2

Core shift calculation : ON
--------------------------------------------------------------------------

Solver Parameters:
=================

Solver setup:
------------
Solver = Coupled 3D
Solution type = Stokes
AMG matrix solver selection = Automatic
Simulate inertia effect = No
Simulate gravity effect = No
Gate diameter at cavity injection locations = Automatic

Filling parameters:
------------------
Maximum %volume to fill per time step = 4.000 %
Maximum iterations per time step = 50
Convergence tolerance (scaling factor) = 1.000

Packing parameters:
------------------
Maximum time step = 2.000 s
Maximum iterations per time step = 50
Convergence tolerance (scaling factor) = 1.000
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Intermediate results:
--------------------
Intermediate results type = Write at constant intervals
Number of intermediate results in filling phase = 5
Number of intermediate results in packing phase = 5
Number of intermediate results in cooling phase = 3

--------------------------------------------------------------------------

Material Data:
=============

Manufacturer Chi Mei Corporation
Trade name Polylac PA-757
Family name ABS

Specific heat (Cp) = 2013.0000 J/kg-C

Thermal conductivity = 0.1970 W/m-C

Transition temperature = 94.0000 C
PVT Model: 2-domain modified Tait

coefficients: b5 = 367.2500 K
b6 = 2.0500E-07 K/Pa
Liquid phase Solid phase
-------------------------------
b1m = 0.0010 b1s = 0.0010 m^3/kg
b2m = 5.0000E-07 b2s = 3.1500E-07 m^3/kg-K
b3m = 1.2333E+08 b3s = 1.4501E+08 Pa
b4m = 0.0034 b4s = 0.0044 1/K

b7 = 0.0000 m^3/kg
b8 = 0.0000 1/K
b9 = 0.0000 1/Pa

Viscosity model: Cross-WLF
coefficients: n = 0.2237

TAUS = 7.9200E+04 Pa
D1 = 1.3000E+12 Pa-s
D2 = 373.1500 K
D3 = 0.0000 K/Pa
A1 = 27.4520
A2T = 51.6000 K

Reading interface file from Cool analysis.

No mesh for the cores was found.
Core shift analysis switched OFF

--------------------------------------------------------------------------

Model Details:
=============

Mesh Type = 3D Tetrahedra
Laminates across radius of beam elements = 12
Total number of nodes = 36789
Number of 3D nodes = 36762
Number of HS nodes = 25
Number of interface nodes = 2

Total number of injection location nodes = 1
The injection location node numbers are:

46800

Total number of elements = 202374
Number of part elements = 202374
Number of tetrahedral elements = 202348
Number of sprue/runner/gate elements = 26

Total volume = 18.7701 cm^3
Volume of tetrahedral elements = 16.2731 cm^3
Volume of sprue/runner/gate elements = 2.4970 cm^3
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Volume filled initially = 0.0000 cm^3
Volume to be filled = 18.7701 cm^3

Part volume to be filled = 16.2731 cm^3
Sprue/runner/gate volume to be filled = 2.4970 cm^3

Parting plane normal (dx) = 0.0000
(dy) = 0.0000
(dz) = 1.0000

Total projected area = 8.0736 cm^2
--------------------------------------------------------------------------

Process Settings:
================

Machine parameters:
------------------
Maximum injection pressure = 1.9300E+02 MPa
Maximum machine clamp force = 1.2500E+02 tonne
Maximum machine injection rate = 1.2700E+02 cm^3/s
Machine hydraulic response time = 1.0000E-02 s

Temperature control:
-------------------
Melt temperature = 210.00 C
Mold temperature = 28.12 C
Mold-melt heat transfer coefficients

Global values. (Superseded by any values set on individual elements.)
Filling = 5000.0000 W/m^2-C
Packing = 2500.0000 W/m^2-C
Detached = 1250.0000 W/m^2-C

Atmospheric temperature = 25.00 C

Filling Control:
---------------
Filling control type = Automatic
Fill time = 1.50 s
Stroke volume determination = Automatic

Velocity/pressure switch-over control:
-------------------------------------
Velocity/pressure switch-over control type = Automatic

Pack/holding control:
--------------------
Pack/holding control type = %Filling pressure vs time
Pressure profile:

duration % filling pressure
-----------------------------

0.00 s 80.00
10.00 s 80.00

Cooling time:
------------
Cooling time determination = Prior Cool analysis
Injection + packing + cooling time = 30.00 s

--------------------------------------------------------------------------

AMG matrix solver = Not used
--------------------------------------------------------------------------

Filling Phase: Status: V = Velocity control
============= V/P = Velocity/pressure switch-over

P = Pressure control
|----------------------------------------------------------------------|
| Time | Fill Vol| Inj Press | Clamp F | Flow Rate| Frozen | Status|
| (s) | (%) | (MPa) | (tonne) | (cm^3/s) | Vol (%)| |
|----------------------------------------------------------------------|
| 0.023 | 0.389 | 2.222e+00 | 0.00e+00 | 0.975 | 0.00 | V |
| 0.157 | 3.886 | 1.237e+01 | 0.00e+00 | 6.399 | 0.00 | V |
| 0.171 | 7.055 | 1.523e+01 | 0.00e+00 | 10.226 | 0.00 | V |
| 0.196 | 9.585 | 1.679e+01 | 2.41e-02 | 9.987 | 0.00 | V |
| 0.246 | 13.283 | 2.007e+01 | 1.28e-01 | 11.342 | 0.00 | V |
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| 0.248 | 13.295 | 2.053e+01 | 1.91e-01 | 9.257 | 0.00 | V |
| 0.249 | 13.303 | 2.095e+01 | 2.87e-01 | 6.268 | 0.00 | V |
| 0.250 | 13.304 | 2.145e+01 | 3.22e-01 | 4.691 | 0.00 | V |
| 0.251 | 13.343 | 2.236e+01 | 3.76e-01 | 3.827 | 0.00 | V |
| 0.254 | 13.405 | 2.405e+01 | 4.23e-01 | 3.478 | 0.00 | V |
| 0.262 | 13.547 | 2.790e+01 | 5.13e-01 | 3.760 | 0.01 | V |
| 0.285 | 14.083 | 3.586e+01 | 7.07e-01 | 5.737 | 0.00 | V |
| 0.345 | 16.791 | 4.103e+01 | 8.37e-01 | 9.269 | 0.01 | V |
| 0.389 | 20.792 | 4.246e+01 | 8.77e-01 | 11.672 | 0.10 | V |
| 0.447 | 24.794 | 4.344e+01 | 9.10e-01 | 12.187 | 0.80 | V |
| 0.506 | 28.795 | 4.420e+01 | 9.38e-01 | 12.326 | 1.94 | V |
| 0.565 | 32.796 | 4.497e+01 | 9.65e-01 | 12.362 | 2.98 | V |
| 0.625 | 36.794 | 4.575e+01 | 9.92e-01 | 12.368 | 3.85 | V |
| 0.685 | 40.795 | 4.649e+01 | 1.02e+00 | 12.378 | 4.54 | V |
| 0.744 | 44.796 | 4.719e+01 | 1.05e+00 | 12.393 | 5.12 | V |
| 0.804 | 48.798 | 4.785e+01 | 1.07e+00 | 12.406 | 5.62 | V |
| 0.863 | 52.796 | 4.839e+01 | 1.10e+00 | 12.424 | 6.05 | V |
| 0.922 | 56.796 | 4.897e+01 | 1.12e+00 | 12.437 | 6.39 | V |
| 0.982 | 60.799 | 5.012e+01 | 1.17e+00 | 12.403 | 6.85 | V |
| 1.042 | 64.800 | 5.147e+01 | 1.23e+00 | 12.363 | 7.24 | V |
| 1.103 | 68.796 | 5.282e+01 | 1.28e+00 | 12.363 | 7.60 | V |
| 1.163 | 72.799 | 5.391e+01 | 1.32e+00 | 12.389 | 7.95 | V |
| 1.222 | 76.799 | 5.455e+01 | 1.36e+00 | 12.434 | 8.24 | V |
| 1.282 | 80.804 | 5.505e+01 | 1.39e+00 | 12.468 | 8.49 | V |
| 1.345 | 84.795 | 5.773e+01 | 1.53e+00 | 12.404 | 8.65 | V |
| 1.394 | 87.990 | 6.024e+01 | 1.67e+00 | 12.329 | 8.87 | V |
| 1.456 | 91.992 | 6.322e+01 | 1.82e+00 | 12.343 | 9.18 | V |
| 1.518 | 95.989 | 6.626e+01 | 1.99e+00 | 12.370 | 9.48 | V |
| 1.554 | 97.991 | 6.915e+01 | 2.23e+00 | 12.361 | 9.61 | V |

Automatic V/P switch-over point reached. Switching to pressure control.

| 1.563 | 98.493 | 7.008e+01 | 2.33e+00 | 12.331 | 9.61 | V/P |
| 1.569 | 99.073 | 6.118e+01 | 2.20e+00 | 9.568 | 9.59 | P |
| 1.573 | 99.147 | 5.606e+01 | 2.06e+00 | 5.785 | 9.64 | P |
| 1.598 | 99.713 | 5.606e+01 | 2.09e+00 | 4.619 | 9.93 | P |
| 1.631 | 100.000 | 5.606e+01 | 2.58e+00 | 4.482 | 10.52 | Filled|
|----------------------------------------------------------------------|

End of filling phase results summary :

Current time from start of cycle = 1.6315 s
Total mass = 18.7494 g

Part mass = 16.2446 g
Sprue/runner/gate mass = 2.5048 g

Frozen volume = 10.5196 %
Injection pressure = 56.0638 MPa
Volumetric shrinkage - minimum = 0.5471 %
Volumetric shrinkage - maximum = 9.5521 %
Time at velocity/pressure switch-over = 1.5630 s
Injection pressure at velocity/pressure switch-over= 70.0798 MPa
Volume filled at velocity/pressure switch-over = 98.4932 %

End of filling. Packing will now commence.

Pack Analysis
|----------------------------------------------------------------------|
| Time | Packing | Inj Press | Clamp F | Part Mass| Frozen | Status|
| (s) | (%) | (MPa) | (tonne) | (g) | Vol (%)| |
|----------------------------------------------------------------------|
| 1.644 | 0.04 | 5.606e+01 | 2.76e+00 | 1.62e+01 | 10.72 | P |
| 1.673 | 0.15 | 5.606e+01 | 2.90e+00 | 1.63e+01 | 10.92 | P |
| 1.755 | 0.43 | 5.606e+01 | 3.03e+00 | 1.63e+01 | 11.55 | P |
| 1.979 | 1.22 | 5.606e+01 | 3.07e+00 | 1.63e+01 | 13.28 | P |
| 2.630 | 3.51 | 5.606e+01 | 2.79e+00 | 1.64e+01 | 18.33 | P |
| 3.254 | 5.71 | 5.606e+01 | 2.46e+00 | 1.64e+01 | 24.51 | P |
| 3.759 | 7.48 | 5.606e+01 | 2.21e+00 | 1.64e+01 | 30.53 | P |
| 4.178 | 8.96 | 5.606e+01 | 2.01e+00 | 1.64e+01 | 36.23 | P |
| 4.433 | 9.85 | 5.606e+01 | 1.88e+00 | 1.64e+01 | 40.36 | P |
| 4.614 | 10.49 | 5.606e+01 | 1.81e+00 | 1.64e+01 | 44.26 | P |
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| 4.845 | 11.30 | 5.606e+01 | 1.76e+00 | 1.64e+01 | 49.94 | P |
| 5.049 | 12.02 | 5.606e+01 | 1.74e+00 | 1.64e+01 | 53.85 | P |
| 5.309 | 12.93 | 5.606e+01 | 1.73e+00 | 1.64e+01 | 56.23 | P |
| 5.856 | 14.86 | 5.606e+01 | 1.72e+00 | 1.64e+01 | 59.60 | P |
| 6.669 | 17.71 | 5.606e+01 | 1.67e+00 | 1.64e+01 | 64.79 | P |
| 7.451 | 20.47 | 5.606e+01 | 1.63e+00 | 1.64e+01 | 70.13 | P |
| 8.184 | 23.04 | 5.606e+01 | 1.59e+00 | 1.64e+01 | 75.42 | P |
| 8.875 | 25.47 | 5.606e+01 | 1.55e+00 | 1.64e+01 | 80.67 | P |
| 9.534 | 27.79 | 5.606e+01 | 1.52e+00 | 1.64e+01 | 86.10 | P |
| 10.142 | 29.93 | 5.606e+01 | 1.49e+00 | 1.64e+01 | 91.12 | P |
| 10.746 | 32.05 | 5.606e+01 | 1.48e+00 | 1.64e+01 | 95.60 | P |
| 11.563 | 34.92 | 5.606e+01 | 1.46e+00 | 1.64e+01 | 99.57 | P |
| 11.564 | 34.93 | 4.906e+01 | 1.46e+00 | 1.64e+01 | 99.57 | P |
| 11.569 | 34.95 | 2.103e+01 | 1.46e+00 | 1.64e+01 | 99.58 | P |
| 11.573 | 34.96 | 0.000e+00 | 1.46e+00 | 1.64e+01 | 99.59 | P |
| 11.588 | 35.01 | 0.000e+00 | 1.46e+00 | 1.64e+01 | 99.62 | P |
| 11.648 | 35.22 | 0.000e+00 | 1.46e+00 | 1.64e+01 | 99.74 | P |
| 11.888 | 36.07 | 0.000e+00 | 1.41e+00 | 1.64e+01 | 99.99 | P |
| 12.848 | 39.44 | 0.000e+00 | 1.13e+00 | 1.64e+01 | 100.00 | P |
| 14.848 | 46.48 | 0.000e+00 | 8.56e-01 | 1.64e+01 | 100.00 | P |
| 16.848 | 53.51 | 0.000e+00 | 6.87e-01 | 1.64e+01 | 100.00 | P |
| 18.848 | 60.54 | 0.000e+00 | 5.70e-01 | 1.64e+01 | 100.00 | P |
| 20.848 | 67.58 | 0.000e+00 | 4.71e-01 | 1.64e+01 | 100.00 | P |
| 22.848 | 74.61 | 0.000e+00 | 3.89e-01 | 1.64e+01 | 100.00 | P |
| 24.848 | 81.64 | 0.000e+00 | 3.18e-01 | 1.64e+01 | 100.00 | P |
| 26.848 | 88.68 | 0.000e+00 | 2.57e-01 | 1.64e+01 | 100.00 | P |
| 28.848 | 95.71 | 0.000e+00 | 2.05e-01 | 1.64e+01 | 100.00 | P |
| 30.000 | 99.76 | 0.000e+00 | 1.76e-01 | 1.64e+01 | 100.00 | P |
|----------------------------------------------------------------------|

End of packing phase results summary :

Current time from start of cycle = 30.0000 s
Total mass = 18.9640 g

Part mass = 16.3905 g
Sprue/runner/gate mass = 2.5735 g

Frozen volume = 100.0000 %
Injection pressure = 0.0000 MPa
Volumetric shrinkage - minimum = 0.1724 %
Volumetric shrinkage - maximum = 9.5521 %
Maximum velocity = 5.8042E+04 cm/s
Maximum shear rate = 9.6230E+06 1/s

Execution time
Analysis commenced at Tue Jul 28 11:25:16 2009
Analysis completed at Tue Jul 28 11:48:23 2009
CPU time used 1333.79 s

equivalent to 0 hr, 22 min
Elapsed wall clock time 1387.00 s

equivalent to 0 hr, 23 min
Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Warp Analysis

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1994 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Tue Jul 28 11:48:28 2009

Model file name: design3aa_3d-new_coolingabs180.udm
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Reading solver parameters...
Reading mechanical property and shrinkage data...

Read input tetra mesh:
Total number of nodes: 36979 tetras: 202348

** WARNING 201412 ** The mesh aggregation option is used in the analysis. This option is
recommended for typical thin-walled parts, but should not be used
for chunky parts.

Warp Analysis using a 2-layer aggregated 2nd-order tetrahedral mesh.
Number of vertex nodes: 16224
Number of midside nodes: 95776
Total number of nodes in Warp analysis: 112000
Total number of elements in Warp analysis: 69536
Estimated memory requirement: 440 Mbytes.

Mapping shrinkage and material property data...

Defining anchor plane...
Number of separate cavities = 2

Writing input file for structural analysis program...

Launching structural analysis program...

Reading structural analysis input file...
...finished reading structural analysis input file.

Beginning load incrementation loop...

Setting structure information...

Assembling stiffness matrix...

Solving finite element static equilibrium equations...
Using AMG matrix solver

--------------------------------------------------------
Kstep Kstra Nref Nite Node Ipos Rfac Displacement
--------------------------------------------------------

1 1 1 0 15 1 1.000e+00 -2.986e-01

Minimum/maximum displacements at last step (unit: mm):

Node Min. Node Max.
-----------------------------------------------------
Trans-X 3456 -1.3967e-01 22625 1.7378e-01
Trans-Y 129295 -1.0024e-01 81421 1.6615e-01
Trans-Z 4915 -1.0358e-02 4725 2.9004e-01

Elapsed wall clock time in structural analysis: 101.08 secs.

Read input tetra mesh:
Total number of nodes: 36979 tetras: 202348

Mapping warpage result...
Writing result file...

Execution time
Analysis commenced at Tue Jul 28 11:49:24 2009
Analysis completed at Tue Jul 28 11:51:17 2009
CPU time used 108.14 s
Elapsed wall clock time 113.00 s

equivalent to 0 hr, 1 min
Warp analysis has completed successfully.
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Injection Machine Setup Sheet

General Information
------------------------------------------------------------------------------

Project Name: design3aa_3d-new_coolingabs210.udm

Version: ami2010

Date: Tue Jul 28 14:58:47 2009

Processing Type: Thermoplastics injection molding

Machine Name: Default injection molding machine #1

Material Name: Polylac PA-757 : Chi Mei Corporation
------------------------------------------------------------------------------

Machine Specification:
------------------------------------------------------------------------------

Maximum pressure: 193.0000 MPa

Screw diameter: 45.0000 mm

Maximum injection speed: 79.8526 mm/s

Screw intensification ratio: 10.0000

Machine maximum clamp force: 125.0000 tonne
------------------------------------------------------------------------------

Temperature Settings
------------------------------------------------------------------------------

Mold temperature: 27.5700 C

Melt temperature: 180.0000 C
------------------------------------------------------------------------------

Part Volume, Stroke and Maximum Clamp Force
------------------------------------------------------------------------------

Total volume of the part and cold runners: 18.7701 cm^3

Maximum clamp force required: 3.9275 tonne
------------------------------------------------------------------------------

Injection Settings
------------------------------------------------------------------------------

Filling Control:
---------------
Filling control type = Automatic
Fill time = 1.50 s
Stroke volume determination = Automatic
Filling control type = Injection time
Stroke volume determination = Automatic
Filling control type = Flow rate
Stroke volume determination = Automatic

Velocity/pressure switch-over:

Switch-over Time: 1.5655 s

Switch-over Pressure: 94.9632 MPa
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Switch-over Volume: 98.5798 %

Packing pressure profile

Duration Pressure
(s) (MPa)

0.0100 75.9706
9.9900 75.9706
0.0100 0.0000

18.4245 0.0000

Cooling time: 20.0000 s
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Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Cool Analysis

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1995 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Wed Jul 29 13:31:23 2009
Executed: Wed Jul 29 13:31:24 2009

Mesh Type = 3D Tetrahedra
Number of nodes = 36979
Number of beam elements = 214
Number of triangular elements = 0
Number of tetrahedral elements = 202348

Reading nodal data...
Reading beam element data...
Reading triangular element data...
Reading tetrahedral element data...

Method of calculating geometrical influence = Ideal

Cool analysis type = Manual

Total number of part elements = 26
Total number of runner elements = 26
Total number of shell facets = 20032
Total number of mold elements = 536
Total number of circuit elements = 188
Co-ordinates of part extremity:

X Y Z
Maximum 115.94844 mm 14.99562 mm 60.25000 mm
Minimum -14.99791 mm -15.16810 mm -0.00018 mm
Orientation 246.89479 mm 45.15934 mm 120.50018 mm

** WARNING 701360 ** Beam element 222394 has a very bad length/diameter ratio

** WARNING 701360 ** Beam element 222408 has a very bad length/diameter ratio

** WARNING 701380 ** Warnings were reported in the model.
Mesh quality may be poor.

Co-ordinates of mold extremity:
X Y Z

Center 50.47527 mm -0.08625 mm 30.12490 mm
Right corner 300.37662 mm 249.81511 mm 280.02626 mm
Left corner -199.42608 mm -249.98760 mm -219.77645 mm

Using mesh aggregation

** WARNING 701360 ** Beam element 222394 has a very bad length/diameter ratio

** WARNING 701360 ** Beam element 222408 has a very bad length/diameter ratio

** WARNING 701380 ** Warnings were reported in the model.
Mesh quality may be poor.

Total Mbytes required for Cool analysis = 216.78
Total Mbytes available for Cool analysis = 67372.51

Now beginning the task: Input part model

APPENDIX G.3
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Current time is: Wed Jul 29 13:31:59 2009

Now beginning the task: Input mold model
Current time is: Wed Jul 29 13:31:59 2009
Performing cooling network analysis

+---------+-------------+-----------------------+--------------+-------------+
| Inlet |Flowrate | Reynolds No. |Press. drop | Pumping |
| node |in/out | range | over | power over |
| | | | circuit | circuit |
| | (lit/min) | | (MPa) | (kW) |
+---------+-------------+-----------------------+--------------+-------------+
| 57016 | 3.81 | 4997.7 - 10000.0 | 0.0029 | 1.821e-04 |
| 57017 | 3.81 | 10000.0 - 11005.7 | 0.0166 | 0.001 |
+---------+-------------+-----------------------+--------------+-------------+

Now beginning the task: Boundary Integration
Current time is: Wed Jul 29 13:31:59 2009

Now beginning the task: Solution of equilibrium TMP field
Current time is: Wed Jul 29 13:32:28 2009
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 16.94|
| 4.41| 37.21|
| 8.01| 63.94|
| 13.06| 99.88|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 1| 35.000| 8| 20.000000| 0| 0.000000| 1.000000|
| 1| 35.000| 9| 29.997562| 0| 0.000000| 1.000000|
| 1| 35.000| 8| 22.488306| 0| 0.000000| 1.000000|
| 1| 35.000| 8| 12.430295| 0| 0.000000| 1.000000|
| 1| 35.000| 4| 0.013296| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 34.23|
| 4.41| 66.83|
| 8.01| 99.93|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.259510|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 1| 35.000| 12| 0.332396| 0| 0.000000| 1.000000|
| 1| 35.000| 0| 0.001008| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
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| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 33.76|
| 4.41| 66.48|
| 8.01| 99.77|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.005026|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 1| 35.000| 0| 0.000744| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
| 2| 35.000| 12| 0.599026| 0| 0.000000| 1.000000|
| 2| 35.000| 0| 0.002778| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 33.73|
| 4.41| 66.42|
| 8.01| 99.73|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.000045|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 2| 35.000| 0| 0.001718| 0| 0.000000| 1.000000|
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+----------+----------+----------+----------+----------+
+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 33.73|
| 4.41| 66.42|
| 8.01| 99.73|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+
| Residual | 0.000050|
+----------+----------+----------+----------+----------+----------+----------+
| | | | | | | |
|External |Cycle time|Avg temp |Avg temp |Dif temp |Dif temp |Circ temp |
|iteration | (s) |iteration |deviation |iteration |deviation |residual |
+----------+----------+----------+----------+----------+----------+----------+
| 3| 35.000| 8| 0.010459| 0| 0.000000| 0.000396|
| 3| 35.000| 0| 0.001297| 0| 0.000000| 0.000396|
| 3| 35.000| 0| 0.000701| 0| 0.000000| 0.000396|
+----------+----------+----------+----------+----------+----------+----------+
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+----------+----------+----------+----------+----------+----------+----------+

Coolant Temperatures

Inlet Coolant temp. Coolant temp. rise
node range over circuit

57016 25.0 - 25.1 0.1 C
57017 25.0 - 25.1 0.1 C

Final circuit temperature residual: 2.30719E-08

+----------+----------+
| |
|Calculating 3D fluxes|
| |
+----------+----------+
|Time (s) |(%)Frozen |
+----------+----------+
| 1.84| 33.73|
| 4.41| 66.42|
| 8.01| 99.73|
| 13.06| 100.00|
| 20.12| 100.00|
| 30.00| 100.00|
+----------+----------+

** WARNING 702560 ** Calculating internal mold temperatures option has been selected,
however the external mold boundaries have not been modeled.
Continuing analysis without calculating the internal mold temperatures.

Summary of Cavity Temperature Results

=====================================
Part surface temperature - maximum = 40.3667 C
Part surface temperature - minimum = 25.8067 C
Part surface temperature - average = 35.2474 C
Cavity surface temperature - maximum = 36.2482 C
Cavity surface temperature - minimum = 25.8067 C
Cavity surface temperature - average = 30.3771 C
Average mold exterior temperature = 25.5740 C
Cycle time = 35.0000 s

Execution time
Analysis commenced at Wed Jul 29 13:31:23 2009
Analysis completed at Wed Jul 29 13:39:38 2009
CPU time used 492.65 s

Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Coupled 3D Flow Solver.

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1995 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Wed Jul 29 13:39:40 2009
Mesh and boundary conditions file name : design3aa_3d-new_coolingpa6265.udm
Results files core name : design3aa_3d-new_coolingpa6265~4

Core shift calculation : ON
--------------------------------------------------------------------------
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Solver Parameters:
=================

Solver setup:
------------
Solver = Coupled 3D
Solution type = Stokes
AMG matrix solver selection = Automatic
Simulate inertia effect = No
Simulate gravity effect = No
Gate diameter at cavity injection locations = Automatic

Filling parameters:
------------------
Maximum %volume to fill per time step = 4.000 %
Maximum iterations per time step = 50
Convergence tolerance (scaling factor) = 1.000

Packing parameters:
------------------
Maximum time step = 2.000 s
Maximum iterations per time step = 50
Convergence tolerance (scaling factor) = 1.000

Intermediate results:
--------------------
Intermediate results type = Write at constant intervals
Number of intermediate results in filling phase = 5
Number of intermediate results in packing phase = 5
Number of intermediate results in cooling phase = 3

--------------------------------------------------------------------------

Material Data:
=============

Manufacturer Mitsubishi Group
Trade name Novamid-1010C2
Family name PA6

Specific heat (Cp) = 2600.0000 J/kg-C

Thermal conductivity = 0.2580 W/m-C

Transition temperature = 185.0000 C
PVT Model: 2-domain modified Tait

coefficients: b5 = 498.1500 K
b6 = 5.8000E-08 K/Pa
Liquid phase Solid phase
-------------------------------
b1m = 0.0010 b1s = 0.0010 m^3/kg
b2m = 6.4700E-07 b2s = 3.6900E-07 m^3/kg-K
b3m = 1.4300E+08 b3s = 1.8000E+08 Pa
b4m = 0.0036 b4s = 0.0046 1/K

b7 = 6.8500E-05 m^3/kg
b8 = 0.0440 1/K
b9 = 3.5900E-09 1/Pa

Viscosity model: Cross-WLF
coefficients: n = 0.1453

TAUS = 4.1673E+05 Pa
D1 = 4.7800E+13 Pa-s
D2 = 323.1500 K
D3 = 0.0000 K/Pa
A1 = 33.4000
A2T = 51.6000 K

Reading interface file from Cool analysis.

No mesh for the cores was found.
Core shift analysis switched OFF
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--------------------------------------------------------------------------

Model Details:
=============

Mesh Type = 3D Tetrahedra
Laminates across radius of beam elements = 12
Total number of nodes = 36789
Number of 3D nodes = 36762
Number of HS nodes = 25
Number of interface nodes = 2

Total number of injection location nodes = 1
The injection location node numbers are:

46800

Total number of elements = 202374
Number of part elements = 202374
Number of tetrahedral elements = 202348
Number of sprue/runner/gate elements = 26

Total volume = 18.7701 cm^3
Volume of tetrahedral elements = 16.2731 cm^3
Volume of sprue/runner/gate elements = 2.4970 cm^3
Volume filled initially = 0.0000 cm^3
Volume to be filled = 18.7701 cm^3

Part volume to be filled = 16.2731 cm^3
Sprue/runner/gate volume to be filled = 2.4970 cm^3

Parting plane normal (dx) = 0.0000
(dy) = 0.0000
(dz) = 1.0000

Total projected area = 8.0736 cm^2
--------------------------------------------------------------------------

Process Settings:
================

Machine parameters:
------------------
Maximum injection pressure = 1.9300E+02 MPa
Maximum machine clamp force = 1.2500E+02 tonne
Maximum machine injection rate = 1.2700E+02 cm^3/s
Machine hydraulic response time = 1.0000E-02 s

Temperature control:
-------------------
Melt temperature = 265.00 C
Mold temperature = 30.38 C
Mold-melt heat transfer coefficients

Global values. (Superseded by any values set on individual elements.)
Filling = 5000.0000 W/m^2-C
Packing = 2500.0000 W/m^2-C
Detached = 1250.0000 W/m^2-C

Atmospheric temperature = 25.00 C

Filling Control:
---------------
Filling control type = Automatic
Fill time = 0.92 s
Stroke volume determination = Automatic

Velocity/pressure switch-over control:
-------------------------------------
Velocity/pressure switch-over control type = Automatic

Pack/holding control:
--------------------
Pack/holding control type = %Filling pressure vs time
Pressure profile:

duration % filling pressure
-----------------------------

0.00 s 80.00
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10.00 s 80.00

Cooling time:
------------
Cooling time determination = Prior Cool analysis
Injection + packing + cooling time = 30.00 s

--------------------------------------------------------------------------

AMG matrix solver = Not used
--------------------------------------------------------------------------

Filling Phase: Status: V = Velocity control
============= V/P = Velocity/pressure switch-over

P = Pressure control
|----------------------------------------------------------------------|
| Time | Fill Vol| Inj Press | Clamp F | Flow Rate| Frozen | Status|
| (s) | (%) | (MPa) | (tonne) | (cm^3/s) | Vol (%)| |
|----------------------------------------------------------------------|
| 0.018 | 2.000 | 3.183e+00 | 0.00e+00 | 17.614 | 0.00 | V |
| 0.063 | 5.929 | 6.450e+00 | 0.00e+00 | 18.412 | 0.00 | V |
| 0.070 | 7.055 | 6.872e+00 | 0.00e+00 | 19.343 | 0.00 | V |
| 0.098 | 10.004 | 7.798e+00 | 7.80e-03 | 19.672 | 0.00 | V |
| 0.129 | 13.292 | 1.012e+01 | 8.06e-02 | 19.580 | 0.00 | V |
| 0.131 | 13.294 | 1.076e+01 | 1.33e-01 | 17.640 | 0.00 | V |
| 0.132 | 13.308 | 1.162e+01 | 2.71e-01 | 12.034 | 0.00 | V |
| 0.134 | 13.346 | 1.348e+01 | 3.59e-01 | 6.964 | 0.00 | V |
| 0.138 | 13.476 | 1.739e+01 | 4.62e-01 | 6.662 | 0.11 | V |
| 0.150 | 13.990 | 2.479e+01 | 6.33e-01 | 10.321 | 0.06 | V |
| 0.188 | 17.021 | 3.032e+01 | 7.66e-01 | 15.901 | 0.05 | V |
| 0.218 | 21.023 | 3.230e+01 | 8.26e-01 | 19.120 | 0.51 | V |
| 0.255 | 25.022 | 3.311e+01 | 8.48e-01 | 19.857 | 1.81 | V |
| 0.292 | 29.024 | 3.503e+01 | 9.14e-01 | 19.964 | 4.09 | V |
| 0.331 | 33.022 | 3.561e+01 | 9.25e-01 | 20.010 | 5.76 | V |
| 0.368 | 37.025 | 3.747e+01 | 9.93e-01 | 20.043 | 6.96 | V |
| 0.406 | 41.025 | 3.762e+01 | 9.89e-01 | 20.097 | 8.08 | V |
| 0.443 | 45.026 | 3.876e+01 | 1.03e+00 | 20.199 | 8.88 | V |
| 0.481 | 49.025 | 3.917e+01 | 1.04e+00 | 20.175 | 9.72 | V |
| 0.519 | 53.027 | 3.908e+01 | 1.03e+00 | 20.310 | 10.51 | V |
| 0.556 | 57.027 | 3.914e+01 | 1.04e+00 | 20.345 | 11.23 | V |
| 0.593 | 61.027 | 3.932e+01 | 1.04e+00 | 20.321 | 12.00 | V |
| 0.631 | 65.027 | 3.949e+01 | 1.05e+00 | 20.313 | 12.65 | V |
| 0.669 | 69.030 | 3.963e+01 | 1.05e+00 | 20.318 | 13.25 | V |
| 0.706 | 73.029 | 3.973e+01 | 1.06e+00 | 20.324 | 13.83 | V |
| 0.744 | 77.030 | 3.984e+01 | 1.06e+00 | 20.328 | 14.37 | V |
| 0.782 | 81.028 | 3.986e+01 | 1.06e+00 | 20.333 | 14.78 | V |
| 0.820 | 85.025 | 4.032e+01 | 1.09e+00 | 20.318 | 15.32 | V |
| 0.858 | 89.025 | 4.066e+01 | 1.10e+00 | 20.305 | 15.98 | V |
| 0.897 | 93.024 | 4.114e+01 | 1.13e+00 | 20.309 | 16.68 | V |
| 0.930 | 96.514 | 4.138e+01 | 1.15e+00 | 20.315 | 17.23 | V |
| 0.948 | 98.254 | 4.215e+01 | 1.18e+00 | 20.289 | 17.48 | V |
| 0.957 | 99.124 | 4.211e+01 | 1.19e+00 | 20.301 | 17.56 | V |

Automatic V/P switch-over point reached. Switching to pressure control.

| 0.962 | 99.561 | 4.324e+01 | 1.28e+00 | 20.145 | 17.56 | V/P |
| 0.969 | 100.000 | 3.703e+01 | 1.54e+00 | 19.941 | 17.62 | Filled|
|----------------------------------------------------------------------|

End of filling phase results summary :

Current time from start of cycle = 0.9690 s
Total mass = 18.7744 g

Part mass = 16.2749 g
Sprue/runner/gate mass = 2.4995 g

Frozen volume = 17.6159 %
Injection pressure = 37.0292 MPa
Volumetric shrinkage - minimum = 7.1058 %
Volumetric shrinkage - maximum = 17.0133 %
Time at velocity/pressure switch-over = 0.9618 s
Injection pressure at velocity/pressure switch-over= 43.2449 MPa
Volume filled at velocity/pressure switch-over = 99.5610 %
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End of filling. Packing will now commence.

Pack Analysis
|----------------------------------------------------------------------|
| Time | Packing | Inj Press | Clamp F | Part Mass| Frozen | Status|
| (s) | (%) | (MPa) | (tonne) | (g) | Vol (%)| |
|----------------------------------------------------------------------|
| 0.970 | 0.00 | 3.581e+01 | 1.60e+00 | 1.63e+01 | 17.70 | P |
| 0.972 | 0.01 | 3.460e+01 | 1.61e+00 | 1.63e+01 | 17.72 | P |
| 0.977 | 0.03 | 3.460e+01 | 1.70e+00 | 1.63e+01 | 17.87 | P |
| 0.991 | 0.08 | 3.460e+01 | 1.84e+00 | 1.63e+01 | 18.30 | P |
| 1.015 | 0.16 | 3.460e+01 | 1.95e+00 | 1.63e+01 | 19.00 | P |
| 1.068 | 0.34 | 3.460e+01 | 2.02e+00 | 1.64e+01 | 20.53 | P |
| 1.228 | 0.89 | 3.460e+01 | 1.95e+00 | 1.64e+01 | 24.67 | P |
| 1.423 | 1.56 | 3.460e+01 | 1.77e+00 | 1.65e+01 | 29.37 | P |
| 1.629 | 2.27 | 3.460e+01 | 1.56e+00 | 1.65e+01 | 34.26 | P |
| 1.837 | 2.99 | 3.460e+01 | 1.35e+00 | 1.66e+01 | 39.12 | P |
| 2.041 | 3.69 | 3.460e+01 | 1.15e+00 | 1.67e+01 | 43.79 | P |
| 2.257 | 4.44 | 3.460e+01 | 1.14e+00 | 1.67e+01 | 48.79 | P |
| 2.473 | 5.18 | 3.460e+01 | 1.15e+00 | 1.67e+01 | 54.50 | P |
| 2.662 | 5.83 | 3.460e+01 | 1.14e+00 | 1.68e+01 | 60.36 | P |
| 2.823 | 6.38 | 3.460e+01 | 1.14e+00 | 1.68e+01 | 64.34 | P |
| 3.025 | 7.08 | 3.460e+01 | 1.14e+00 | 1.68e+01 | 66.85 | P |
| 3.429 | 8.47 | 3.460e+01 | 1.15e+00 | 1.69e+01 | 71.04 | P |
| 3.911 | 10.13 | 3.460e+01 | 1.15e+00 | 1.69e+01 | 75.76 | P |
| 4.422 | 11.89 | 3.460e+01 | 1.15e+00 | 1.69e+01 | 80.71 | P |
| 4.937 | 13.67 | 3.460e+01 | 1.15e+00 | 1.69e+01 | 86.30 | P |
| 5.399 | 15.25 | 3.460e+01 | 1.15e+00 | 1.69e+01 | 92.64 | P |
| 5.762 | 16.51 | 3.460e+01 | 1.15e+00 | 1.69e+01 | 97.40 | P |
| 6.144 | 17.82 | 3.460e+01 | 1.15e+00 | 1.69e+01 | 99.82 | P |
| 6.934 | 20.54 | 3.460e+01 | 1.14e+00 | 1.69e+01 | 100.00 | P |
| 8.934 | 27.43 | 3.460e+01 | 1.12e+00 | 1.69e+01 | 100.00 | P |
| 10.556 | 33.02 | 3.460e+01 | 1.06e+00 | 1.69e+01 | 100.00 | P |
| 10.962 | 34.41 | 3.460e+01 | 8.95e-01 | 1.69e+01 | 100.00 | P |
| 10.963 | 34.42 | 3.027e+01 | 8.80e-01 | 1.69e+01 | 100.00 | P |
| 10.968 | 34.43 | 1.297e+01 | 8.74e-01 | 1.69e+01 | 100.00 | P |
| 10.972 | 34.45 | 0.000e+00 | 8.70e-01 | 1.69e+01 | 100.00 | P |
| 10.987 | 34.50 | 0.000e+00 | 8.56e-01 | 1.69e+01 | 100.00 | P |
| 11.047 | 34.71 | 0.000e+00 | 8.03e-01 | 1.69e+01 | 100.00 | P |
| 11.287 | 35.53 | 0.000e+00 | 6.70e-01 | 1.69e+01 | 100.00 | P |
| 12.247 | 38.84 | 0.000e+00 | 3.66e-01 | 1.69e+01 | 100.00 | P |
| 13.955 | 44.72 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 15.774 | 50.99 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 17.774 | 57.87 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 19.774 | 64.76 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 21.774 | 71.65 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 23.774 | 78.54 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 25.774 | 85.42 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 27.774 | 92.31 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 29.555 | 98.44 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
| 30.000 | 100.00 | 0.000e+00 | 0.00e+00 | 1.69e+01 | 100.00 | P |
|----------------------------------------------------------------------|

End of packing phase results summary :

Current time from start of cycle = 30.0000 s
Total mass = 19.6426 g

Part mass = 16.8737 g
Sprue/runner/gate mass = 2.7688 g

Frozen volume = 100.0000 %
Injection pressure = 0.0000 MPa
Volumetric shrinkage - minimum = 6.2956 %
Volumetric shrinkage - maximum = 17.0133 %
Maximum velocity = 2.3205E+05 cm/s
Maximum shear rate = 1.0000E+07 1/s

Execution time
Analysis commenced at Wed Jul 29 13:39:40 2009
Analysis completed at Wed Jul 29 14:02:30 2009



278

CPU time used 1363.76 s
equivalent to 0 hr, 22 min

Elapsed wall clock time 1370.00 s
equivalent to 0 hr, 22 min

Copyright Autodesk, Inc. All rights reserved.
(C)2009
Portions of this software are covered by U.S. Patent Numbers 5,287,408 and 6,096,088.

Warp Analysis

Version: ami2010-main (Build 09034-001)
32-bit build

Analysis running on host: mukhtar-PC
Operating System: Windows Vista

Processor type: GenuineIntel x86 Family 6 Model 15 Stepping 13 ~1995 MHz
Number of Processors: 2

Total Physical Memory: 2037 MBytes

Analysis commenced at Wed Jul 29 14:02:34 2009

Model file name: design3aa_3d-new_coolingpa6265.udm

Reading solver parameters...
Reading mechanical property and shrinkage data...

Read input tetra mesh:
Total number of nodes: 36979 tetras: 202348

** WARNING 201412 ** The mesh aggregation option is used in the analysis. This option is
recommended for typical thin-walled parts, but should not be used
for chunky parts.

Warp Analysis using a 2-layer aggregated 2nd-order tetrahedral mesh.
Number of vertex nodes: 16224
Number of midside nodes: 95776
Total number of nodes in Warp analysis: 112000
Total number of elements in Warp analysis: 69536
Estimated memory requirement: 440 Mbytes.

Mapping shrinkage and material property data...

Defining anchor plane...
Number of separate cavities = 2

Writing input file for structural analysis program...

Launching structural analysis program...

Reading structural analysis input file...
...finished reading structural analysis input file.

Beginning load incrementation loop...

Setting structure information...

Assembling stiffness matrix...

Solving finite element static equilibrium equations...
Using AMG matrix solver

--------------------------------------------------------
Kstep Kstra Nref Nite Node Ipos Rfac Displacement
--------------------------------------------------------

1 1 1 0 15 1 1.000e+00 -9.769e-01

Minimum/maximum displacements at last step (unit: mm):
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Node Min. Node Max.
-----------------------------------------------------
Trans-X 5003 -4.5476e-01 23394 5.8506e-01
Trans-Y 132864 -3.1161e-01 84735 5.2953e-01
Trans-Z 4915 -8.6506e-03 23108 9.3029e-01

Elapsed wall clock time in structural analysis: 90.49 secs.

Read input tetra mesh:
Total number of nodes: 36979 tetras: 202348

Mapping warpage result...
Writing result file...

Execution time
Analysis commenced at Wed Jul 29 14:03:27 2009
Analysis completed at Wed Jul 29 14:05:07 2009
CPU time used 100.53 s
Elapsed wall clock time 100.00 s

equivalent to 0 hr, 1 min
Warp analysis has completed successfully.
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Injection Machine Setup Sheet

General Information
------------------------------------------------------------------------------

Project Name: design3aa_3d-new_coolingpa6265.udm

Version: ami2010

Date: Wed Jul 29 14:02:30 2009

Processing Type: Thermoplastics injection molding

Machine Name: Default injection molding machine #1

Material Name: Novamid-1010C2 : Mitsubishi Group
------------------------------------------------------------------------------

Machine Specification:
------------------------------------------------------------------------------

Maximum pressure: 193.0000 MPa

Screw diameter: 45.0000 mm

Maximum injection speed: 79.8526 mm/s

Screw intensification ratio: 10.0000

Machine maximum clamp force: 125.0000 tonne
------------------------------------------------------------------------------

Temperature Settings
------------------------------------------------------------------------------

Mold temperature: 30.3800 C

Melt temperature: 265.0000 C
------------------------------------------------------------------------------

Part Volume, Stroke and Maximum Clamp Force
------------------------------------------------------------------------------

Total volume of the part and cold runners: 18.7701 cm^3

Maximum clamp force required: 2.0226 tonne
------------------------------------------------------------------------------

Injection Settings
------------------------------------------------------------------------------

Filling Control:
---------------
Filling control type = Automatic
Fill time = 0.92 s
Stroke volume determination = Automatic
Filling control type = Injection time
Stroke volume determination = Automatic
Filling control type = Flow rate
Stroke volume determination = Automatic

Velocity/pressure switch-over:

Switch-over Time: 0.9618 s

Switch-over Pressure: 43.2449 MPa
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Switch-over Volume: 99.5610 %

Packing pressure profile

Duration Pressure
(s) (MPa)

0.0100 34.5959
9.9900 34.5959
0.0100 0.0000

19.0282 0.0000

Cooling time: 20.0000 s
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APPENDIX H

Moldflow Analysis Results
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Figure H.1.1: Maximum Shear Rate For HIPS

Figure H.1.2: Maximum Shear Rate For ABS

APPENDIX H.1
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Figure H.1.3: Maximum Shear Rate For PA6
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Figure H.2.1: Clamp Force: XY Plot For HIPS

Figure H.2.2: Clamp Force: XY Plot For ABS

APPENDIX H.2
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Figure H.2.3: Clamp Force: XY Plot For PA6
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Figure H.3.1: Freeze Time For HIPS

Figure H.3.2: Freeze Time For ABS

APPENDIX H.3
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Figure H.3.3: Freeze Time For PA6
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APPENDIX I

Surface Roughness Value
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Polished Surface Core Insert 1

Point 1 Point 2 Point 3 Point 4
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Polished Surface Core Insert 2

Point 1 Point 2 Point 3 Point 4
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Sparked Surface Core Insert 1

Point 1 Point 2 Point 3 Point 4
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Sparked Surface Core Insert 2

Point 1 Point 2 Point 3 Point 4
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Sparked Surface Core Insert 1

Point 1 Point 2 Point 3 Point 4



APPENDIX I.6

295

Sparked Surface Core Insert 2

Point 1 Point 2 Point 3 Point 4
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Measurement the surface roughness of the core inserts

Figure I.7.1: Set-up equipment for measuring the surface roughness

APPENDIX I.7
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(a) Calibration (b) Positioning

(c) Setting-up (d) Reading process

(e) Reading process (f) Reading value

Figure I.7.2: Process for measuring the surface roughness
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APPENDIX J

Sample Graph for Ejection Force

Dry-run and with Moulding



APPENDIX J.1
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Figure J.1: Dry run (without molding)

Figure J.2: Ejection force (with molding)
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APPENDIX K

Tabulated Data for L81 Orthogonal Array
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APPENDIX K.1
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APPENDIX K.2
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APPENDIX K.3
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