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ABSTRACT

Existing techniques for the production of conventional steel tooling for plastic injection
moulding are expensive and time consuming. The result is that many new products often
do not advance beyond the prototype stage. This thesis describes an investigation into the
possibility of using laser-sintered Alumide® (an aluminium-filled polyamide material) in a
novel approach as an alternative process for producing rapid tooling inserts for the

injection moulding process.

Alumide® material properties and process parameters, such as heat capacity, accuracy
and surface roughness, required for injection moulding applications, were examined. To
reduce internal stresses during the manufacturing process of Alumide® inserts, which
could result in warpage, the inserts need to be shelled. For shelled inserts to withstand the
injection pressures occurring during an injection moulding cycle, they need to be backfilled.
A suitable backfilling material as well as a suitable wall thickness for the shelled Alumide®

inserts was determined.

Injection moulding trials conducted with Alumide® inserts showed that conformal cooling
channels inside the inserts have an influence on the cooling of the inserts. During the trials,
cooling channels underneath the cavities of the Alumide® inserts collapsed due to injection
pressures of the molten polymer. To prevent cooling channels from collapsing during an
injection moulding cycle, a suitable distance between the cavity surface and a cooling

channel was ascertained.

To determine the durability of Alumide® inserts for the injection moulding process, a
geometrical product was developed and Alumide® inserts were manufactured for injection
moulding trials. Two hundred geometrical parts were manufactured from Alumide® inserts
using Polypropylene (PP) and Acrylonitrile-Butadiene-Styrene (ABS) with minimal wear on
the inserts. Injection moulding trials conducted with Polycarbonate (PC) and Polyamide 6
(PA 6) resulted in significant wear during the first few injection moulding cycles. From these
trials, it was concluded that polymer materials with process parameters similar to PP and

ABS can be used with Alumide® inserts for the injection moulding process.

A limited production run for an electrical enclosure was conducted with Alumide® inserts.

Two sets of inserts were manufactured and injection mould trials with PP and ABS were
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conducted. Two hundred parts were manufactured from each set of inserts using PP and

ABS, without significant wear to the inserts. Production with the ABS material was
continued and 2500 parts were manufactured from the Alumide® inserts with deformation
occurring to the fixed side insert (cavity) and minimal wear to the moving side insert

(punch).

A manufacturing cost and time comparison between Alumide® inserts, tool steel and
aluminium inserts (manufactured through conventional manufacturing techniques),
additive manufactured inserts (through the Direct Metal Laser Sintering (DMLS) and
PolyJet processes) and parts manufactured directly from additive manufacturing
processes (rapid manufacturing), were conducted. From the comparisons, it was evident
that Alumide® inserts are the most cost-effective manufacturing process to produce limited
run plastic injection moulded parts.
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1.1 Introduction

Product development is a set of activities that transforms a concept into a product or
service that is usable for the marketplace. Innovative companies use product development
to increase demand or even create entirely new markets through innovative product
design. In today’s technology-driven marketplace, new products are essential for the
survival of a company [1]. The complete process of developing a new product is filled with
uncertainties and the risks involved are substantial. New product development seems to

be widely acknowledged as a necessary evil [2].

Almost every product used daily consists of some if not all plastic components. The
successful design of plastic products is a challenge for product development teams and
contains financial risks to a company. The plastic industry is one of the world’s fastest-
growing industries, ranked as one of the few billion dollar industries of the world. Plastics
have transitioned from a “cheap” alternative for metal and glass to the material of choice,
providing unique properties and significant cost savings [3]. The plastic industry is also
important in enabling growth in industries such as automotive, aerospace, electrical,

electronic, construction, food and beverage.

Most of these plastic parts are produced by the plastic injection moulding (IM) process [4].
For every plastic part to be produced, a mould must be custom-designed and
manufactured which can easily cost tens to hundreds or thousands of Rand. This can be
several thousand times the unit cost of the plastic part manufactured through the mould.
The process of designing and manufacturing a mould as well as the production of the first
plastic part can easily take up to 20 weeks. The economical manufacturing of plastic parts
depends upon the characteristics of the plastic material and the influence it has on the part

design, mould manufacturing and production processes [5].

Due to the high cost of conventional tooling, most new product developments never realise
because they are too risky to manufacture. When conventional tooling is removed from
the equation, it becomes more feasible to introduce new products in small quantities which
can then be used to investigate their possible market potential [6]. The design to production

time for new components continues to decrease, thus the long lead times of manufacturing
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production tooling conventionally becomes an obstacle in responding to customer
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demands [7]. This has led to the development of Rapid Tooling (RT) technologies. RT is
based on Additive Manufacturing (AM) technologies for quickly manufacturing prototypes
or production tooling inserts directly from Computer Aided Design (CAD) data by

selectively adding material layer upon layer [8].
1.2 Problem statement

Existing techniques for the production of conventional steel tooling for plastic IM are
expensive and in some instances, time consuming. Therefore, many new plastic parts
developments do not advance beyond the prototype stage, since product developers do
not want to take the risk of investing a large amount of money in IM tooling for a product
that may not succeed commercially. A prototype of the product can be produced through
AM which can be used for evaluation; however, there are a limited number of materials
that can be processed through AM. Sometimes parts need to be manufactured in an end-
use material, such as for mechanical testing or clinical trials, which may not be possible
through AM. A new RT process needs to be developed that is able to produce a limited
number of plastic IM parts at a reduced cost and time in order to evaluate the product

before money is invested in conventional steel tooling for production.
1.3 Aim of study

The aim of this research was to investigate the possibility of using Laser Sintering (LS) of
Alumide® (an aluminium-filled polyamide material) as an alternative process for producing
RT inserts. This is a novel use of the material, with initial IM experiments performed by
researchers at Central University of Technology (CUT), Free State as early as 2006. It was
found that Alumide® inserts can be manufactured in about 30% of the time that it will take
to produce the same size DMLS inserts, and the material cost of Alumide® is about four
times less than that of DMLS material. Considering these two factors, it becomes viable to

produce the entire product’'s geometry using only Alumide® inserts in bolsters.
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1.4 Hypothesis

Alumide® can be used successfully as a RT medium in a plastic IM mould. This technique
is likely to reduce the cost of tooling for limited production of injection-moulded parts for

evaluation purposes.
1.5 Objectives

The objectives for this research study were as follows:

e Conduct a literature review on polymer consumption, the IM process, manufacturing
through IM as well as existing AM processes and RT techniques.

e Investigate the mechanical properties of Alumide®.

e Determine the effect of cooling channels inside an Alumide® insert.

e Determine the durability of Alumide® inserts in tooling applications.

e Determine the suitability of Alumide® inserts for processing different polymer
materials through IM.

e Conduct manufacturing time and cost comparisons between Alumide®, DMLS,
PolyJet, and conventionally manufactured inserts as well as parts manufactured
through AM.

1.6 Methodology

The methodology to determine if Alumide® can be used as a tooling medium for plastic

IM was as follows:

e Determine Alumide® material properties and part properties
Material properties such as mechanical strength and thermal conduction were
investigated and verified with experiments. Products manufactured from Alumide®
were measured and compared to CAD drawings to determine the accuracy of the
manufactured components. Surface roughness, due to the stair steps caused by
the layer-by-layer manufacturing of the process, was measured and different

finishing techniques were compared to improve the surface finish.
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Investigate suitable shelling thickness and backfill material for Alumide®
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inserts

Shelling of the Alumide® insert reduces warpage during the manufacturing process
of the insert. It can also reduce the building cost and time to manufacture the insert.
During the IM process inserts are subjected to high injection pressures and
temperatures as molten material is forced into the mould cavities. The shelled
Alumide® inserts need to be backfilled so that they will not collapse when subjected
to this injection pressures. A suitable backfill material needed to be identified that
could withstand the temperatures and pressures occurring during an IM cycle. An
optimal shelling wall thickness that would not deform during the backfilling process
and provide sufficient strength and support to internal mould features during the AM
manufacturing process had to be determined, while still ensuring that the insert
could be manufactured cost-effectively.

Effect of cooling channels inside an Alumide® insert

The effectiveness of a cooling channel inside an IM mould depends upon its ability
to transfer heat from the cavity surface to the cooling water flowing through the
cooling channel. This depends upon the heat transfer coefficient of the insert
material as well as the distance of the cooling channel from the cavity surface.
Experiments were conducted to determine the minimum distance a cooling channel
needs to be positioned from a cavity surface of an Alumide® insert to prevent
deformation during an IM cycle. The heat removed by a cooling channel from a
cavity surface was simulated for an Alumide® insert through virtual moulding
software.

Determine the durability of Alumide® inserts in tooling applications

IM trials with Alumide® inserts containing different geometrical features were
conducted to determine the wear of these features during a production run. The
maximum number of parts that could be manufactured from an Alumide® insert was
also determined through a production run.

Evaluate suitability of Alumide® inserts for processing different polymers
through IM

IM trials were conducted to determine the suitability of Alumide® inserts with

polymers which have different processing temperatures and parameters.

© Central University of Technology, Free State



: Central University of
Technology, Free State

e Evaluate cost and time comparisons

Chapter 1 Page |5

The differences between the manufacturing costs and time spent manufacturing
inserts using conventional methods; DMLS, PolyJet, rapid manufacturing and
Alumide®, were compared to determine the feasibility of Alumide® inserts for limited

production runs.
1.7 Limitations of study

e Due to the high cost of Alumide® powder (R750 per kg), only a limited number of
inserts could be produced through the AM process for experimental work.

e Only conformal cooling channels with round and oval geometries with a cross-
sectional area the same as an 8 mm diameter cooling channel were used in
Alumide® inserts during IM trials.

e Due to cost constraints, only PP, ABS, PC and PA 6 IM materials were used during
IM trials with Alumide® inserts.

e Due to the high cost to scan and compare the Alumide® inserts with the CAD models
by a 3" party, only a limited number of scans and comparisons during the study

could be conducted.
1.8 Original contribution to the field of study

This research study investigated the novel approach of using Alumide®, developed for the
manufacturing of AM prototypes, as a medium to manufacture IM inserts. With Alumide®,
IM inserts can be produced in a shorter lead time and cheaper than inserts manufactured
through conventional manufacturing techniques. This will reduce the cost and time to
market of products thus improving the idea to product success rate for new product
developments.
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1.9 Flow diagram of study
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The composition of the thesis is represented in Figure 1.1 through a flowchart.
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Chapter 6

Conclusion and
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Figure 1.1 Flowchart of the composition of the thesis.
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2.1 Introduction

To remain competitive in the marketplace, product development is essential for the survival
of a company [9]. A successful new product can result in profits and growth, while an

unsuccessful product can lead to market and financial losses to a company [10, 11].
2.2 Drive behind product development

The drive behind new product development can be initiated by the following [12]:

e Technological advances. Advances in technology provide an opportunity to
improve existing products [13].

e Changing customers’ needs. The market for products is changing regularly, as
the consumers’ preferences, needs and wants are changing. Customers expect
new products with significant improvements more frequently [14].

e Shortening product life cycles. Shortening of a product’s life cycle is due to
technological advances and changing demands of the market. A product’s life cycle
has decreased by a factor of about four over the past fifty years, as shown in
Figure 2.1. This renders the product obsolete, necessitating a new product

development.

u Fifty years ago = Now

Pharmaceuticals
Food items
Tools

Toys

Cosmetics

0 5 10 15 20 25 30
Lenght of life cycle (years)

Figure 2.1 Reduction in different product’s life cycles during the past fifty years [12].
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2.2.1 Increased global competition

The globalisation of markets has created significant opportunities for the product developer
but it has also increased the competitiveness in the marketplace. Important factors to be
competitive in the market place are speed and change. Markets and technology are
changing more rapidly than before. The ability to introduce new products into the market
ahead of the competition, within the window of opportunity, is important to be a successful

competitor. The main advantages are [12]:

e Competitive advantage. The ability to respond to customers’ needs and changing
markets, faster than the competition, is important to be successful.

e Fewer surprises. The ability to respond quickly to market changes should be
considered as an opportunity rather than a threat. Reducing the lead times of a
product development process decreases the possibility that the market conditions
will change as the development proceeds.

e Higher profitability. Speed to market may improve a product’s success by
increasing market acceptance. The quicker a company can launch a new product
the more certainty the company has of predicting customer preferences, thus

creating a product concept customers find attractive [15].
2.3 Plastic product development

More than 70% of components in consumer products are manufactured using plastic
materials [16]. There are more than 120 000 plastic materials available, each with unique
material properties [17]. Replacing metallic products with plastic products resulted in an
increased demand for engineering plastic materials internationally. Engineering plastics is
the fastest growing sector in the plastics industry [18]. More and more applications are
being found for the plastics industry to manufacture products compared to traditionally
used materials such as steel and aluminium [18]. Since the 1970’s, the global production
of plastics has increased nearly 9 times compared to 4.5 times for aluminium and 2.5 times
for steel [19].

Plastic materials can be used as a suitable replacement for metallic products due to the
following characteristics [17]:

e Less weight compared to similar size metallic product.
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e Lower material cost.

e Economical mass production [18].

e Specific electrical, isolative features.

e Easier part joining.

e Products can be manufactured with a specific colour during the manufacturing
process.

e Corrosion resistance [18].

From 2005 until 2015, global plastic production increased annually. The plastic industry
has an important role in the global economy since other industries depend on plastic
products to generate income and continue to function. During 2013, the plastic industry
was one of the biggest contributors to the European Union manufacturing sector [20].
Global production of plastics during 2016 increased to 335 million tons, a 3.8% increase
from 2015 [21]. Figure 2.2 illustrates the European and global plastics production from
2007 to 2016.

m Global plastics production = European plastics production

2007
2011
2012
2013
2014
2015
2016

0 50 100 150 200 250 300 350 400
M tonnes

Figure 2.2 Global and European plastic production from 2007 to 2016 [21].

Data released by Plastics South Africa shows that the plastic consumption in South Africa
increased at a steady rate from 2005 to 2016. Figure 2.3 indicates the annual consumption
of polymer materials in South Africa from 2005 to 2016 [22].
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Figure 2.3 Plastic material consumption in South Africa from 2005 to 2016 [22].
2.4 Classification of plastics

Plastics describe a compound of polymers and different additives. Polymers consist of
molecules with a high molecular weight. These large molecules are called
macromolecules. The macromolecular structures of a polymer are generated synthetically
or through natural processes. The basic structure of polymer materials is determined by
its macromolecule structure, which consists of a repeating sequence of monomer units.
Monomer units consist mainly of carbon (C) and hydrogen (H) atoms. Besides carbon and
hydrogen, elements such as nitrogen (N), oxygen (O), sulphur (S), fluorine (F) and chlorine
(Cl) can also be found in a monomer unit [23]. The type of element, their placing and
proportion in the monomer unit differentiate one polymer material from another, each with

its own unique physical and rheological properties.

Additives are added to plastics to alter or improve certain properties such as mechanical,
physical or chemical. Examples of additives that can be added are processing stabilisers,
ultraviolet (UV) stabilisers, reinforcements, flame retardants and colourants [24].

The macromolecular structures as well as the temperature-dependant physical properties

differentiate plastic materials into four main groups, as illustrated by Figure 2.4 [25]:

e Thermoset polymers
e Elastomers
e Thermoplastic polymers

e Polymer compounds
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Elastomers
Amorphous Butadiene- Epoxy Resins Polymer blends
: Elastomers
Thermoplastics Phenol Resins
Styrene-Butadiene-
| Elastomers Polyester Resins ABS/PC
Polycarbonate (PC)
Polyurethane PE/PAG
Polystyrene (PS)
PP/PA
Polyvinylchloride
(PVC)
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Polyethylene (PE) reinforcement Styrene-Acrylonitrile
Polypropylene (PP) TPEA (SAN)
TPE-S
TPE-U

Figure 2.4 Classification of plastics [25].

Thermoset polymers

Thermosets are polymers that chemically react during processing to form irreversible
cross-linked bonds between the macromolecular structures. Thermoset polymers are
usually stronger than thermoplastic polymers after processing. Thermoset products are
formed through a combination of heat and pressure. Due to the cross-linked bond,
thermoset product’s mechanical strength and elasticity is not temperature dependant, thus
it cannot be remelted and reused. A typical application for thermoset products is where

high strength and/or high heat resistance as well as chemical resistance are required [26].
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Elastomers

Elastomers are plastic materials which consist of wide, netlike, cross-linked bonds
between the molecules. Elastomers cannot be remelted without the degradation of the
molecular structure. Above the glass transition temperature of an elastomer, the elastomer
is soft elastic. Below its glass transition temperature, the elastomer becomes hard elastic
to brittle [27].

Polymer compounds

Polymer compounds are composed of different polymers to achieve specific material

properties such as high elasticity or fatigue strength [25].
Thermoplastic polymers

Thermoplastic polymers consist of individual polymer chains. These types of polymer
soften and flow when heated. While heated, the material can be injected into a mould [28].
The material hardens during a cooling process and retains the shape of the mould it is
injected into. Due to this processing characteristic, thermoplastic polymers can be injection
moulded and extruded. Because there are not any cross-links created during processing,

thermoplastic polymers can be reground and reused [29].

Thermoplastic polymers are also classified by their crystalline or amorphous state. Semi-
crystalline and amorphous polymers have different characteristics. Semi-crystalline
polymers have more stiffness and increased toughness compared to amorphous
polymers. Semi-crystalline polymers have better flow characteristics, which is an
advantage when filling thin-walled sections of a mould. Semi-crystalline polymers
generally have better chemical resistance, greater stability at higher temperatures and
better creep resistance compared to amorphous polymers. Amorphous polymers have
better impact strength, less mould shrinkage and part warpage in comparison with

crystalline materials [27].

Thermoplastic polymers are the most used polymer material due to their lower cost and
relatively lower processing conditions compared to thermoset polymers. More than one
third of all thermoplastic materials are injection moulded, and more than half of all polymer

processing equipment used are IM machines [5].
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The reasons to design products made out of thermoplastic is either to create new products
or to create something similar to an existing product which is better and more appealing
to the consumer or more economical to produce [30]. Since thermoplastic product design
and mould design are inter-dependant, it is necessary for both product and mould design
engineers to understand the thermoplastic product development process and the role of

mould design and mould making [31].
2.5.1 Thermoplastic product design process
The basic stages for a thermoplastic product design are as follows [32]:

e Defining end use requirements. The product development process starts with a
complete and thorough definition of the product specifications and the end use
requirements.

e Create preliminary concept. After the end use requirements for the product have
been specified, the product development team will develop initial concept sketches
of the product.

e Material selection. Material selection is accomplished by choosing a material that
is best suited for the end use requirements of the product.

e Design for the selected material. Because there are differences in the properties
of the individual polymer materials, there will also be a change in the product
geometries associated with each of the different materials. Figure 2.5 shows
product geometries for three different materials (Polyamide 66 {PA 66},
Polypropylene {PP} and High Density Polyethylene {HDPE}), designed for the same
application. Because of the different material properties of the individual materials,

the geometry has to be adjusted to obtain the same required strength.
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Figure 2.5 Product geometries adjusted for the different thermoplastic materials to obtain
the same strength [32].

Design for manufacturability. The designer must design the product with
geometries that are mouldable. Factors such as radii, draft angles and surface
texturing must be considered.

Prototyping. The final product design is usually prototyped to evaluate the
manufacturability and performance capabilities. Mould simulation software can
predict and assist in the mould filling, weld line appearance, warpage, sink marks,
etc. AM techniques can produce physical models of the product quickly and provide
models for communication, verification, ergonomics, and fit and functionality before
the IM tool is built [33].

Tooling. Tooling for the IM process is a very important phase in the product
development cycle. Creating IM tooling for the production of components
represents one of the most time consuming and costly phases in the development
of new products [34]. The operations and consequences of filling the mould,
packing, cooling and demoulding have to be considered during the design process.
Otherwise unforeseen problems may make it necessary to modify the mould,
thereby incurring extra costs and prolonging the development time [23].
Production. Once the production tools are completed, first-off samples are
manufactured through an IM process. After approval, production of the product

commences.
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Figure 2.6 illustrates the product development cycle from an idea to the manufacturing of

Chapter

the new product. It also illustrates the different options that exist for the IM tooling

fabrication for the new product.

Idea for new product

Approval

Fur_rr.tiﬂnal Designfor s
requirements manufacturing
Fits and tolerances Material selection

Approval ——@—b

* |

Approval
Conventional Rapid Hybnd Soft
tooling tooling tooling toaling

Figure 2.6 Schematic illustration of the product development process adapted from [15].
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2.6 Injection mould development process

Injection mould design is very important, because it influences the quality and the
economics of the moulded part. Injection moulds need to be manufactured to the highest
precision since the moulded part’'s appearance, shape, size and strength are influenced
by the quality of the moulds. Injection moulds must also be reliable during the production
process and repeatedly create parts of the same standard. Repeatability and the lifespan
of an injection mould are determined by the mould material used, heat treatment of the
mould components, as well as the machining operations during the manufacturing of the
mould [35].

While designing a thermoplastic part, the IM process must also be considered. This has
an influence on the quality of the moulded parts as well as the efficiency obtained during
the moulding process [36]. When designing a thermoplastic part, considerations should be
given to the following:

e Wall thickness. Non-uniform wall thickness can cause dimensional problems,
warpage and sink marks. If greater strength or stiffness is required at certain areas
of the part, it is more economical to use ribs than to increase the wall thickness.
Thicker parts also need a longer cooling time, thus increasing the cycle time of the
parts [37].

e Fillets and radii. Sharp internal corners and notches are leading causes of plastic
component failure. Most of the polymers are notch-sensitive and the increased
stress at the notch can result in crack formation. It is easier to machine a corner
with a radius compared to producing a sharp corner which requires secondary
operations, thus increasing the cost of the mould manufacturing process [5].

e Draft angles. The surfaces of the parts need to be tapered in the direction of mould
separation to assist during the ejection of the part [15].

e Undercuts. Undercuts are formed by using split cavity moulds, collapsible cores or
sliding cores that retracts as the mould opens. Sliding cores add to the complexity
of the tool design as well as the manufacturing time and cost of a mould [5].

e Surface finish requirements. Injection-moulded thermoplastic parts can have a
variety of surface finishes, from a highly polished surface to a textured finish. The

choice of surface finish is normally based on cosmetic considerations. A textured
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finish, the easier the part will be ejected from the mould [15].

During the mould design process, it is sometimes required to redesign a previously
designed feature to suit the specifications of the moulded part and to obtain the most
economical method to manufacture a mould. The mould design process is illustrated in
Figure 2.7 [15, 38].

Ciuantities || Mumber of Selection of injection
required cavitieg moulding machine

Approved

> Mould design

Anticipated shrinkage * Par
*  Proceszing conditions
* Star
+  Symmetrical Placement of cavities
* Inline
* Hot runner
Feed system * Cold runner
» Conventional » Caonventional sprue
+ Pin point
* Submarine -
+ Flazh Type of gating
* Tab
+ Disc/diaphragm
phrad Coolin *  Surfaces
. Cors
* FPins Type of ejection
« Stripper ring/plate b 1
+ Mould base
Mould material + Inserts and mould plates
* Cores

v

Machining, polishing and assembling

v

Figure 2.7 Flow chart of the mould design process adapted from [38].
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After the mould has been machined, polished and assembled, it undergoes moulding trials
to verify the basic functionality of the mould. Moulded parts are sampled and assessed
according to the specifications [15]. If everything is approved, the mould is ready to go into
production.

Figure 2.8 illustrates the main components of an injection mould. Many of the mould
components have been standardised and can be easily ordered by catalogue, such as

guide pins and bushes, sprue bushes, ejector pins etc.

Locating ring

Sprue bush

Clamp plate

Guide bush

Cavity (Fixed half)

Punch (Moving half)

Punch bolster

Guide pin

Support plate

Ejector plate

Ejector pins

Riser

Ejector retainer plate

Clamp plate

Figure 2.8 Main components of a typical injection mould.

© Central University of Technology, Free State



( Central University of
Cha p ter 2 Technology, Free State Pa g e | 19

2.7 Manufacturing of plastic injection moulds

High-precision, high-quality injection moulds can be manufactured through conventional
manufacturing methods such as CNC machining. IM manufacturing is a highly labour
intensive process and these moulds are not mass-produced items. Mould manufacturers
must be able to meet close dimensional tolerances within tight time schedules to be

economically competitive. Mistakes can be very costly and time consuming to correct.

Almost all injection moulds are manufactured by machining operations, mostly by CNC
milling machines. Other manufacturing operations include CNC turning and Electrical
Discharge Machining (EDM). These manufacturing operations must machine the cavities
and cores so that very little post-processing operations, such as manual polishing, is

required [35].

Figure 2.9 and Figure 2.10 show a typical three axis CNC milling machine and a plunge
EDM machine used during the manufacturing of injection moulds.

Tool magazine

T‘—*g

Figure 2.9 Three axis CNC milling machine.
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Figure 2.10 A typical plunge EDM machine with its main components.
2.8 Injection moulding process

The IM process can mass-produce thermoplastic parts with complex shapes to precise
tolerances and dimensions at a high efficiency with a low cost per product [39]. The
demand for injection-moulded parts continues to increase annually, because the process
is the most efficient to economically produce large numbers of identical precision parts
[40].

Some advantages of the IM process:

e Aninjection-moulded part can replace an assembly of products [41].

e The part can be manufactured with the required surface finish and colour,
eliminating secondary operations [41].

e Compared to metals such as steel, an injection-moulded part has a lower mass,
good strength-to-weight ratio and can include specific physical properties (e.g.
corrosion-resistant properties) [3].

e The IM process is fast and well-automated [42].
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e The waste (e.g. the runner system) of the process can be recycled, reducing the
polymer material waste to a minimum [42].
Disadvantage of the IM process:

e The biggest disadvantage of the IM process is the very high initial capital outlay for
the moulds and IM machines [3].

Some factors that can influence the IM process are the type of polymer material used, the
material used to manufacture the injection moulds, the shape of the part to be

manufactured and the type of IM machine to manufacture the parts [43].
2.8.1 Injection moulding machine
An IM machine consists of the following components, as illustrated in Figure 2.11 [44]:

e Clamping mechanism
¢ Plasticising and injection unit

Stationary platen Polymer melt

Mould Reciprocating screw

Moving platen
\ / Plastic pellets

Tie bars X

s = Injection cylinder
<,g‘i /7
] B F- = == =
i\

g
o

b

N | o |7

— T

Barrel heaters

= Clamping unit _ Injection unit

Figure 2.11 Main components of an injection moulding machine.

Clamp force and shot size are used to identify the size of an IM machine. Other machine
parameters include the injection rate, injection pressure, screw design and the opening

between the tie bars [45].
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2.8.2 Injection moulding cycle

During the IM cycle, the IM machine converts granular or pelleted raw thermoplastic

material into moulded parts through plasticisation, injection, packing, cooling and ejection

stages.

The injection moulding cycle consists of the following stages [15]:

Plasticisation stage. During this stage, the polymer melt is plasticised from solid
granules or pellets through the combined effect of heat conduction from the heated
barrel and internal viscous heating caused by molecular deformation with the

rotation of an internal screw. This stage is illustrated in Figure 2.12.

Solid pellets
Polymer melt
o & o s 550 g
mm .’”
I \ V\ L]
] i . Barrel heaters
9 Reciprocating screw

Figure 2.12 Plasticisation of the polymer melt from solid granules or pellets.

Injection stage. During the injection stage, polymer melt is forced from the barrel
of the moulding machine into the mould. The injection phase is characterised by
high filling rates as well as high shear rates. Convection of the melt is the main
means of heat transfer. Due to the high injection speed, heat may also be generated
by viscous dissipation. Viscous dissipation depends on both the viscosity and

deformation rate of the material.

The mould, at a lower temperature than the polymer melt, causes solidification of
the polymer melt. Heat is removed from the melt through conduction from the mould
wall to the cooling system. This results in a thin layer of solidified material being

formed. Depending on the flow rate of the melt, this frozen layer can increase in
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thickness thereby restricting the flow of the incoming melt. This has a significant
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impact on the pressure required to fill the mould. Some factors influencing the
injection pressure inside a mould cavity are:

e Resistance in the runners and the gates [44].

e Temperature of the polymer melt [46].

e Viscosity of the polymer [45].

e Distance the polymer melt must flow from the gates to fill the part [45].

e Geometry of the cavity to be filled. Thin walls require more clamp force to
hold the mould closed during the filling stage because higher pressure is
required to fill the cavity [45].

e Rheology of the polymer melt [5].

The clamping unit needs to apply enough clamping force on the mould to keep it
closed during the injection stage because the injection pressure acting on the
internal surfaces of the cavity space tends to open the mould at the parting
plane [44]. When the total space in the cavity is filled, the injection phase is
completed but pressure is maintained by the moulding machine. This begins the
packing stage [39].

e Packing stage. After the mould cavity is filled with the polymer melt, the packing
stage forces additional material into the mould cavity to compensate for shrinkage
during cooling [47]. During the packing stage, heat is transferred through
conduction from the part to the mould; thus the frozen layer’s thickness continues
to increase. At some stage the gate will freeze, isolating the cavity from the pressure
applied by the moulding machine. This begins the cooling stage [39]. Figure 2.13

illustrates the injection and packing stages of the mould cavities.
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Figure 2.13 Injection and packing of mould cavities.

e Cooling stage. This stage provides time for the polymer to solidify through the
conduction of heat to the cooling channels and become sufficiently rigid to be

ejected out of the mould cavity.

e Ejection stage. When the part is sufficiently solidified, the mould opens and the
part is ejected from the mould cavity by ejector pins inside the mould. This stage is
illustrated in Figure 2.14.

Ejector pi
Ejector plates jector pins
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N
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Figure 2.14 Ejection stage of the plastic part.
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2.9 Conclusion

This chapter presented reasons for developing a new product and the different
development stages that are necessary to successfully introduce a new polymer part to
the market. For each new polymer part development, a mould needs to be designed and
manufactured to mass-produce the part through the IM process.

From this chapter it can be deduced that due to the high cost to manufacture plastic
injection moulds, most new products that are developed for manufacturing through the IM
process do not reach the commercialisation stage. Global competitiveness is increasing
the demand on mould manufacturers to reduce the lead time and costs of injection moulds
in order to be competitive in the market place. A possible solution to these problems is to

produce inserts that are suitable for use in the IM process through AM.
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3 ADDITIVE MANUFACTURING AND RAPID TOOLING

Chapter 3 Page |26

3.1 Introduction

Since AM was introduced in the late 80’s, it has become an important part of the product
development process in many industries [48]. The American Society for Testing and
Materials (ASTM) International Committee F42 on Additive Manufacturing Technologies
defines AM as: “The process of joining materials to make objects from 3D model data,

usually layer upon layer, as opposed to subtractive manufacturing technologies” [49].

AM prototype parts can be quickly produced for validation, measurement and in some
cases, actual trials [50]. Parts that may be difficult or even impossible to manufacture by
conventional manufacturing methods can often be manufactured through AM
technologies. Companies that apply AM technologies during the product development
stage are able to compete more effectively with other competitors in the marketplace [51].
AM can be a major cost- and time-saver as it allows the designer and manufacturer to see
what a part will look like at an early development stage. It also allows design changes or
product cancellations when such decisions are least expensive, particularly with highly

complex designs [50].

3.2 AM workflow

The various steps to create an AM part, from a three-dimensional (3D) CAD model to a

physical part are illustrated in Figure 3.1 [52].

Conversion of Slicin Manufacturin
3D CAD 9 9 3D AM
model M@ | CADfiletoa | mEp ofSTL HE)  of AM part it
STL file file layer by layer

Figure 3.1 Flow diagram of the AM manufacturing workflow.
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3.2.1 Creation of a 3D CAD model

The part to be built is first created using CAD software. Parts should be designed in such
a way that they are easy and inexpensive to manufacture, a method referred to as design
for manufacturing. A small change to the product design could have a significant impact
on the cost, time and success of a project.

3.2.2 Conversion of CAD model to a STL file format

3D CAD data is converted into the Standard Triangulation Language (STL) data format.
This is the standard data format used by most AM machines. In the STL file format, the
surface of the solid is approximated by triangular facets. Each triangular facet is identified
by a line perpendicular to the triangle with a length of one (a unit normal) and by three
corners (vertices). The normal and each vertex are specified by three coordinates resulting
in triangular facets which define the surface of a 3D model. Each facet is part of the
boundary between the interior and the exterior of the model [53].

STL files are not an exact representation of the CAD model because triangular facets are
generated over the surface of the model. Increasing the number of triangles improves the
triangular approximation but increases the STL file size. Figure 3.2 illustrates a 3D CAD
model in the STL file format.

Figure 3.2 An STL file representation of a CAD model, showing the triangular facets.
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The following should be considered during the conversion of files to the STL format:

If a CAD model is converted to an STL file format with a very low resolution, it will
result in large faceting of the triangular facets. This will result in an inaccurate part
being manufactured.

If the CAD data has numerous unstitched surfaces, these will cause errors when
converting to the STL format. Time-consuming fixing of the STL file is then
necessary before the file can be used to manufacture an AM part.

The measurement units of the STL file should not differ from that used during the

designing process in the CAD software.

3.2.3 Pre-processing of an STL file

Pre-processing of the part file to be manufactured is required before the file can be sent

to the AM machine. The virtual model in STL format is sliced into thin virtual slices by

dedicated software such as EOS RP-Tools. The most important criteria that should

determine part orientation in the building process of a part on AM systems are:

Surface quality. The surface quality of a part is estimated by analysing the surface
roughness of an inclined surface and the contact area of the support structures
used during the building process [54]. A better surface quality results in a more
accurate representation of the part.

Support structures. Support structures are required in most of the AM processes
to support overhangs and thin walls while the part is built. Support structures result
in rough surfaces on the part after removal, requiring finishing operations to improve
the quality of the surfaces [55].

Build time. Build time is an important factor in building a part. If the same part is
orientated differently, the build time varies since it is largely dependent on the height
of the part or the number of slices. It can also differ in terms of the number of support
structures needed [54].

Part cost. The longer the build time, the more expensive the part will be [54].

© Central University of Technology, Free State



: Central University of
Technology, Free State

Chapter 3 Page |29

3.2.4 Construction of physical part

The part is built one layer at a time using different materials and binding mechanisms
depending upon the AM process. Between the layers, the platform on which the part is
built (build platform) is lowered by a predetermined increment, after which another layer of
material is deposited or spread (depending upon the AM process), over the previous layer.

The process then repeats until all the layers of the entire model have been fabricated.
3.2.5 Cleaning and finishing of the AM part

Post-processing includes the removal of the part from the AM machine, and depending
upon the AM processes, removing of support structures. Some photosensitive materials

need to be fully cured before the part can be used.
3.3 AM technologies

There are a large number of AM technologies available on the market. Different users have
different requirements for manufacturing a part using an AM machine. These requirements
can vary in terms of build materials available, manufacturing time and cost as well as the

required accuracy and surface finish of the part [52, 56].

The ASTM F42 Technical Committee classifies AM technologies into seven different AM
process categories [57]. These seven categories can also be characterised according to
the state of the unprocessed material (liquid, powder or solid), used during the AM
manufacturing process of a part [58]. Figure 3.3 illustrates the different AM process

categories as well as the relevant AM technologies for each category [59].
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State of AM process ]
unprocessed i according to ASTM Related AM technologies
material F42
Vat photo- Stereolithography
polymerisation Digital light processing
i | Material jetting Multijet modeling (PolyJet)
Electron beam melting
Powder bed Selective laser sintering
fusion Selective laser melting
Direct metal laser sintering
|| I i | Binderjetti Powder bed and inkjet head
based leting !
Laser Engineered Net
. | Direct energy Shaping (LENS)
“T deposition Wire feedstock can also be
: used but predominately
metal powders are used
Sheet Ultrasonic additive manufacturing
lamination Laminated object manufacturing
L__ Solid based
Matenal " .
extrusion Fused deposition modelling

Figure 3.3 AM process categories based on the classification by the ASTM F42 Technical

Committee and the state of the unprocessed material.

An overview of the different AM processes according the classification by the ASTM F42
Technical Committee, are as follow [60]:
e Vat photo-polymerisation. A liquid photopolymer inside a vat is selectively cured
by light-activated polymerisation.

e Material jetting. Droplets of material (photopolymer or wax) are deposited

selectively to produce a layer.
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e Binder jetting. A liquid binding agent is selectively deposited to join powder
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particles.

e Directed energy deposition. Focused thermal energy (from a laser, electron
beam, or plasma arc) is used to fuse materials by melting as they are being
deposited.

e Sheet lamination. Sheets of material are bonded together to create an object.

e Material extrusion. Material is selectively dispensed through a nozzle to produce
a layer.

e Powder bed fusion. A thermal energy source, such as a laser or electron beam,

selectively fuses area of powder inside a powder bed.

The Selective Laser Sintering (SLS) process is one type of the powder bed fusion process.
This process is used during this study and an explanation of this process is as follows:

3.3.1 SLS process

The SLS process manufactures parts by sintering powdered material, layer upon layer.
Some of the materials that can be sintered include polymers (e.g. polyamides, polystyrene
and polypropylene), metals (e.g. stainless steel, titanium, CoCrMo and maraging steel)
and sand [61].

LS of polymer materials

The SLS process for polymers is conducted inside an enclosed chamber filled with
nitrogen gas, which minimises the oxidation and degradation of the powder during
processing. The powder inside the enclosed chamber is heated to a few degrees below
the melting temperature of the material before manufacturing commences. This is to
minimise the temperature difference between the sintered and un-sintered powder which
reduces warpage of the model during the build due to non-uniform thermal expansion and
contraction. The heating of the powder also reduces the energy required from the laser
during the sintering process. The powdered material is sintered by a laser that selectively
scans the surface of the powder bed to create a two-dimensional (2D) shape. The build
platform then moves down the distance equal to one layer of the model. A new layer of
powder is laid down and levelled using a recoating device. The next 2D profile is traced by
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the laser, bonding it to the previous layer below. The SLS build process is illustrated in
Figure 3.4.
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Figure 3.4 Schematic of the Selective Laser Sintering process.

This process continues until a 3D part is created. The powder that is not sintered acts as
a supporting medium which eliminates the need to manufacture supports during the build
process and the subsequent need for removal of supports during post-processing. A cool-
down period is required to allow parts to uniformly cool down to a temperature where they
can be handled and exposed to ambient temperature and atmospheric conditions. If the
parts and powder are prematurely exposed to the ambient temperature and atmosphere,
the powder may degrade in the presence of oxygen, and the parts may warp due to uneven
thermal shrinkage. After the parts are removed from the powder bed, the un-sintered
powder is cleaned off the parts, and if necessary, further finishing operations are
performed [6, 62].

3.4 AM applications

Manufacturing companies using AM technologies indicated that functional models as well
as fit and assembly applications are some of the most popular applications of AM parts
[51]. AM applications in industry include:
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e Visual aids for design engineers. AM models assist in solving design issues quickly
during the product design process, and with less misinterpretation [63].

e Presentation models.

e Ergonomic studies of a design [63, 64].

e Conceptual mock-ups of product packaging [64].

e Fit and function [64].

e Requesting quotes [63].

e Patterns for moulds and castings [65].

e Visual aid for toolmakers [63]. Design issues can be resolved prior to the
manufacturing of tooling.

e Rapid tooling (RT) processes [66].

AM parts are also used as an alternative to normal manufacturing techniques for metallic,
ceramic or polymer components in many industrial applications such as mould inserts,

automotive components and aerospace parts [67].
3.5 AM advantages and limitations

Some of the AM advantages are:

e Physical prototypes can be manufactured quickly [68].

e Almost unlimited complex geometries can be manufactured [68].

e Physical objects made by AM are used mainly as prototypes or models for other
production procedures [68].

e AM can be used to manufacture a master pattern from which rapid tools could be
created [69].

e The possible combination of different materials within the same model [66].

e AM prototype manufacturing processes offer time and cost advantages over

conventional prototyping technologies [66].
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Limitations of the AM process:

e Layer thickness: All AM parts have a characteristic stair step texture which is most
obvious on curved and inclined surfaces, as illustrated in Figure 3.5 [69]. The stair
step texture varies depending upon the layer thickness and the surface angle of an
AM part. The surface roughness of an AM part depends upon the stair step texture;
therefore, post-processing such as sanding is required to improve the surface finish
of an AM produced part [70].

Build direction

A

Stair step effect

Layer thickness

\ 5
B /

Curved surface

Inclined surface

Figure 3.5 Stair step effect on curved and inclined surfaces on AM parts.

e Part accuracy: In some AM processes, overhangs and isolated regions need
support structures. Normally when the supports are removed from the fabricated
model, there is a surface roughness that affects the overall part accuracy [69].

e Part size: The working envelope of an AM machine restricts the maximum
dimensions of a part. Some models require the manufacturing of parts in sections
that can fit into the machine [69].

e Mechanical properties: The mechanical properties of an AM part may not be the
same as that of a part manufactured through conventional processes (forming, IM,

etc.) [68, 71] and can often be non-isotropic.
3.6 Rapid tooling

The demand for quicker ways of making technical prototypes manufactured in the correct

material, using the appropriate production method (such as IM), have led to RT techniques
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using AM technologies [72]. For example, these prototypes are used in the motor industry
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to test noise levels and the durability of components. The available design-to-production
time for new components continues to decrease. Thus, the long lead times of
manufacturing production tooling conventionally become more of a barrier in responding

to customer demand [7].

RT defines mould-making processes that can create tools quickly and with minimum direct
labour. RT includes tool manufacturing techniques that apply additive, subtractive, and
pattern-based processes. RT can be applied in a variety of applications from IM to casting

and sheet metal stamping operations.
The main reasons for developing RT technologies are [73]:

e Increase in design capabilities.

e Increase in product variety.

e Demand for shortened time to market.
e Decrease in production quantities.

e Reduction in tooling time and costs.

The potential of RT, as described above, led to tremendous interest in RT solutions for
product design and manufacturing. Whether RT is used for prototyping, limited run, or
production tooling, it provides an opportunity to reduce the time and cost of product

development [74, 75].
3.7 RT techniques

RT techniques that use AM can be divided into two groups, namely indirect and direct

tooling.
3.7.1 Indirect tooling

Indirect tooling includes pattern-based methods where a tool is cast from an AM product
that represents the part to be manufactured. An example of indirect tooling is room

temperature vulcanized (RTV) silicone rubber moulding.
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Normally, the pattern used to produce this type of indirect tooling is manufactured through
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an AM process. Preparation of the first half of the mould begins by securing the pattern in
oil-based clay or other building materials and constructing the parting line. Silicone
moulding material is poured around the pattern and allowed to cure. A vacuum can be
applied to either the RTV moulding material before pouring or the tooling assembly after
pouring to remove air bubbles from the silicone RTV material. After the silicone has cured,
the second half of the mould is prepared and poured. Once the second half has cured, the
pattern is removed and the mould is prepared for use. RTV tooling can be used to mould
small to medium quantities of parts out of a large variety of urethane, epoxy, or other
polymer materials. RTV tooling can typically be used to manufacture small quantities of
parts before replacement tooling becomes necessary. The tool life of RTV tooling depends
upon the casting material, accuracy, finish requirements and the complexity of the part
geometry [76].

3.7.2 Direct tooling

Direct tooling is a method where the complete mould or mould inserts are manufactured
directly through an AM process. Direct tooling normally uses metal-based laser melting
AM technologies to manufacture moulds and mould inserts. Metal-based laser melting
technologies can produce mould inserts out of materials such as stainless steel, cobalt,
chromium, maraging steel, titanium and alloy blends. These inserts can be used in an

injection mould to manufacture products in the desired production material [77].

Direct and indirect RT techniques can be further subdivided into two groups, namely soft

tooling and hard tooling.
Soft tooling

Soft tooling is a low-cost method used for low-volume production. Materials which have a
low-hardness level, such as silicones, epoxies, low-melting-point alloys, etc., are used to

manufacture moulds [78].
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Hard tooling

Hard tooling is used for higher production volumes and uses materials with a higher
hardness levels such as maraging steel. Hard tooling methods produce moulds/inserts
that can be used in the IM process, which results in a better quality and larger quantity of

products produced [79].
PolyJet rapid tooling

PolyJet printing using Objet™ 3D printers is a liquid-based material jetting process that
deposits layers of liquid photopolymer. Once a layer of material is deposited onto the build
platform, a UV light attached to the print head immediately cures it. The solidified layer is
immediately ready to be built upon. Printing takes place according to 2D slice file images
of the CAD part. Once a layer is completed, the printing platform is lowered by one layer
thickness and the next 2D slice of the part is printed. This process is repeated until the
part is completed. An advantage of the process is that the print head can print multi-
material in one build including a water-based support material to support overhanging

structures. This can be removed by dissolving in water after printing.

The PolyJet process, using Objet™ RGD 515 digital ABS, can successfully produce RT
moulds for the IM process to fill the gap between soft tooling and AM prototypes [80]. RT
inserts manufactured by the PolyJet process are suited for 25 to 100 IM parts, depending
upon the IM material used and the complexity of the mould [81]. IM trials with the following
materials have been conducted with PolyJet moulds using air to cool the moulds between

each IM cycle:

e PE.
o PP.
e PS.
e ABS.

e Thermoplastic elastomer (TPE).

o PA.

e Acetal or Polyoxymethylene (POM).
e Polycarbonate-ABS blend.
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e Glass-filled polypropylene or glass-filled resin.
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The advantages of RT moulds manufactured through the PolyJet process are:

e Once fully cured, moulds can immediately be placed into IM equipment [80].

e RT moulds can produce prototypes from the same material that is specified for use
in the final product [80, 81].

e Lower costs compared to conventional tooling [81].

e Mould inserts can be produced with conformal cooling due to the full density (non-

porous) characteristics of a PolyJet manufactured part.

The disadvantages of RT moulds manufactured through the PolyJet process are [80, 81]:

e The RT moulds are not able to withstand extended periods of high temperatures
and pressures typically occurring during an IM process, reducing the lifespan of the
moulds.

e Only suitable for production runs up to 100 IM parts.

e Due to the layered AM manufacturing process, small steps occur on the surface
resulting in surfaces not being completely smooth or polished.

e Size limitations of the mould due to printing size limitations.

e Low glass transitioning temperature of the PolyJet inserts, between 47 and 53 °C.

e Lengthened cycle time required to allow mould surface to cool down between
each IM cycle.

3.7.3 RT advantages and limitations

Some of the advantages of RT are:

e Shortening of the tooling lead time [74].

e Lower cost of tooling due to the shortened lead time [82].

e Functional test of parts in early design stage is possible. Due to the shortened lead
time, many engineers prefer to produce parts for functional tests leading to a phase
where most of the faults are corrected before production [83].

e Automation. Many of the RT processes can build tooling inserts 24 hours a day,

seven days per week [84].
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e Building multiple cavity/core sets [84].
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e Can produce inserts with conformal cooling channels. Conventional methods can
only drill cooling channels in a straight line whereas conformal cooling allows
cooling channels to flow through an insert in a pattern that conforms to the shape
of the cavity. Conformal cooling channels can remove heat more efficiently and
uniformly from the mould resulting in reduced cycle times, lower part costs and

improved quality of the part manufactured [86, 87, and 88].

Some of the limitations of RT are:

e Accuracy: Direct tooling processes have a tolerance of approximately 0.05 mm to
0.127 mm. To obtain the same accuracy as with conventional methods (e.g. CNC
milling machines), inserts must be manufactured as near net shapes and post-
machined with CNC milling machines [89].

e Cost-effectiveness: The cost of AM materials and equipment means that a high
overhead is associated with most RT techniques [85].

e Size limitations: Many of the RT methods are limited to the size of inserts that can
be created.

e Tool life: Most of the RT techniques have a limited tool life due to the materials the
cavity inserts are manufactured from.

e During the AM process, parts may move and distort [90].

Some of the direct and indirect RT techniques, with their advantages and disadvantages,
are summarised in Table 3.1 [91].
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3.8 Hybrid tooling

Global competitiveness is increasing the pressure on the manufacturing process of
injection moulds to reduce lead times and cost and for increased part quality [78].
Conventional manufacturing methods, such as CNC machining, are able to manufacture
high-precision, high-quality injection moulds. Some of the limitations of this process are:

e This process is costly due to the high level of human interface needed to generate
CNC programs [92].

e Rough machining of cavities and cores is time consuming and costly [92].

e Machining constraints, for example fixed order of machining operations, such as
roughing, semi-finishing, and finishing are required [93].

e Cutting tools limitations such as the length of cutters. Some machining operations
may require special tooling at an additional cost [93].

e Complex geometries are time consuming to manufacture, such as thin walls and

sharp corners. These usually require additional machining operations [93].

AM is able to produce inserts that are suitable for use in the IM process. AM processes do
not require human interface during the manufacturing stage and they can manufacture
inserts with complex geometries as well as internal features, such as conformal cooling
channels [93, 94]. During the tool design for AM, the characteristics and design
specifications of the part needs to be considered to ensure the quality of the manufactured
part [95]. The biggest concern of the AM process is to keep the cost down. The two factors
that have the greatest influence on cost are build time and volume. The larger the volume,

the longer the manufacturing operation and the more expensive the process will be [94].

By combining the advantages of AM and the CNC machining processes, it is possible to
create a tool that optimises the manufacturability, cost and lead time [96]. Hybrid tooling,
based on AM technologies, combines the design flexibility of AM with the precision and
productivity of conventional manufacturing techniques. This deviation from traditional
machining and manufacturing processes encourages the use of AM-based tooling when
components of a mould are intricate and highly detailed. Each component of the mould is
evaluated separately to determine the best manufacturing process. Geometries of the
mould that are complex and time consuming to machine as well as regions that cannot be

accessed by conventional methods, can be manufactured using AM (e.g. DMLS) [96, 97].
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This enables the manufacturing of parts that would be extremely difficult to produce
through conventional manufacturing methods at a competitive cost [98], and internal
features, such as conformal cooling, can also be included in the tool design [94]. AM used
in association with more traditional processes (e.g. EDM or HSM) reduces the time
required to manufacture moulds [99,100]. A mould can be manufactured as several parts
simultaneously. Each part is manufactured separately with a chosen process. Afterwards,
the mould is assembled to obtain a multi-part tool called “a hybrid tool”, using AM
technologies [101].

Important strengths and limitations of RT techniques and conventional mould-

manufacturing methods for injection moulding inserts are summarised in Table 3.2.

Table 3.2 Comparison between RT and conventional mould-manufacturing techniques

[34, 89].
Operation/procedure Rapid Tooling Conventional
tooling
Fabrication time and Not affected by complexity. Affected by
cost complexity.
Accuracy and surface | Good accuracy and acceptable Highly accurate and
finish surface finish. excellent surface
finish.

Modifications made to | Easily implemented. Moderate to difficult
mould implementation.
Tooling life Small or medium volume capability. | High-volume

High volume possible through | capability.

materials such as MaragingSteel

MS1 steel.
Tooling types Rapid soft, hard tools. Hard tools.

3.9 Applications of RT and hybrid tooling

Some applications and advantages of RT and hybrid tooling are:

e They can be used for development tooling and low-volume production tooling [102].
e Parts that are produced through RT/hybrid tooling are manufactured from the same

material that is used during the final production of the part [103].
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e Customers are able to test their product in the marketplace before production
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tooling is manufactured. Feedback from the market can result in tooling
modifications. Alterations to the production tooling can be expensive and time
consuming.

e The revenue created by RT/hybrid tooling production can fund the manufacturing
of multi-cavity production tooling [104].

e They can assist in assembly lines where manual assembly workers can be
familiarised with the product and assembly robots can be programmed. This can
result in changes that can simplify and reduce the cost of assembly before
production tooling is finalised.

e Medical products can be manufactured in the correct material. This is especially
important during the product approval stage, e.g. when the part must undergo

clinical trials.
3.10 Alumide® as an RT alternative

This research investigated the possibility of using laser-sintered Alumide® as an alternative
material for producing RT inserts. Using Alumide® for this application is a novel use of the
material with initial IM experiments performed by researchers at CUT, Free State in 2006
[105,106]. RT inserts for the IM process were manufactured by the CRPM for an industry
partner of CUT (Technimark). Although parts were successfully produced, there were a
number of uncertainties during the process which justified further investigation of using

Alumide® as an alternative RP process [107].

Alumide® is an aluminium-filled nylon material that produces a metallic-looking, non-
porous component which can withstand temperatures of about 170 °C. A typical
application of Alumide® is the manufacture of stiff parts with a metallic appearance for
applications in the automotive industry, for illustrative models and for jig manufacture.
Alumide® can be finished by grinding, polishing or coating. An additional advantage is that
very little tool wear occurs during machining operations such as milling, drilling or turning

of the material [107]. Some Alumide® material properties are summarised in Table 3.3.
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Table 3.3 Material properties of Alumide® [108].
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Property Value
Density of laser sintered part 1.36 g/lcm?
Tensile modulus 3800 MPa
Ultimate tensile strength 48 MPa
Flexural modulus 3600 MPa
Flexural strength 72 MPa
Shore D hardness 76

Melting point 172 1t0 180 °C
Heat deflection temperature 177.1°C
Vicat softening temperature 169 °C

05t00.8W/mK

Heat conductivity (170 °C)

3.11 Conclusion

This chapter presented the different AM technologies and the advantages and limitations
of AM processes. One of the main limitations of the AM process is its inadequacy to
produce products manufactured in the correct material due to the limited number of
materials that can be processed by AM technologies. This has led to the development of
RT techniques using AM technologies, to provide a means to produce tooling quicker and
cheaper than conventional mould manufacturing techniques, to produce IM parts in the

correct material.

From this chapter it can be concluded that the advantage of RT is the direct manufacture
of parts which offer high functionality and close-to-series properties and performance.
Alumide® inserts can be used as a RT medium to produce parts through the IM process.
Alumide® inserts can be manufactured in a shorter time compared to what it would take to
produce the same size DMLS inserts, and the material cost of Alumide® is less than that
of the DMLS material. Considering these two factors, it is possible to produce the entire
part's geometry using only Alumide® inserts in bolsters, thereby making conventionally
machined inserts (such as aluminium) in a hybrid tool unnecessary. By combining the
advantages of AM and CNC machining processes, it is possible to create a rapid tool that

optimises manufacturability, cost and lead time of tooling for the IM process.
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4 EXPERIMENTAL APPROACH AND RESULTS

Chapter 4

4.1 Introduction

To determine the feasibility of Alumide® tooling inserts for IM applications, a four-phased
experimental approached was decided upon for this study. Figure 4.1 illustrates the four-

phased approach schematically.

Phase 1 Tensile strength
Alumide® material
properties and — Heat capacity
process
parameters
—  Surface roughness
— Accuracy
Phase 2: Steel bolster
Mould preparation
for IM trials
i Alumide® insert
. Testing of different geometrical
Phas_e 3: features
IM ftrials
Test suitability of different
polymers with Alumide® inserts
Feasibility of Indust ifi licati
: ] : ry specific application

Alumide® tooling for Phase .4'

Industrial

limited production —— application of

plastic injection e c .
. Alumide®inserts ost and manufacturing
moulding time comparison

Figure 4.1 Representation of the four-phased approach to determine the feasibility of
Alumide® inserts for injection moulding applications.

Alumide® test pieces and inserts used in the four phases were manufactured through an
EOS P380 LS machine using standard process parameters. The four phases of the study

are described in detail in the following sections.
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4.2 Phase 1: Alumide® material properties and process
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parameters

This phase examined and verified some of the mechanical material properties of LS
Alumide®. Limited data are available from the original equipment supplier (EOS) regarding
material properties of LS Alumide® and material properties such as specific heat capacity,
need to be obtained for design optimisation of the Alumide® inserts through finite element

analysis. The layout of the experiments conducted during Phase 1 is schematically shown

in Figure 4.2.
Phase 1: ) Tensile strength X- orientation
Alumide® material Y- orientation
properties and Z- orientation
process parameters
L Heat capacity
A 4
Assessment of
results Surface As-built
roughness Sanded
Phase 2: Machined
Mould preparation
for IM trials Accuracy

Figure 4.2 Schematic representation of experiments conducted during Phase 1.
4.2.1 Alumide® tensile strength
Aim

The aim of this experiment was to determine which build orientation would result in the

highest Ultimate Tensile Strength (UTS) of an Alumide® product.
Procedure

Alumide® tensile test pieces orientated in the X, Y and Z directions inside the build volume
of an EOS P380 LS machine, were manufactured using standard build parameters. The

different build orientations of the tensile test pieces are shown in Figure 4.3.
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Z direction

Y direction

Figure 4.3 Different build orientations used to manufacture tensile test pieces in Alumide®.

Tensile strength tests were performed on test pieces manufactured according to
ISO 527- 1 specifications, using a calibrated MTS Criterion™ Model 43 tensile testing

machine, as shown in Figure 4.4.

Figure 4.4 MTS Criterion™ Model 43 tensile testing machine used to conduct the tensile
testing of the Alumide® test pieces.
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Results

The UTS results obtained from the tensile testing of the Alumide® test pieces are
summarised in Table 4.1. From the results it can be concluded that the build orientation
has a significant influence on the UTS of an Alumide® test piece. Test pieces manufactured
in the Z direction generally showed lower UTS compared to test pieces manufactured in
the X and Y directions. This can be explained by how effectively one sintered layer is

“‘bonded” to the previous one as well as the cross-sectional area of the sintered layers.

Table 4.1 UTS results obtained from Alumide® tensile test pieces.

Build orientation
Test piece
X Y Z
number
UTS (MPa) UTS (MPa) UTS (MPa)
1 44.72 43.31 41.89
2 44.56 42.91 40.45
3 44.64 43.15 41.66
4 44.72 43.20 41.78
5 44.60 42.95 41.37
Average 44.65 43.10 41.43
Discussion

From Table 4.1 it can be seen that the largest value of the UTS occurs with samples
manufactured in the X direction. The values obtained for UTS from this experiment were
less than the value of 48 MPa for Alumide® provided by the supplier (Table 3.3) of the
material, namely EOS [108]. During the AM process, standard build parameters and
settings were used as specified by EOS. To validate the parts manufactured by the EOS
P380 LS machine (which is annually calibrated and serviced by EOS), tensile test pieces

were manufactured using polyamide PA 2200 material and tested using the same
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MTS Criterion™ tensile testing machine used for the Alumide® test pieces. The average
UTS for the PA 2200 test pieces in the Y direction was 45.2 MPa and for the X direction
48.4 MPa. The results of the PA 2200 test pieces in the X direction were within 48 MPa,
as specified by EOS for PA 2200 [109]. From the results obtained using the PA 2200 test
pieces, it can be concluded that the P380 LS machine manufactured AM parts according
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to EOS specifications.
4.2.2 Specific heat capacity of Alumide®
Aim

The aim of this experiment was to obtain the specific heat capacity values for Alumide®.
These values are not provided by the supplier and are required for heat flow simulation

when Alumide® is used in an IM tooling application.
Procedure

Alumide® samples produced through AM were tested at the Council for Scientific and
Industrial Research (CSIR), National Centre for Nanostructured Materials. The specific
heat capacity was determined through the Differential Scanning Calorimetry (DSC)
method using a TA Instruments DSC Q2000 V24.10 device. During the test, three
Alumide® samples, weighing about 6.2 mg, each were exposed to heating at a rate of
10 °C/min in a nitrogen atmosphere. After cooling, the samples were exposed to a second

heating cycle.
Results

The average heat capacity results for the second heating cycle are shown in Figure 4.5,
with the peak value of the graph indicating the melting point of Alumide®. This occurs at
177.2 °C which compares favourably to the manufacturer's specified value of 172 to
180 °C. The intersection point between the extrapolated baseline curve and the linear
section of the ascending peak slope results in the onset temperature of the melting phase
[110]. From the graph, this temperature occurs at 169.4 °C which corresponds to the Vicat

softening point of 169 °C, as indicated in the material data sheet for Alumide®.
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Figure 4.5 Heat capacity values of Alumide® at different temperatures showing the
extrapolated intersection point from the baseline curves.

Discussion

From Figure 4.5 it can be concluded that Alumide® starts to soften at the extrapolated
intersection point at a temperature of 169 °C. During the IM process, the Alumide® inserts
will deform at this temperature due to the injection pressure of the molten polymer. The
maximum useful operating temperature of Alumide® inserts for IM applications can be
taken as 160 °C, which is the value before the curve starts to deviate from the baseline
before the onset of the melting phase, as shown in Figure 4.5. From the heat capacity test
results, it is apparent that the polyamide component of Alumide® is the main influence on

the heat capacity properties of the Alumide® material.
4.2.3 Accuracy of Alumide® products
Aim

The aim of this experiment was to determine the accuracy of the LS process using

Alumide® powder.
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Procedure

Products manufactured from Alumide® through the LS process were scanned with a
Renishaw touch probe scanner to determine the accuracy of the manufactured products.
The scan data was compared to the CAD data of the products.

Results

Figure 4.6 shows a press tool for a cranio-plate prototype. A titanium plate was to be
pressed over the Alumide® insert using hydroforming technology. The deviation across the
surface of the tool was found to be within a -0.05 to 0.052 mm range when compared to
the original CAD of the tool.

150 .
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084 .
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031
0.18
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005 &
0.18 “
0.3
-0 4; .
-058 .
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0o
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124 .
137 .
1.50 I
Deviation mm

Maximum upper deviation 3.694

Maximum lower deviation -1.744

Average deviation 0.052 to — 0.050

Standard deviation 0.085

Figure 4.6 Accuracy results of a cranio-plate press tool prototype.

Figure 4.7 shows a design of a female part of a press tool that was tested at CUT to
determine the spring-back of an aluminium plate when pressed between the two halves of
the Alumide® tool. The deviation across the surface of the press tool shown in Figure 4.7
was between -0.063 to 0.107 mm.
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Figure 4.7 Accuracy results of a female half of a press tool.
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Figure 4.8 shows a design of the male part of the same press tool that was to be tested at

CUT. The deviation indicated in Figure 4.8 across the surface of the press tool was
between -0.043 to 0.087 mm.
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Standard deviation 0.089

Figure 4.8 Accuracy results of the male half of a press tool.
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Discussion

From these results it can be concluded that an accuracy of up to 0.1 mm can be achieved
with the LS process of Alumide®, which is sufficiently accurate for it to be used to
manufacture inserts for the IM process according to the DIN 16742 standard for plastic

mouldings.
4.2.4 Surface roughness of Alumide® products

The characteristic stair step texture of AM processes on curved and inclined surfaces can
result in rough surfaces, unsuitable for IM applications. The effect is less prominent on
surfaces with a small incline compared to surfaces with a steep incline. Figure 4.9
illustrates the difference between the stair step effect on a surface with a 1° and 45° incline,

for a layer thickness of 0.15 mm, typically used to manufacture Alumide® parts.

0,003 0,15

A

T—

Surface profile

o
N é‘é
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i
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~ Layer A

o thickness o

Figure 4.9 Comparison of the stair step effect on a surface with a 1° and 45° incline.
Aim

The aim of this experiment was to determine the effect of different finishing techniques to

improve the surface finish of an Alumide® product.
Procedure

Two products, as shown in Figure 4.10 A and B, with surface angles of 3° and 45°
respectively were designed for this experiment. A 3° surface angle was decided upon since
it represents the recommended smallest draft angle range of 1 to 5° for plastic parts
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manufactured through IM. Because of the layer-by-layer manufacturing process of AM, a
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surface angle of 45° results in the most significant stair step texture and was therefore also

included in the experiment.

A

Figure 4.10 Products used during the surface roughness experiment, (A) 3° surface angle
and (B), 45° surface angle.

Three sets of Alumide® products were manufactured through an EOS P380 LS machine.
One set was machined with a 3 mm ball nose cutter using a using a Dahlih 720 CNC

milling machine with the following machining parameters:

e Spindle speed of 6000 revolutions per minute.
e Feed rate of 800 mm per minute.

e Cutincrement of 0.25 mm in the Z direction between each machining pass.

The second set was polished with 320 grit sandpaper followed by 400 grit sandpaper and
the third set was kept as manufactured. The surface roughness of each set was measured
using a Mitutoyo SURFTEST SJ-210 surface roughness measuring device. The surfaces
of the products were positioned such that they were parallel to the axis of movement of
the stylus. This ensured that the stylus was in proper contact with the surface to be
measured. The surface roughness was measured at three positions across the build

direction of the layers, as shown in Figure 4.11.
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Direction of stylus
movement over the Surface to be
surface measured
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of layers
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Figure 4.11 Position and direction of surface roughness measurements taken on the
surface angle of the test products.

Results
The values of the surface roughness obtained for each surface is summarised in Table 4.2.

Table 4.2 Surface roughness of Alumide® test products after polishing and machining

operations.

Ra value as Ra value Ra value

grown polished machined
3° surface angle 16.495 3.573 1.729
16.500 3.680 1.737
16.387 3.715 1.754
16.469 3.735 1.747
16.517 3.726 1.749
16.507 3.662 1.731
Average 16.479 3.682 1.741
45° surface angle 22.034 6.083 3.160
22.075 6.108 3.150
22.037 6.214 3.152
22.133 6.282 3.151
21.977 6.400 3.147
22.017 6.169 3.164
Average 22.046 6.209 3.154
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Discussion

From the results it is apparent that surface finishing techniques, such as polishing and
machining, have a significant effect on the surface roughness of an Alumide® product. A
rough surface finish could cause molten polymer to bond to the Alumide® insert during an
IM cycle. This will increase the demoulding forces required to eject a part from an Alumide®

insert, which could result in damage to the part as well as the Alumide® insert.

The surface roughness values obtained from polishing and machining operations compare
favourably to a C-2 surface finish, according to the international standard for surface
roughness values from the Society of Plastic Industry. According to this standard, a C-2
surface finish is obtained after polishing a steel mould with a 400 grit polishing stone. This
surface finish reduces the demoulding forces required to eject the part from the insert

during an IM cycle.

From these results it is recommended that an Alumide® insert should at least be polished
by means of sanding before it is used in an IM process. To maintain accurate dimensions
of an Alumide® insert, at least 0.11 mm extra material need to be added to the surfaces of
the insert. This extra material is required for the removal the stair step texture by sanding
on inclined surfaces with a layer thickness of 0.15 mm, as shown in Figure 4.9. If a
machined surface finish is required, extra material also needs to be added to the surfaces
of the insert during the design of the insert. This extra material will be removed during the

machining process while still maintaining accurate dimensions of the Alumide® insert.
4.3 Phase 2: Mould preparation for injection moulding trials

During Phase 2, pockets, ejector pin holes and cooling channels were machined into a
steel bolster. Post-processing operations (for example backfilling) on the Alumide® inserts
were completed before machining operations commenced. The machined bolster and
Alumide® inserts were assembled and fitted into an IM machine to perform mould trials.

The layout of Phase 2 is schematically presented in Figure 4.12.
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Mould preparation for IM trials

Shelli d Alumide® Steel .
ba:kflirlll?ngnof os » insert bolster *—T— Machining of pockets

‘ | || Drilling and reaming of
CNC machining of l ejector pin holes

cavities, runners —

Fitment of Alumide® inserts into
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Drilling of cooling
channels holes
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of ejector pin holes

A

Phase 3. Drilling of temperature
illi IM trials probe holes
Drilling of
temperature probe [
holes
Polishing of
cavities

Figure 4.12 Schematic representation of Phase 2.
4.3.1 Steel bolster preparation.

A standard steel bolster for IM applications was purchased from a local supplier. Pockets
for the Alumide® inserts were machined into the bolster using a Dahlih 720 CNC milling
machine. Holes for ejector pins, temperature probes and cooling channels were also
machined into the bolster. The dimensions and the components of the steel bolster are

shown in Figure 4.13.

196 246
196
& Clamp plate
3 Cavity bolster
g Punch bolster
3 Support plate
36
o~
8 Riser
(<=}
- Ejector plate
Ejector retainer plate
S Clamp plate
122

Figure 4.13 Dimensions and components of the steel bolster used during the IM trials.
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The same outer dimensions (length, width and thickness) were used for all the Alumide®
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inserts during this study. The same bolster could then be utilised for all the IM trials. The
inlet and outlet positions of the cooling channels were also maintained for each insert.
Figure 4.14 shows the pockets, O-ring grooves and the ejector pin holes machined into

the components of the steel bolster.

Figure 4.14 Mould components of the steel bolster with machined pockets, O-ring grooves

and ejector pin holes.
4.3.2 Alumide® insert preparation
Shelling of Alumide® inserts

Significant internal stresses are induced in Alumide® parts during the AM LS process with
an increase in stress as the volume of the part increases. These stresses can result in
warpage of the insert during the AM manufacturing stage [111]. A method to overcome

this problem is to shell the parts.

Table 4.3 compares the manufacturing time and cost of a solid and shelled Alumide® insert
for three different part dimensions. From Table 4.3 it can be observed that shelling of
inserts with small dimensions, does not influence the manufacturing time and cost of the
insert. As the dimensions of the part increase, the manufacturing time and cost of the

shelled insert is less than the solid part with the same dimensions. From these results it
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can be concluded that shelling can also reduce the manufacturing costs and time of an

Alumide®insert, since less material is used and it can be produced in a shorter time frame.

Table 4.3 Time and cost comparisons between solid and shelled Alumide® parts.

Part dimensions Manufacturing time Manufacturing cost
50 x 30 x 40 (solid) 2h 46 R 6226.83
50 x 30 x 40 (shelled) 2h46 R 6226.83
130 x 100 x 40 (solid) 3h15 R 6412.17
130 x 100 x 40 (shelled) 2 h 56 R 6290.20
200 x 150 x 40 (solid) 4 h 46 R 6995.83
200 x 150 x 40 (shelled) 3 h 58 R 6688.03

During the IM process, Alumide® inserts inside a mould cavity are subjected to high
injection pressures and temperatures as the molten plastic is forced into the mould
cavities. The shelled Alumide® inserts need to be backfilled so that they will not collapse

when subjected to these injection pressures.
Possible backfilling materials

A supplier of epoxy resin casting materials in South Africa suggested the following two

materials as a possible backfilling solution:

e Axson EPO 4030
e Alwa-Mould D

Axson EPO 4030

Applications for this material are thermoforming moulds, polyurethane foam moulds and

RIM injection moulds. Some of the material’s characteristics are:

e Low viscosity.

e Good heat exchange.

e Fillers can be added (aluminium).
¢ Low shrinkage.

e Easily machineable.
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Alwa-Mould D

Alwa-Mould D is a two-component resin based on methacrylate which is filled with
aluminium for the production of moulds. A self-induced exothermic process cures the resin
after addition of a hardener. Applications for this material are vacuum forming moulds,
holding fixtures, models for digitising and duplicating, prototype moulds for blow moulding

and compression moulding moulds. Some of the material’'s characteristics are:

e Very low linear shrinkage.
e Dimensional stability under heat.
e Easily machineable.

e Low viscosity.
Properties of backfilling materials
Properties of the possible backfilling materials are summarised in Table 4.4.

Table 4.4 Properties of the possible backfilling materials.

AXSON EPO 4030 ALWA-MOULD D

Cost R 100/ kg R 140/ kg
Temperature resistance 120 °C 145 °C
Demoulding time Up to 24 hours + 50 min
Pot life 140 — 180 min (25 °C) | 17 — 20 min (21 °C)
Hardness 84 -85 SHORE D 86 SHORE D
Compressive strength 90 MPa 80 - 90 MPa
Coefficient of thermal

) 55 10° K1 612 10° Kt
expansion
Shelf life 18 months 12 months
Linear shrinkage 0.08 % +0.1%
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Selection of a suitable backfilling material
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To select a suitable backfilling material for Alumide® inserts, the following criteria were

considered:

e It must be quick and easy to use. A time consuming/difficult process results in a
labour-intensive operation that will increase the cost of the backfilling procedure.

e |t must be able to withstand the injection pressures of the IM process (compression
forces).

e |t must be able to withstand the temperatures that occur during the IM process.

e It must be easily machineable. Features such as ejector pin holes need to be
machined into the backfilling material.

e The material must be readily available in South Africa.

e It must be cost-effective.

e It must have a reasonable pot life. This will assist when the material needs to be
slowly poured into the back of the insert, to avoid the forming of air pockets.

The negative aspect of Axson’s EPO 4030 is its long demoulding time (up to 24 hours).
This will lengthen the delivery time of the backfilled Alumide® inserts to a client. Alwa-
Mould D’s negative aspect is that during the casting and curing process, reaction peak
temperatures of up to 130 °C can be reached. During the casting process, when the
exothermic process peaks, the material will have a large linear expansion. The material’s
manufacturer advises that during this process the mould’s ends should be released to
allow for this expansion. The high exothermic temperature and linear expansion property
of Alwa-Mould D during the curing process therefore render this material unsuitable as a
backfilling material for Alumide® inserts. The high temperature together with the expansion

forces will permanently deform the Alumide® insert.

Despite the long demoulding time of Axson EPO 4030, it is preferable to Alwa-Mould D as
backfilling material suitable for Alumide® inserts. This material does not show any

significant temperature rise during the mixing and curing process.
Deformation during the backfilling process

Experiments were conducted to determine a suitable shelling wall thickness for an

Alumide® insert that will not deform when filled with EPO 4030. Test pieces with the same
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cavity volume, but with varying wall thickness, were manufactured. Figure 4.15 shows the
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unfilled test pieces with the different wall thicknesses.

8 mm wall
thickness
4 mm wall
thickness

6 mm wall
thickness

2 mm wall
thickness

Figure 4.15 Unfilled Alumide® test pieces with varying wall thicknesses.

EPO 4030 was mixed according to the manufacturer’s specifications, as indicated on the

data sheet. The mixing ratio was:

e Resin.

e Hardener: 10% of resin weight.

The mixture was slowly poured into the cavities to minimise the forming of air pockets.
Measurements were taken on the test pieces using a Mitutoyo micrometer before the
cavities were filled with the EPO 4030. These measuring points were marked on the test
pieces in order to measure at the same position after the cavities were filled, as shown in
Figure 4.16.
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EPO 4030

Measuring points

Figure 4.16 Test pieces filled with EPO 4030 with measuring points indicated.

Figure 4.17 indicates the location of the points where the measurements were taken

schematically.

Figure 4.17 Location of the measuring points on the test pieces.

The deviation from the measurements taken before the filling of the test pieces, are

summarised in Table 4.5.

Table 4.5 Deviation of the measuring points for different wall thickness test pieces.

Deviation at measuring point
Wall thickness 1 2 3 4 5 6
2 mm 0.04 mm 0.02mm | 0.03mm | 0.0mm | 0.0 mm | 0.03 mm
4 mm 0.01 mm 0.01mm | 0.02mm| 0.0mm | 0.0mm | 0.01 mm
6 mm 0.0 mm 0.0mm | 0.0mm | 0.0l mm | 0.0 mm 0.0 mm
8 mm 0.0 mm 00mm| 0.0mm| O0.0mm /| 0.0mm | 0.01 mm
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Discussion

From Table 4.5 it can be concluded that EPO 4030 resin does not significantly influence
the dimensions of an Alumide® insert during the backfilling process. There are slight
measurement deviations on the test pieces with two and four millimetre wall thickness,
while the deviation on thicker walls is so small that it can be considered as negligible.
From the results of Table 4.5 it can be concluded that an Alumide® insert with a wall
thickness of more than 4 mm can be backfilled with EPO 4030 resin without any significant

deformation occurring.
4.3.3 Backfilling of Alumide®inserts

The same outer dimensions (129.5 mm x 99.5 mm) of the Alumide® inserts were used
during this study for fitment of different inserts into the same steel bolster. Alumide® inserts
were manufactured without the holes for ejector pins, runners and gates. They were only
manufactured with the shelled shape of the cavity and the conformal cooling channels, as
shown in Figure 4.18. A wall thickness of 5 mm was used to shell the insert. This resulted
in sufficient strength for internal features to prevent breakage and deformation during
handling and backfilling. A rib along the edge of the cavity and features inside the cavity
that needed to be backfilled, were added to the insert. This was to make provision for the

meniscus effect occurring during the casting and curing of the backfilling resin.

s ; Rib features

—— —

—

Shelled
Alumide® insert

Figure 4.18 Shelled Alumide® insert showing the rib feature along the cavity and internal
features.
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Before the backfilling process commenced, all the powder inside the conformal cooling
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channels and the shelled cavity had to be removed. EPO 4030 resin was mixed according
to the manufacturer’s specification and slowly poured into the shelled cavities to avoid the
formation of air bubbles. Air bubbles that formed rose to the surface of the cast epoxy

during the curing phase of the resin, as shown in Figure 4.19.

P

EPO 4030 |
resin

Formation of air
bubbles on surface

Backfilled
Alumide® insert

Figure 4.19 Backfilled Alumide ® insert showing the formation of air bubbles on the surface.
4.3.4 Machining of Alumide® inserts

After the resin had cured, the sides and the rear surface of the insert were machined to
obtain flat surfaces. A flat rear surface is required to avoid water leakage from the O-rings
around the cooling channels’ inlet and outlet holes. An uneven surface can also result in
the deformation of the inserts when subjected to the clamping and injection pressures
during a typical IM cycle. During the machining process, the air bubbles which had formed
on the surface during the casting process were removed.

Ejector pin holes were not included in the design of the Alumide® inserts before the AM
manufacturing process. These features need to be accurate to prevent molten polymer
from leaking through between the holes and the ejector pins. Therefore, the ejector pin
holes were only drilled and reamed into the insert after the backfilling process. Runners

and gates were also machined into the cavities to obtain a smooth surface, improving the
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flow of the molten polymer into the cavities. Figure 4.20 shows a machined Alumide® insert

Chapter 4

with ejector pin holes.

AN SBE

Ejector pin holes machined

4 / into the Alumide® insert | Machined
7 A %? - rear surface

Machined
Alumide® insert

Figure 4.20 Alumide® insert with machined rear and outer surfaces as well as drilled and
reamed ejector pin holes.

Depending upon the required surface finish, the cavities were lightly polished by sanding
using 320 and 400 grit sandpaper. This was to reduce the surface roughness of the cavities
caused by the stair step effect of the AM process, as described under Section 4.2.4.
Surfaces requiring a polished finish were machined using a CNC milling machine. A
0.5 mm layer of material was added in the design to all the surfaces requiring machining
after the build process. This provided enough material for a finishing cut and to still be
within the required dimensions for the insert. Extra material (0.2 mm) was also added to
the shut-off faces on the insert. The shut-off faces were then machined to the correct size
to obtain a flat surface for the two halves of the insert to seal. The same finishing procedure

was applied to all the Alumide® inserts used during the study.
4.3.5 Mould assembly

The machined Alumide® inserts were fitted into the steel bolster with ejector pins inserted.
The mould assembly was fitted in a Haixing HXF 268 IM machine and temperature probes

were inserted into the mould. Experiments were performed with water as a cooling medium
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through the cooling channels. The temperature of the water was controlled by an industrial
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water chiller unit.

Temperature readings were taken inside the moulds using thermistor probes with a
resistance of 10 KQ. Readings from the probes were captured using a data acquisition
DAQ NI-USB 6009 device from National Instruments, and an interface software program
developed by the Research Group in Evolvable Manumation Systems in the Department
of Electrical, Electronic and Computer Engineering, at CUT. Figure 4.21 shows the
placement of the probes and Figure 4.22 illustrates the interface software and the portable
computer connected to the DAQ device to collect the temperature readings during the IM

trials.

Temperature
probes

Figure 4.21 Assembled Alumide® inserts and steel bolster with temperature probes
connected.

Portable computer
with DAQ interface
software

130 ton IM
machine

. .—qg{'

Figure 4.22 Portable computer with DAQ interface software connected to the temperature
probes.
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4.4 Phase 3: Injection moulding trials
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During Phase 3, Alumide® inserts were manufactured and prepared for IM trials, as
described during Phase 2. Experiments conducted with the Alumide® inserts were to
determine the feasibility of using Alumide® inserts for IM applications. The layout of the

experiments conducted during Phase 3 is schematically shown in Figure 4.23.

Phase 3: Draft angle mould Viability of Alumide® inserts during
. IM applications
IM trials

h J

Release of different draft angles

h J

Geometrical mould Testing of different geometrical
features
Feasibility of
Alumide® inserts in o Y
IM applications Collapse of cooling channels
h J
Cooling channel Alumide® inserts with oval and
mould round conformal cooling channels
_ Pressure oval and round cooling

Phase 4: channels can withstand

Industrial v Heat transfer of round and oval

application of

e Geometrical mould cooling channels
Alumide® inserts

Effect of cooling channels in
Alumide® inserts

'

Geometrical V2 Test suitability of different
mould polymers with Alumide® inserts

Figure 4.23 Schematic representation of experiments conducted during Phase 3.

Polypropylene (PP) was used during all the experiments due to its ease of mouldability
and a minimum mould temperature range of 20 to 68 °C. It is also extensively used in

appliance and consumer products and it is one of the most used polymer materials
globally.

To test the suitability of using different IM polymers with an Alumide® insert, PP and the

following polymers were used:
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e Acrylonitrile-Butadiene-Styrene (ABS) has a melt temperature similar to PP and a
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minimum mould temperature range of 25 to 80 °C. ABS is extensively used for
electrical enclosures as well as automotive and consumer products. These
industries often require functional prototypes for testing and verification purposes.

e Polycarbonate (PC) was used to determine the influence of a polymer material with
a high melt temperature injected into an Alumide® insert. The recommended melt
temperature of PC is 300 °C. Due to the high melt temperature, PC requires a higher
mould temperature than PP and ABS. The recommended minimum mould
temperature range for PC is 70 to 120 °C.

e Polyamide 6 (PA 6) was used to determine the effect of injecting a polyamide
material into Alumide®, which is an aluminium-filled polyamide material. PA 6 has
a melt temperature similar to PP and ABS, but requires a higher minimum mould

temperature range of 70 to 110 °C.
4.4.1 Draft angle experiment
Aim
The aim of the draft angle experiment was to determine:

e The capability of the Alumide® and backfilling material to withstand the pressures
and temperatures experienced during an IM cycle.

e The wear on the Alumide® insert (such as the ejector pins holes machined into the
backfilled insert).

e If parts with different draft angles will release from a lightly polished Alumide® insert.
Procedure

Minimum recommended and mostly used draft angles for injection moulded components
were applied to the part for this trial. Eight parts with the same outer dimensions but with
different draft angles of 1°, 2°, 3°, 4°, 5° 6° 7° and 10° respectively, (as shown in

Figure 4.24) were designed.
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Figure 4.24 Dimensions and CAD model of the draft angle part used in the draft angle
mould experiment.

Two Alumide® inserts were manufactured containing four of the draft angle parts per insert,

as shown in Figure 4.25 A & B.

Figure 4.25 Alumide® inserts with four draft angle parts in each insert.

Conformal cooling channels were included in the Alumide® insert design. The inserts were
shelled to reduce the building time and volume of the inserts before they were
manufactured. Figure 4.26 shows a CAD model of the shelled insert with the conformal
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cooling channel. The conformal cooling channel was placed at a minimum distance of

Chapter 4 Page |72

3 mm from the cavity surface.

Figure 4.26 Shelled Alumide® insert with a conformal cooling channel.

A centre line radius of 9 mm for the conformal cooling channel was used for ease of

removal of the un-sintered powder from the cooling channel, as shown in Figure 4.27.

R9

Centre line of channel Cooling channel

a8

Figure 4.27 CAD representation of a conformal cooling channel showing the centre line

radius of 9 mm used to assist with the un-sintered powder removal.

The Alumide® inserts were backfilled and machined as discussed in Section 4.3.3. The
cavities were lightly polished by sanding using 320 and 400 grit sandpaper. The Alumide®

inserts were mounted into the steel bolster and IM trials were conducted using PP.
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Results

PP parts were manufactured from the Alumide® inserts with a cycle time of 54.1 seconds.
All the different draft angle parts ejected from the cavities without any difficulties. After 100
parts were manufactured, the trial was ended and the Alumide® inserts were inspected for
wear and deformation. The only wear noticed on the inserts was at the gate regions, as

shown in Figure 4.28.

Figure 4.28 Wear on the gate features which deliver molten material to the cavities during

an IM cycle.

The Alumide® and backfilled material was able to withstand the pressures and
temperatures experienced during the limited run production. No wear (in the form of

flashing) was observed at the ejector pin holes.
Discussion

Ejection from draft angles as small as one degree, included draft angle, is possible from
an Alumide® mould with the surfaces lightly polished, providing the mould is designed with

ejector pins close to these features.
4.4.2 Geometrical mould experiment
Aim

The aim of this experiment was to determine:
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e The durability of different geometrical features, for example, knife-edge corners,
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which normally require secondary operations (such as EDM) to manufacture using
conventional methods. Features which are complex and time consuming to
manufacture using conventional manufacturing processes were also included in the
insert design. These features included engraving, sharp internal corners and ribs
with a height five times the nominal wall thickness.

e Durability of Alumide® cores to produce hole features in a part.

e The wear in regions of an Alumide® insert that cannot be cooled sufficiently due to

mould constraints, such as screw holes and ejector pin features.
Procedure

A part with a wall thickness of 2 mm and outer dimensions of 91.2 x 61.2 mm? was
designed with different geometrical features. These features included ribs with a thickness
of 2 mm and a height of 10 mm as well as text features (engraving) 6.15 mm wide and
0.5 mm thick. One set of engraving was extruded outward and another set was extruded
into the part. Boss features with internal hole diameters of 3, 4 and 5 mm respectively,
were included to determine the durability of an Alumide® pin feature required to
manufacture the hole of a boss feature. Figure 4.29 shows a CAD model and a part

drawing indicating the dimensions of the different geometrical features.
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Figure 4.29 Dimensions and CAD model of the different geometrical features included in
the part to be manufactured.
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Round conformal cooling channels with a diameter of 8 mm were included into the
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Alumide® insert design. The conformal cooling channels were positioned to obtain the best
possible cooling while avoiding mould features such as screw and ejector pin holes, as
shown in Figure 4.30. A centre line radius of 9 mm for the conformal cooling channels was
used for ease of removal of the un-sintered powder from the cooling channels, as shown
in Figure 4.27. The inserts were shelled to reduce the building time and volume. The
conformal cooling channels were placed at a minimum distance of 3 mm from the cavity
surface. The inlet and outlet positions of the conformal cooling channels were placed at

locations matching the cooling channel holes of the steel bolster.

Conformal
cooling channel

Screw holes

Ejector
pin holes

Figure 4.30 Layout of the conformal cooling channels avoiding mould features such as
screw and ejector pin holes.

The cavity and punch of the inserts were polished to remove the stair step effect of features
resulting from the AM build process, which could cause bonding of the molten polymer
material to the Alumide® insert. Figure 4.31 shows some of the geometrical features in the

as-built form with the stair step effect visible on these features.
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Figure 4.31 Stair step effect visible on the geometrical features of the Alumide® insert in
the as-built form.

After backfilling and machining operations, the Alumide® inserts were polished by sanding
using 320 and 400 grit sandpaper to remove the stair step effect on the geometrical
features. Figure 4.32 shows the polished Alumide® inserts. The Alumide® inserts were

mounted into the steel bolster and IM trials were conducted using PP.

Figure 4.32 Polished Alumide® inserts.
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Results

After the first few IM cycles, it was observed that the cavity surface was deforming into the
cooling channels. The trial was stopped and the inserts were removed from the bolster

and inspected.
Discussion

Due to the larger surface area and thinner wall thickness of the part (compared to the first
trial), a greater injection pressure was required to fill the cavity. With the heat of the molten
polymer and the injection pressure, the Alumide® material started to soften which resulted
in the cavity surface deforming where the cooling channels were located, as shown in
Figure 4.33.

Deformation of the
cavity surface onto
the cooling channels

Figure 4.33 Sectioned Alumide® insert indicating the deformation of the cavity surface onto

the cooling channels.

Deformation of the cavity surface only occurred in the areas where the cooling channels
were located and not where the Alumide® was supported by the EPO 4030 backfilling

material.

From these results the minimum wall thickness between the cavity surface and the cooling
channels had to be determined while still providing adequate cooling to the Alumide®

insert.

Due to the short IM trial, it was not possible to determine the durability of the geometrical

features included in the Alumide® insert.
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4.4.3 Cooling channel experiments
Aim
The aim of these experiments was to determine:

e The extent to which cooling channels inside an Alumide® insert influence the
temperature of the insert during the IM process.

e The distance a cooling channel must be positioned from a cavity surface to prevent
deformation occurring during injection.

e Heat transfer from a cavity to a cooling channel for an Alumide® insert.
Procedure

Rectangular parts, with outer dimensions of 50 mm x 20 mm and thicknesses of 2 and
3.5 mm respectively, were designed for this experiment. IM trials were conducted on the
parts to determine the effect of the additional heat content on the 3.5 mm part compared
to the 2 mm part on the inserts. Figure 4.34 shows the product drawings of the rectangular

parts.
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Figure 4.34 Drawings of the rectangular parts used to determine the optimal distance a

cooling channel needs to be positioned from a cavity surface.

Three rectangular parts were positioned in the Alumide® insert, as shown in Figure 4.35.
The inlet and outlet positions of the conformal cooling channels were placed at locations

matching the cooling channel holes of the steel bolster.
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Conformal
cooling channel

Figure 4.35 An Alumide® insert showing the arrangement of the three rectangular parts
and the conformal cooling channel.

Two sets of inserts were manufactured. One set was designed with a round cooling
channel, 8 mm in diameter. This shape and size of cooling channel is commonly used in
conventional steel tooling. A 8 mm diameter cooling channel also improves the ease of
removal of the un-sintered powder from the cooling channels. The distance from the
cooling channel to the cavity surface was varied from 3 to 8 mm with 1 mm increments for

the fixed and moving halves, as shown in Figure 4.36.
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Figure 4.36 Layout of the fixed and moving halves of the Alumide® inserts with @ 8 mm
conformal cooling channels placed at 3, 4, 5, 6, 7 and 8 mm respectively, from a cavity
surface.

The second set of inserts was designed with oval cooling channels, with primary and

secondary axis dimensions of 10.6 mm and 6 mm, respectively. This oval cooling channel
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has the same cross-sectional area as a 8 mm diameter cooling channel. Similar to the
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round cooling channels, the distances from the oval cooling channels to the cavity surfaces
were varied from 3 mm to 8 mm with 1 mm intervals for the fixed and moving halves, as

shown in Figure 4.37.
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Figure 4.37 Layout of the fixed and moving halves of the Alumide ® inserts with oval cooling

channels placed at 3, 4, 5, 6, 7 and 8 mm respectively from the cavity surface.

Extra material was designed onto the cavity surfaces that once machined would result in
perfectly flat reference surfaces. The Alumide® inserts were mounted into the steel bolster

and IM trials were conducted using PP.

After the mould trials, the inserts was scanned with a Kreon Ace 7 axes measuring arm
with a Solano Blue laser scanner. The scan data was compared to the CAD files of the

Alumide® inserts using Geomagic® Qualify inspection software.
Results

i. To determine the influence of cooling channels inside an Alumide® insert, the water
supply to the cooling channels was closed during an IM trial. The temperature of the
Alumide® inserts were recorded with temperature probes inside the inserts. Figure 4.38
shows the position of the probes inside the fixed and moving halves of the Alumide®

inserts.
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Probe 1 Probe 4
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Figure 4.38 Location of heat sensing probes inside the fixed and moving halves of
Alumide® inserts.

The mould was run for approximately 2000 seconds (25 IM cycles) to obtain steady state
thermal conditions before the water supply to the mould was closed. After approximately
5160 seconds (1 h 26 min), the water supply to the mould was reopened. Figures 4.39
and 4.40 show plots of the mould temperatures for the fixed and moving halves of the

Alumide® inserts.
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Figure 4.39 Mould temperature graph for the moving insert with cooling water interruption.
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Figure 4.40 Mould temperature graph for the fixed insert with cooling water interruption.

From Figures 4.39 and 4.40 it can be seen that in both the fixed and moving inserts, the
mould temperature increased after 2000 seconds when the water supply was closed.
The mould temperature increased until the cooling water supply was reopened after
5160 seconds. After the water supply was reopened to the cooling channels, the insert

temperatures started to decrease.

ii. An IM trial of the Alumide® insert with the 2 mm thick part cavity, using round cooling
channels, was conducted using PP material. A cycle time of 44.9 seconds was recorded
with an injection pressure of 3.5 MPa. After 100 IM cycles, no deformation of the cavity
surfaces was observed.

Alumide® inserts with the 3.5 mm thick part cavity and round cooling channels were
placed into the bolster and the IM trial was repeated with the same processing
parameters, using PP material. After the 13" IM cycle, the cavity with a cooling channel
3 mm from the surface ruptured. Significant deformation also occurred on the surface of
the cavity with a cooling channel 4 mm from the surface. Figure 4.41 shows the ruptured
surface of the cavity with a cooling channel 3 mm from the surface and the deformation

of the cavity with a cooling channel 4 mm away.
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Figure 4.41 Ruptured surface of the round cooling channel 3 mm from the surface (A) and
the deformed surface of the cavity with a cooling channel 4 mm from the surface (B).

The deformation of the cavity surfaces was measured with the Kreon laser scanning arm
and the results compared to the CAD design of the insert, as shown in Figure 4.42. The
deviation between the scan data and the CAD data is indicated in a colour scale. Regions
with the smallest deviation are indicated in green while regions with the largest deviation
are indicated in dark blue or red. Data points on the surfaces of the cavities were selected
to indicate the maximum deviation for each cavity.
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Figure 4.42 Results of a comparison between scan data and the CAD file of an insert
indicating the maximum deformation of the cavity surface.

The trial was repeated with Alumide® inserts designed with the 3.5 mm thick part cavity
and oval cooling channels. The injection pressure was gradually increased until

deformation was observed at 6 MPa on the cavity surfaces. The surfaces were scanned
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with the Kreon laser scanning arm and compared to the CAD data. Noticeable deformation
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was observed on the surfaces with cooling channels 3 mm and 4 mm from the cavity, as

shown in Figure 4.43.

Figure 4.43 Deformed surface of a cavity with an oval cooling channel 3 mm (A) and 4 mm

from the surface (B).

The deviation between the scan and CAD data for Alumide® inserts with cooling channels

3 to 8 mm from the cavity surface are summarised in Table 4.6.

Table 4.6 Deviation between the scan and the CAD data of Alumide® inserts with cooling
channels 3 to 8 mm from the cavity surface.

Cooling Distance Part Deviation Injection

channel profile | from cavity | thickness (mm) pressure
surface (mm) (MPa)
(mm)

Round (@8 mm) 3 3.5 Blow through 3.5
Round (@8 mm) 4 3.5 3.60 3.5
Round (&8 mm) 5 3.5 0.70 3.5
Round (@8 mm) 6 3.5 0.54 3.5
Round (@8 mm) 7 3.5 0.40 3.5
Round (@8 mm) 8 3.5 0.24 3.5
Oval (10.8 x 6) 3 3.5 1.98 6
Oval (10.8 x 6) 4 35 1.20 6
Oval (10.8 x 6) 5 3.5 0.21 6
Oval (10.8 x 6) 6 3.5 0.16 6
Oval (10.8 x 6) 7 35 0.11 6
Oval (10.8 x 6) 8 3.5 0.07 6
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iii. The Alumide® inserts had to be redesigned since the cooling channels 3 and 4 mm from
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the cavity surface, caused a large deformation. Round and oval cooling channels, with
distances of 5 mm to 10 mm from the cavity surface in 1 mm increments, were designed
and manufactured, as shown in Figures 4.44 and 4.45. Only inserts with a part thickness
of 3.5 mm were considered because the inserts with the 2 mm part did not deform as

easily as the inserts with a 3.5 mm part thickness under the same injection pressure.
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SECTION J-J SECTION K-K SECTION L-L SECTION G-G SECTION H-H

©

Figure 4.44 Layout of the redesigned fixed and moving halves of Alumide® inserts with
a 8 mm diameter conformal cooling channels placed at 5, 6, 7, 8 9 and 10 mm,
respectively from the cavity surfaces.
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Figure 4.45 Layout of the redesigned fixed and moving halves of Alumide® inserts with
oval cooling channels placed at 5, 6, 7, 8, 9 and 10 mm respectively, from the cavity
surfaces.

During IM trials, the redesigned insert with the round cooling channels deformed at an
injection pressure of 3.5 MPa while the oval cooling channels did not deform under the

same injection pressure. The injection pressure was gradually increased until
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deformation was observed at 8 MPa. The cavity surfaces of the inserts with round and
oval cooling channels were scanned and compared to the CAD data. The deviation
between the scan and CAD data with cooling channels 5 to 10 mm from the cavity

surface are summarised in Table 4.7.

Table 4.7 Deviation between the scan and CAD data of Alumide ® inserts with cooling
channels 5 to 10 mm from the cavity surface.

Cooling channel Distance from Part Deviation Injection
profile cavity surface thickness (mm) pressure
(mm) (mm) (MPa)

Round (28 mm) 5 3.5 0.60 3.5
Round (@8 mm) 6 3.5 0.43 3.5
Round (@8 mm) 7 3.5 0.33 3.5
Round (@8 mm) 8 3.5 0.26 3.5
Round (@8 mm) 9 3.5 0.21 3.5
Round (@8 mm) 10 3.5 0.11 3.5
Oval (10.8 x 6) 5 3.5 0.36 8.0
Oval (10.8 x 6) 6 3.5 0.23 8.0
Oval (10.8 x 6) 7 3.5 0.17 8.0
Oval (10.8 x 6) 8 3.5 0.10 8.0
Oval (10.8 x 6) 9 3.5 0.08 8.0
Oval (10.8 x 6) 10 3.5 0.03 8.0

iv. SIGMASOFT® virtual moulding simulation software was used to simulate the heat flow
from a cavity to a cooling channel for an Alumide® insert. During a previous postgraduate
study conducted at CUT on Alumide® tooling, SIGMASOFT® was successfully
implemented as simulation software that accurately simulates IM temperatures which
compare favourably to actual experimental Alumide® mould temperatures measured
during IM trials [106]. A part 50 x 50 mm? with a thickness of 2.5 mm was used in the
simulation. The distance between a cooling channel and the cavity surface was varied
from 5 mm to 10 mm with 1 mm increments, as indicated by dimension “D” for an oval

cooling channel and dimension “E” for a round cooling channel as shown in Figure 4.46.
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Figure 4.46 Model used during the heat flow simulation with varying distance of the round
and oval cooling channels from the cavity.

ABS material with an injection melt temperature of 250 °C and an initial mould
temperature of 20 °C, with a cycle time of 90 seconds, was applied to the simulation.
SIGMASOFT® virtual moulding simulation results were obtained at the 20™ injection
moulded cycle, when the mould would be very close to a thermal steady state. The heat
removed and the maximum mould temperatures with an oval and a round cooling
channel at a certain distance from the cavity surface, as predicted by the simulation

software, are summarised in Table 4.8.

Table 4.8 SIGMASOFT®simulations results for the heat removed and maximum mould
temperatures of an Alumide® insert with oval and round cooling channels.

> Round profile Oval profile
© =S £ % O c o |83 £ % Q S o
E~ |2 o > o > o 5|82 o > o~ P
°E O_? %O g9 %E% O_-? %O gQ (‘@E%
sE|5% |25 |EE |©235 5% |¢¢c |EE |$35
e |22 | 8= |Ew® SES| -2 |85 |EB |2EZ
5 |22 |s2 |BE s 2|25 | |BE |x S
a A e =2 I =8
5 624.97 - 94.70 - 615.70 - 96.91 -
6 606.32| 3.0% 97.05 25% | 59455| 34 % 99.16 2.3%
7 587.80 | 3.1% 99.32 23% | 57154 | 3.9% | 101.35 22 %
8 569.12| 3.2% 101.52 2.2 % | 555.29| 28% | 103.38 2.0 %
9 55246 | 2.9% 103.59 2.0% | 538.26 | 3.1% | 105.30 1.9%
10 532.67| 3.6% 105.50 1.8% | 520.02| 3.4% | 107.10 1.7 %

From Table 4.8 it can be observed that an oval cooling channel is able to remove a similar
quantity of heat from the cavity compared to a round cooling channel 1 mm closer to the
cavity surface. The maximum mould temperature of an oval cooling channel is also similar

to the maximum value of a round cooling channel 1 mm closer to the cavity surface. From
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Table 4.8 it can also be observed that for every 1 mm a round or oval cooling channel is
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further from the cavity surface, the heat removed from the cavity decreases by
approximately 3 %, while the maximum mould temperature increases by approximately
2 %.

Discussion

From Figures 4.39 and 4.40 it can be concluded that conformal cooling channels had an
effect on the mould temperatures of an Alumide® insert during the IM trials. Without
cooling, the mould temperature increased by approximately 30 °C within 3160 seconds.
This additional heat with the injection pressure can result in premature deformation of

Alumide® inserts, reducing the usable lifespan.

Results from Table 4.6 indicate that cooling channels need to be a minimum distance of
5 mm from a cavity surface. Cooling channels 3 and 4 mm from the cavity surface
deformed significantly under injection pressures. Results from Table 4.6 and 4.7 also
indicate that oval cooling channels are able to withstand twice as high injection pressures
compared to a round cooling channel, due to its geometrical shape.

Results from Table 4.8 indicate that an oval cooling channel removes less heat (about
2.3 %) from an insert compared to a round cooling channel at the same distance from a
cavity surface. This results in about 2 °C higher mould temperature compared to a round
cooling channel. Results from Table 4.6 and 4.7 show that a higher injection pressure is

more likely to cause deformation than a slightly higher (about 2 °C) insert temperature.

From these results it is recommended that oval cooling channels, 5 mm from the cavity
surface, should be used for Alumide® inserts with an injection pressure in the region of
3.5 MPa. For injection pressures in the region of 6 to 8 MPa, an oval cooling channel 9 mm
from the cavity surface should be considered for minimal deformation as shown in
Table 4.7.

4.4.4 Geometrical experiment with oval cooling channels

The experiment, as described in Section 4.4.2, was repeated with oval conformal cooling

channels to prevent deformation of the cavity surface.
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Aim
The aim of this experiment remained the same as stated in Section 4.4.2.
Procedure

A fill simulation analysis using SIGMASOFT® software was conducted to determine the
injection pressure required to fill the cavity. Results from the analysis indicated that an
injection pressure of 3.8 MPa was required to fill the cavity. Oval conformal cooling
channels spaced 5 mm from the cavity surface were used in the design of the insert. Apart
from the cooling channel design, the same procedure was followed as described in
Section 4.4.2.

IM trials were conducted using PP material with an injection pressure of 4 MPa.
Results

During the fifth IM cycle, the 4 mm diameter pin broke from the insert. The 5 mm diameter
pin broke after the 9™ IM cycle and the 6 mm diameter pin after the 11" IM cycle. The trial
was continued until the 24" IM cycle to determine if the cooling channels were able to
withstand the injection pressure. Figure 4.47 shows the Alumide® insert with the positions

where the pins features were broken from the insert.

Positions where pin
features were
broken from the
Alumide® insert

Figure 4.47 Positions of Alumide® pin features broken off during the IM trial.
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Discussion

The hole features of the bosses manufactured from Alumide® broke off during the first few
IM cycles. This resulted in large cavities where molten PP accumulated during injection.
These cavities retained heat and resulted in increased wear on the Alumide® inserts. Steel
pins inserted into the Alumide® inserts should be used for hole features instead of pins

manufactured from Alumide® to overcome this problem.

No deformation of the cavity surface into the cooling channels occurred. From these results
it can be concluded that oval cooling channels 5 mm from the cavity surface are able to

withstand injection pressures of around 4 MPa without deformation.

Due to the short IM trial, it was not possible to determine the durability of geometrical
features included in the Alumide® insert design. However, it was observed that there was
significant wear to the geometrical features close to the injection point, as shown in
Figure 4.48.

| Injection point |==

Wear of geometrical
features

Figure 4.48 Wear of geometrical features close to the injection point.

The close proximity of the geometrical features to the injection point resulted in a
continuous flow of molten polymer (from the IM machine’s barrel at a nozzle temperature
of 220 °C) over these features as the cavity filled. Figure 4.49 A to D shows the flow path
of the molten polymer during the filling of the cavity as predicted by SIGMASOFT® IM
simulation software. Figure 4.49 A shows the flow path of the molten polymer after 10 %
filling of the cavity, B 20 %, C 40 % and D 80 %. Figure 4.49 A indicates that after 10 %
filling of the cavity the molten polymer started to fill the geometrical features close to the
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injection point. The flow of the molten polymer resulted in a higher mould temperature at

Chapter 4

regions near the injection point. The sharp-edged corners of the geometrical features were
softened by the high temperature, causing it to wear. As these corners wore, the thickness
of these features increased. This resulted in more material accumulating, increasing the

temperature which accelerated the rate of wear.

®4

D

Figure 4.49 Results of the SIGMASOFT® flow analysis for the geometrical part showing
the flow path of the molten material during the filling of the mould cavity.

4.4.5 Geometrical V2 experiment
Aim
The aim of this experiment was to determine:

e The durability of different geometrical features of an Alumide® insert.

e The wear in regions of an Alumide® insert that cannot be cooled sufficiently due to
mould constraints such as screw holes and ejector pins.

e The suitability of different polymer materials for use with an Alumide® insert. IM

trials were conducted using PP, ABS, PC and PAG.
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Procedure

Due to the wear of features close to the injection point, the geometrical test part was
redesigned with geometrical features repositioned further from the injection point.
Figure 4.50 shows a CAD model and a product drawing of the redesigned part, indicating

the dimensions and placement of the geometrical features.

SECTION B-B

|
-
15

!

——

71
.sy‘ ¢4

91,2
SECTION A-A
Figure 4.50 Dimensions and CAD model of the redesigned geometrical part.

|

Figure 4.51 A to D shows the flow path of the molten polymer of the redesigned
geometrical part, as predicted by SIGMASOFT® IM simulation software. Figure 4.51 A
shows the flow path of the molten polymer after 10 % filling of the cavity, B 20 %, C 40 %
and D 80 %. Compared to Figure 4.49 A, the redesigned geometrical features only start
to fill after 20 % and 40 % filling, as shown in Figure 4.51 B and C respectively.

© Central University of Technology, Free State



{ Central University of
Technology, Free State

Chapter 4 Page |93

Figure 4.51 Results of the SIGMASOFT @ flow analysis for the redesigned geometrical part
showing the flow path of the molten material during the filling of the mould cavity.

Oval conformal cooling channels, 5 mm from the cavity surface, were included into the
Alumide® insert design. The conformal cooling channels were positioned to obtain the best
possible cooling while avoiding insert features such as screw and ejector pin holes, as
shown in Figure 4.52. The inlet and outlet positions of the conformal cooling channels were

placed at locations matching the cooling channel holes of the steel bolster.

Figure 4.52 Layout of the oval conformal cooling channels avoiding insert features such
as screw and ejector pin holes.
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SIGMASOFT® IM simulation software was used to predict the temperatures of the
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Alumide® inserts after the 20™ IM cycle, when the mould would have been at a thermal
steady state. The temperature profiles as well as the maximum insert temperatures were

obtained for the fixed and moving inserts, as shown in Figure 4.53.

Maximum insert
temperatures

Figure 4.53 Insert features where the maximum temperatures occur for the fixed (A) and
moving (B) Alumide® inserts after the 20" IM cycle, according to SIGMASOFT® virtual
moulding software.

The insert features shown in Figure 4.53 where the maximum temperatures occurred,
could not be cooled sufficiently due to their size and insert constraints. These insert
features were not altered to determine the influence the higher insert temperature would
have on the rate of wear.

After backfilling and machining operations, the Alumide® inserts were polished by sanding
using 320 and 400 grit sandpaper to remove the stair steps resulting from the
manufacturing process on the geometrical features. Figure 4.54 A and B show the
geometrical features in the as-built form of the fixed insert, and Figure 4.54 C and D show
the moving insert with the stair step effect visible on the features.
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Figure 4.54 Stair step effect visible on features of the redesigned geometrical insert in the
as-built form of the fixed and moving inserts.

Figure 4.55 shows the machined and polished Alumide® insert with steel pins inserted for
producing hole features in the injection moulded parts. This post-processing procedure

was repeated for the four sets of inserts used during this experiment.

| Steel pins

Figure 4.55 Machined and polished Alumide® insert with steel pins for producing hole
features.
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Results

i. Geometrical mould trial with PP
The process parameters used during the trial with PP are summarised in Table 4.9.

Table 4.9 Injection moulding process parameters used during the manufacturing of
geometrical parts from PP.

Material preparation | None
Injection pressure 4 MPa

Nozzle temperature | 220 °C
Cycle time 45 seconds
Mould cooling Water temperature controlled by a chiller unit set at 7 °C

200 IM cycles were completed without any noticeable wear on the Alumide® inserts.

Figure 4.56 shows the fixed half of the Alumide® insert after 200 IM cycles.

Figure 4.56 Fixed half of the Alumide® insert after 200 IM cycles using PP.

Results from SIGMASOFT® virtual moulding software indicated that the insert feature,
shown in Figure 4.56 B, had a temperature of 169.4 °C after the 20" IM cycle, as shown
in Figure 4.57. Because this temperature is less than the melt temperature of 177 °C for
Alumide®, obtained from the results in Section 4.2.2, the features shown in Figure 4.55 A

and B did not have noticeable wear.
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Figure 4.57 Temperatures of the fixed half Alumide ® insert using PP after the 20t IM cycle,
according to SIGMASOFT @ virtual moulding software.

Figure 4.58 shows the moving half after 200 IM cycles. The insert feature shown in
Figure 4.58 A did not wear but started to delaminate. This feature could not be cooled
sufficiently due to its size and mould constraints. The knife-edge corner shown in

Figure 4.58 B did not show any signs of wear.
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Figure 4.58 Moving half of the Alumide® insert after 200 IM cycles using PP. Figures A
and B are enlargements of the encircled regions of the insert.

Results from SIGMASOFT® virtual moulding software indicated that the insert feature
shown in Figure 4.58 A had a temperature of 179.3 °C after the 20" IM cycle, as shown in
Figure 4.59. This temperature is slightly more than the melt temperature of 177 °C for

Alumide®. This slightly higher temperature could have caused the delamination of the

Alumide® insert feature shown in Figure 4.58 A.
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Figure 4.59 Temperatures of the moving half Alumide® insert using PP after the 20t IM
cycle, according to SIGMASOFT @ virtual moulding software.

No noticeable wear was observed on the text features and the knife-edge corners after
200 IM cycles, as shown in Figure 4.60.

Figure 4.60 Text features and knife-edge corners without any wear after 200 IM cycles
using PP.
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The Alumide® inserts were scanned after 200 IM cycles using the Kreon scanning arm and
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compared to the CAD data of the inserts using Geomagic® Qualify software. The deviation
between the scan and the CAD data was consistently about 0.2 mm. Due to budget
constraints, it was not possible to scan and compare the inserts to the CAD data before
the IM trials commenced. Therefore this deviation could be from material removed during
the polishing of the inserts. From the scan results, as shown in Figure 4.61, there were no
geometrical features with a deviation value larger than 0.5 mm. This shows that there was

no significant wear on the Alumide® inserts after 200 IM cycles.
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Figure 4.61 Scan results of the moving and fixed Alumide ® inserts after 200 IM cycles

using PP.

ii. Geometrical mould trial with ABS
The process parameters used during the trial with ABS are summarised in Table 4.10.

Table 4.10 Injection moulding process parameters used during the manufacturing of
geometrical parts from ABS.

Material preparation | Material dried for 2 hours at 82 °C

Injection pressure 4 MPa

Nozzle temperature | 230 °C

Cycle time 47 seconds

Mould cooling Water temperature controlled by a chiller unit set at 7 °C

200 IM cycles were completed without any noticeable wear on the fixed half of the

Alumide® insert, as shown in Figure 4.62. Due to the higher processing temperature of
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ABS, the cycle time was increased to allow for solidification of the part before ejection from
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the mould.

Figure 4.62 Fixed half of the Alumide® insert after 200 IM cycles using ABS.

SIGMASOFT® simulation, results (shown in Figure 4.63) indicated an insert temperature
of 179.1 °C after the 20" IM cycle for the feature shown in Figure 4.62 B. This temperature
is slightly higher than the melt temperature of Alumide®, causing minor wear to the top

corners of the feature shown in Figure 4.62 B.

SIGMASOFT
Virtual Molding

Figure 4.63 Temperatures of the fixed half Alumide® insert using ABS after the 20" IM
cycle, according to SIGMASOFT® virtual moulding software.
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Figure 4.64 shows the moving half after 200 IM cycles. The insert feature shown in

Chapter 4

Figure 4.64 A started to wear after the 10" IM cycle. Wear of this feature continued until
the 100" IM cycle after which it remained constant until the trial was ended. This feature
could not be cooled sufficiently due to its size and mould constraints. The knife-edge

corners shown in Figure 4.64 B also started to wear.

Knife-edge |
corner |

Figure 4.64 Moving half of the Alumide® insert after 200 IM cycles using ABS. Figures A
and B are enlargements of the encircled regions of the insert.

SIGMASOFT® simulation results shown in Figure 4.65 indicated an insert temperature of
211.5 °C after the 20" IM cycle for the feature shown in Figure 4.64 A, and 204.7 °C for
the feature shown in Figure 4.64 B. These temperatures exceeded the melt temperature

of Alumide®, resulting in the wear of these features.
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SIGMASOFT
Virtual Molding

Figure 4.65 Temperatures of the moving half Alumide® insert using ABS after the 20t IM
cycle, according to SIGMASOFT® virtual moulding software.

Measurements of the insert feature shown in Figure 4.64 A were taken from the IM parts
with a Vernier calliper to determine the wear progression. Figure 4.66 shows a sectional
view of the CAD model indicating how the measured value was obtained from the IM patrt.
The wear value of an IM part was obtained by subtracting the measured value from the

value the feature had before wear occurred (reference value).

Reference value

|

Wear value

Wear of feature

Figure 4.66 Sectioned view of a CAD model showing the wear of the mould feature as well
as the location of the measured, reference and wear values of the IM part.
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Measurements of the insert feature shown in Figure 4.64 A are graphically presented in
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Figure 4.67, indicating the wear progression of the feature during the IM trial.

Wear progression of mould feature
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Figure 4.67 Wear of the uncooled insert feature from the first to the 200" IM cycle.

SIGMASOFT® simulation results shown in Figure 4.68 indicated maximum insert
temperatures of 173.1 °C for the uncooled feature during the sixth IM cycle and 187.1 °C
for the seventh IM cycle. The increase in temperature between the sixth and seventh IM
cycle is more than the melting temperature of Alumide®, initiating wear. Wear of the feature
slowly continued to increase until the 10" IM cycle when noticeable wear could be
measured. As the feature continued to wear, more material was added to this region of the
part during each IM cycle, increasing the temperature and wear at this region. This could
explain the sudden increase in wear between the 50" and the 100" IM cycle, as shown in
Figure 4.67. After the 100" IM cycle, the worn feature was closer to a section of the
Alumide® insert where the cooling channels were able to cool down the feature between
IM cycles. This reduced the temperature of the insert feature between IM cycles,

decreasing the rate of wear.
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Figure 4.68 Insert temperatures of the moving half Alumide® insert during the 6" (A) and
7t (B) IM cycle, according to SIGMASOFT @ virtual moulding software.

No noticeable wear was observed after the IM trials on the text features and the knife-edge

corners shown in Figure 4.69.

Figure 4.69 Text features and knife-edge corners without any wear after 200 IM cycles
using ABS.

The Alumide® inserts were scanned after 200 IM cycles and compared to the CAD data.
The deviation between the scan and CAD data was between 0.2 — 0.3 mm. Due to budget
constraints, it was not possible to scan and compare the inserts to the CAD data before
the IM trials commenced, therefore this deviation could be from material removed during
the polishing of the inserts. From the scan results shown in Figure 4.70, there were no
geometrical features (apart from the isolated feature shown in Figure 4.64 A) with a

deviation larger than 0.5 mm.
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Figure 4.70 Scan results of the moving and fixed Alumide?® inserts after 200 IM cycles
using ABS.

iii.  Geometrical mould trial with PC
The process parameters used during the trial with PC are summarised in Table 4.11.

Table 4.11 Injection moulding process parameters used during the manufacturing of
geometrical parts from PC.

Material preparation | Material dried for 3 hours at 120 °C
Injection pressure 4 MPa

Nozzle temperature | 300 °C

Cycle time 63 seconds

Mould cooling Controlled by a tool temperature controller set at 30 °C

A total of 180 IM cycles were completed before the trial was ended. At the start of the trial,
the tool temperature controller was initially set at 20 °C. At this temperature setting, the
PC material flowing from the nozzle solidified before the cavity was completely filled. The
temperature was gradually increased until the cavity completely filled at a temperature
setting of 30 °C.

Within the first couple of IM cycles, wear was detected on the geometrical features of the
Alumide® inserts. Figure 4.71 shows the fixed half of the Alumide® insert after 180 IM

cycles.
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Figure 4.71 Fixed half of the Alumide® insert after 180 IM cycles using PC. Figures A and
B are enlargements of the encircled regions of the insert.

SIGMASOFT® simulation results shown in Figure 4.72 indicated insert temperatures that
exceeded the melting temperature of Alumide® after the 5 IM cycle resulting in the melting

and wear of the features shown in Figure 4.71.
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Figure 4.72 Temperatures of the fixed half Alumide® insert using PC after the 5" IM cycle,
according to SIGMASOFT @ virtual moulding software.

Because it was not practical to remove and scan the Alumide® inserts after a number of
IM cycles to determine the wear, the geometrical accuracy of the IM parts were determined
at certain intervals using the Kreon scanning arm. During the IM trial, parts produced from
the Alumide® inserts were numbered in the sequence that they were manufactured. The
first part produced was used as a reference for the subsequent parts to be compared to
using Geomagic® Qualify software. This procedure was used to determine the progression
of the wear for the Alumide® inserts. The wear of features that could not be scanned was
measured on the parts with measuring equipment such as a micrometer or a digital Vernier

calliper.

Figure 4.73 shows a graphical comparison in Geomagic® Qualify between the reference
part and subsequent parts indicating the wear progression at a section from the fixed half

of the Alumide® insert.
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Figure 4.73 Graphical representation of the wear progression of a geometrical feature from
the fixed half of the Alumide® insert from an IM trial with PC material.
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Figure 4.74 shows the moving half after 180 IM cycles. Excessive wear occurred on the

geometrical features of the insert, as shown in Figure 4.74 A and B.

© Central University of Technology, Free State



( Central University of
Technology, Free State Pa g e | 110

Chapter 4

Figure 4.74 Moving half of the Alumide® insert after 180 IM cycles using PC. Figures A
and B are enlargements of the encircled regions of the insert.

SIGMASOFT® simulation results shown in Figure 4.75, indicated insert temperatures
exceeding 198.8 °C after the 5" IM cycle for the features shown in Figure 4.74. These high
temperatures resulted in the melting of insert features causing the excessive wear shown

in Figure 4.74.
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Figure 4.75 Temperatures of the moving half Alumide® insert using PC after the 5" IM
cycle, according to SIGMASOFT @ virtual moulding software.

Figure 4.76 shows a graphical comparison in Geomagic® Qualify, indicating the
progression of the wear between the reference part and the subsequent parts at a section

taken of the moving half of the Alumide® insert.
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Figure 4.76 Graphical representation of the wear progression of geometrical features from
the moving half of the Alumide® insert from an IM trial with PC material.

From Figures 4.73 and 4.76 it can be seen that after the eighth IM cycle geometrical

features of the Alumide® insert wore to such extent that the manufactured part would no

longer be acceptable. From these figures, it is also observed that insert features rapidly

© Central University of Technology, Free State



( Central University of
Technology, Free State P a ge | 113

wore until the 48" IM cycle after which the wear remained relatively unchanged. The

Chapter 4

reason for this could be that the features were closer to a section of the Alumide® insert
where cooling channels were able to cool down these features between IM cycles,
preventing the insert temperature from increasing above the melting temperature of

Alumide®.

Wear also occurred on the text features and knife-edge corners of the Alumide® insert, as

shown in Figure 4.77, due to the high temperatures of the Alumide® insert.

Wear of
geometrical
features

Figure 4.77 Wear occurring on text features and knife-edge corners after 180 IM cycles
with PC material.

iv. Geometrical mould trial with PA 6
The process parameters used during the trial with PA 6 are summarised in Table 4.12.

Table 4.12 Injection moulding process parameters used during the manufacturing of
geometrical parts from PA 6.

Material preparation | Material dried for 8 hours at 82 °C

Injection pressure 4 MPa

Nozzle temperature | 240 °C

Cycle time 65 seconds

Mould cooling Controlled by a mould temperature controller set at 20 °C

A total of 150 IM cycles were completed before the trial was ended. Within the first couple
of IM cycles, wear was detected on the geometrical features of the Alumide® inserts.

Figure 4.78 shows the fixed half of the Alumide® insert after 150 IM cycles.
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Figure 4.78 Fixed half of the Alumide® insert after 150 IM cycles using PA 6. Figures A
and B are enlargements of the encircled regions of the insert.

SIGMASOFT® simulation results shown in Figure 4.79 indicated insert temperatures which
exceeded the melting temperature of Alumide® after the 10" IM cycle. These insert

temperatures were less than those predicted for the PC material.

© Central University of Technology, Free State



( Central University of
Technology, Free Siate Pa ge | 115

Chapter 4

SIOMASOFT
Virtual Molding

Figure 4.79 Temperatures of the fixed half Alumide® insert using PA6 after the 10t IM
cycle, according to SIGMASOFT® virtual moulding software.

The significant wear on the features could be due to the melting and bonding of the
polyamide particles in the Alumide® mixture with the injected PA 6 material, and removed
with the part from the cavity during the ejection phase of an IM cycle. Fragments of
Alumide® material were visible on the parts manufactured from polyamide throughout the

trial, as shown in Figure 4.80.
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Alumide®
bonded to the
polyamide 6

Figure 4.80 Alumide® material bonded to the polyamide 6 and torn from the Alumide®

insert during the ejection of the part.

Figure 4.81 shows a graphical comparison in Geomagic® Qualify between the reference
part and subsequent parts, indicating the wear progression at a section from the fixed half

of the Alumide® insert.
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Figure 4.81 Graphical representation of the wear progression of a geometrical feature from
the fixed half of the Alumide® insert from an IM trial with PA 6 material.

Figure 4.82 shows the moving half after 150 IM cycles with excessive wear to the

geometrical features of the Alumide® insert.
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Figure 4.82 Moving half of the Alumide® insert after 150 IM cycles using PA 6. Figures A
and B are enlargements of the encircled regions of the insert.

SIGMASOFT® simulation results shown in Figure 4.83 indicate insert temperatures which
exceeded the melting temperature of Alumide®, after the 10" IM cycle. The significant
wear to the features shown in Figure 4.82 A and B could be due to the melting and bonding
of the polyamide particles in the Alumide® mixture with the injected PA 6 that were

removed with the part from the cavity during the ejection phase.
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Figure 4.83 Temperatures of the moving half Alumide® insert using PA6 after the 10t IM
cycle, according to SIGMASOFT® virtual moulding software.

Figure 4.84 shows a graphical comparison in Geomagic® Qualify between the reference
part and the subsequent parts indicating the progression of the wear at a section taken

from the moving half of the Alumide® insert.
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Figure 4.84 Graphical representation of the wear progression of a geometrical feature from
the moving half of the Alumide® insert from an IM trial with PA 6 material.

Wear of the text features and knife-edge corners of the Alumide® insert are shown in
Figure 4.85.
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Figure 4.85 Wear of text features and knife-edge corners after 150 IM cycles with PA 6
material.

Discussion

Geometrical features close to the injection point tended to wear more quickly due to the
continuous flow of molten polymer over these features. Redesigning of the geometrical
part by moving features further from the injection point (shown in Figure 4.50), overcame
this issue. A total of 200 IM cycles with PP did not cause any wear to the Alumide® inserts.
From these results it can be concluded that PP is a suitable material for use with Alumide®

inserts.

IM trials with ABS did not cause any wear to the Alumide® inserts in regions where effective
cooling was present. Regions that could not be cooled effectively, due to mould
constraints, resulted in wear as shown in Figure 4.64 A. This indicates that ABS can be
successfully used with Alumide® inserts if effective cooling can be applied, particularly to

regions with large volumes where molten polymer material can accumulate.

Due to the high processing temperature of PC (300 °C), the Alumide® material exceeded
its melting point of 177 °C, causing rapid wear of the geometrical features, as shown in
Figures 4.71, 4.74 and 4.77. Due to the rapid wear of geometrical features (within eight

injection moulding cycles), PC is not suitable or feasible for use with Alumide® inserts.

Because polyamide is one of the constituents of Alumide®, it resulted in the bonding of the

injected polyamide to the Alumide® during the cooling phase of the IM cycle. The Alumide®
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material that bonded to the injected polyamide was torn from the insert during the ejection
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of the part from the mould as shown in Figure 4.80. From the scan data it can be seen that
the wear on the insert continued to increase during the trial due to the bonding of the
polyamide material. This indicates that polyamide is not suitable for use with Alumide®

inserts.

From the results it can be concluded that polymer materials with a processing temperature
of about 230 °C can be used for limited production runs with Alumide® if the insert features

can be cooled to a temperature less than the melting temperature of Alumide®.
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During Phase 4 of the research, an industry-specific product was identified that was
suitable to be produced through Alumide® inserts. The results obtained from Phase 3 were
implemented during the design of the inserts used during Phase 4. During the IM trial, a
short production run was performed to determine the number of products that can be

successfully manufactured with Alumide® inserts.

A cost and manufacturing time comparison between Alumide®, DMLS, PolyJet and
conventionally manufactured inserts, as well as Rapid Manufacturing (RM) through AM
processes was conducted. The aim of the comparison was to determine the feasibility of
Alumide® inserts for limited run IM applications. The layout of Phase 4 is schematically

illustrated in Figure 5.1.

Quality of IM Industrial Phase 4- ] Cost Tool steel inserts

roducts produced application comparison Aluminium inserts
i i Industrial i DMLS inserts

e
application of Alumide® inserts

: ) PolyJet inserts
Alumide® inserts Ragid

Achievable
quantities manufacturing

Manufacturing Tool steel inserts
— time 1 Aluminium inserts
comparison DMLS inserts
Alumide® inserts
Y PolyJet inserts
Rapid
manufacturing

Feasibility of
Alumide® tooling for
limited production plastic
injection moulding

Figure 5.1 Schematic representation of Phase 4.

5.1 Enclosure mould

An ABS enclosure for a medical product was required for verification processes. Two
hundred parts were required and due to the limited quantity, Alumide® inserts were used

to manufacture the parts. It was also decided to do a trial run using PP. Figure 5.2 shows

© Central University of Technology, Free State



( Central University of
Technology, Free State Pa g e | 124

a CAD model and a product drawing of the enclosure part including the dimensions and
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the geometrical features of the part.
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Figure 5.2 Dimensions and CAD model of the enclosure part.

5.1.1 Procedure

Alumide® inserts consisting of a single cavity were designed for the enclosure, as shown

in Figure 5.3.

Figure 5.3 CAD models of the Alumide® inserts consisting of a single part cavity.
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Oval conformal cooling channels, 5 mm from the cavity surface, were included into the
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Alumide® insert design. This channel geometry and placement was based on the results
of experimental work described previously in the thesis. The conformal cooling channels
were positioned along the cavity surfaces to obtain the best possible cooling while avoiding
mould features such as screw and ejector pin holes, as shown in Figure 5.4. The inlet and
outlet positions of the conformal cooling channels were placed at locations matching the

cooling channel holes of the steel bolster.

Figure 5.4 Conformal cooling channel design for the enclosure inserts avoiding mould
features such as screw and ejector pin holes.

SIGMASOFT® IM simulation software was used to predict the temperatures of the
Alumide® inserts, using PP and ABS. The software showed that geometrical features of
the inserts with a temperature more than the melting temperature of Alumide® would occur

only on the moving half, using PP and ABS, as shown in Figure 5.5.
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Figure 5.5 Geometrical features of the moving half insert with temperatures more than the
melting temperature of Alumide®.

It would not be possible to cool the insert features shown in Figure 5.5 sufficiently due to
their size and insert constraints, and the enclosure part could not be modified due to
product specifications. A higher wear rate at these geometrical features was expected
during the IM trials. IM trials with Alumide® inserts were continued because wear to these

features would not influence the function of the part.

Figure 5.6 shows the AM inserts in the as-manufactured form. Figure 5.6 A and B show
the fixed insert, and Figure 5.6 C and D the moving insert with the stair step effect visible
on the insert features. Extra material was added to the cavity surfaces of the fixed insert
for machining operations to obtain a polished-like outer surface on the parts. The surfaces
of the moving inserts were polished by sanding using 320 and 400 grit sandpaper to

remove the stair step effect.

© Central University of Technology, Free State



( Central University of
Technology, Free State P a ge | 127

Chapter 5

Figure 5.6 Stair step effect visible on features of enclosure insert in the as-manufactured
form. A and B show the stair step effect on the fixed insert and C and D on the moving

inserts.

Steel pins were inserted into the moving insert for the manufacturing of hole features, as

shown in Figure 5.7. This post-processing procedure was repeated for both sets of inserts.

Steel pins
inserted for the

manufacturing of Ejector
hole features pin holes

Figure 5.7 Machined and polished enclosure insert with ejector pin holes and steel pins
inserted for the manufacturing of hole features.
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The wall thickness of the manufactured parts at certain intervals was measured at four
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points (shown in Figure 5.8) with a micrometer to determine the wear of the inserts during
the IM trial.

Figure 5.8 Positions of the four points where measurements were taken on the enclosure
parts.

5.1.2 Results
Enclosure mould trial with PP

The process parameters used during the enclosure trial with PP, are summarised in
Table 5.1.

Table 5.1 Injection moulding process parameters used during the manufacturing of
enclosure parts from PP.

Material preparation | None
Injection pressure 4 MPa

Nozzle temperature | 220 °C
Cycle time 45 seconds
Mould cooling Water temperature controlled by a chiller unit set at 7 °C

After 200 IM cycles wear was noticed at the gate as well as geometrical features close to
the injection position, as shown in Figure 5.9 C. The knife-edge corners of the geometrical
feature shown in Figure 5.9 D started to delaminate due to the high heat retained in the
boss feature. Apart from these features, no significant wear was observed on the Alumide®

inserts, as shown in Figure 5.9 A and B.
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Wear to geometrical
features

Figure 5.9 Alumide® inserts after 200 IM cycles using PP. C and D show the features
where wear occurred.

Results from SIGMASOFT® virtual moulding software indicate that the insert features
shown in Figure 5.9 A and D, have temperatures of 182.7 °C and 184.3 °C respectively
after the 20™ IM cycle, as shown in Figure 5.10. Because these temperatures are more
than the melt temperature of Alumide®, wear to these features occurred. Although the
temperature at the gate region is indicated as 123.4 °C, excessive wear (shown in
Figure 5.9 C) occurred due to the high shear rate and subsequent viscous heating induced

at the gate during the filling of the cavity.
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Figure 5.10 Temperatures of the moving half enclosure insert using PP material after the
20t IM cycle, according to SIGMASOFT?® virtual moulding software.

The results from the measured wall thickness of the parts at the points shown in Figure 5.8
are shown in Figure 5.11. From the results it is seen that a small deviation occurred (less
than 0.1 mm) from the 15! to the 200™ injection-moulded part, which indicates that no

significant wear occurred on the walls during the trial.

2 5 20 40 80 100 150 200
Part number

= Point 1 = Point 2 e PNt 3 s Point 4

Figure 5.11 Wall thickness deviation of enclosure parts manufactured from Alumide®
inserts using PP.
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SIGMASOFT® simulation results indicated a maximum insert temperature of 121.9 °C for

Chapter 5 Page [131

the fixed half Alumide® insert after the 20" IM cycle, as shown in Figure 5.12. This
temperature is less than the melt temperature of Alumide® and resulted in minor wear, as

shown in Figure 5.11.
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Figure 5.12 Temperatures of the fixed half enclosure insert using PP material after the 20t
IM cycle, according to SIGMASOFT @ virtual moulding software.

The Alumide® inserts were scanned after 200 IM cycles and compared to the CAD data of
the inserts, as shown in Figure 5.13. The deviation between the scan and the CAD data
was about 0.2 to 0.3 mm. This deviation could be from material removed during the

polishing of the inserts.
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Figure 5.13 Scan results of the fixed (A) and moving (B) Alumide® inserts after 200 IM
cycles using PP.

Enclosure mould trial with ABS

The process parameters used during the enclosure trial with ABS are summarised in
Table 5.2.

Table 5.2 Injection moulding process parameters used during the manufacturing of
enclosure parts from ABS.

Material preparation | Material dried for 2 hours at 82 °C

Injection pressure 4 MPa

Nozzle temperature | 230 °C

Cycle time 52 seconds

Mould cooling Water temperature controlled by a chiller unit set at 7 °C

After 200 IM cycles wear was noticed at the gate as well as geometrical features close to
the injection position, as shown in Figure 5.14 C. The knife-edge corners of the geometrical
feature shown in Figure 5.14 B and D wore due to the high heat retained by the boss
features. Apart from these features, no significant wear was observed on the Alumide®
inserts.
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Wear to geometrical
features
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Figure 5.14 Alumide® inserts after 200 IM cycles using ABS. Figures A to D show the
features where wear occurred.

Results from SIGMASOFT® virtual moulding software indicated that the insert features
shown in Figure 5.14 B and D, have temperatures of 192.6 °C and 188.7 °C respectively,
after the 20™ IM cycle, as shown in Figure 5.15. Because these temperatures are more
than the melt temperature of Alumide®, it resulted in wear to these features. Although the
temperature at the gate region is indicated as 120.1 °C, excessive wear (shown in
Figure 5.14 A) occurred due to the high shear rate induced at the gate during the filling of

the cavity.
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Figure 5.15 Temperatures of the moving half enclosure insert using ABS material after the
20t IM cycle, according to SIGMASOFT © virtual moulding software.

Figure 5.16 shows a graphical comparison in Geomagics® Qualify between the reference
part and the 200" part showing that no significant wear occurred during these IM cycles.
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Figure 5.16 Graphical representation of the wear progression from 5 to the 200t IM

cycle.

After 200 IM cycles it was decided to continue the trial to determine the useful life cycle of

an Alumide® insert. The trial was continued until 2500 IM cycles were completed.

Figure 5.17 shows the fixed half after 2500 IM cycles. The cavity surface of the insert

started to delaminate after about the 700™ IM cycle and continued until the 2500t cycle.

No further significant wear from the 200" cycle was observed on the moving insert.
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Figure 5.17 Fixed half of the Alumide insert showing the delamination of the cavity
surface after 2500 IM cycles using ABS.

The results from the measured wall thickness of the parts at the points seen in Figure 5.8
are shown in Figure 5.18. From the results it can be seen that the deviation continuously
increased during the trial. Significant deviation (larger than 0.3 mm) started to occur from
about the 400™ IM cycle.
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Figure 5.18 Wall thickness deviation of enclosure parts manufactured from Alumide®
inserts using ABS.

Considering that the allowable manufacturing tolerance for industrial IM products is (0.6 %)
[23], the deviation in the length and width of the part should not exceed 0.63 mm and
0.45 mm respectively. The deviation of the enclosure parts during the production trial run
can be obtained by adding the deviation values of points 1 and 3 for the width and points
2 and 4 for the length. From the results of Figure 5.18 it can be seen that after about 400 IM
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cycles, the allowable deviation for the enclosure part has been reached for the width, while
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the deviation for the length is still within the allowable tolerance. From these results it can
be concluded that about 400 enclosure parts can be manufactured from Alumide® inserts

within the allowable tolerance.

SIGMASOFT® simulation results indicated a maximum insert temperature of 125.2 °C for
the fixed half Alumide® insert after the 20" IM cycle, as shown in Figure 5.19. This
temperature is less than the melt temperature of Alumide®, which should not result in
significant wear to the insert. About 320 of the ABS enclosure parts could be manufactured
during an eight-hour workday. The sudden increase in wall thickness of the manufactured
parts after 300 and 700 IM cycles, as shown in Figure 5.18, could be due to over-packing
of the molten material inside the Alumide® inserts during start-up procedures at the

beginning of a workday, resulting in the deformation of the cavity.
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Figure 5.19 Temperatures of the fixed half enclosure insert using ABS material after the
20t IM cycle, according to SIGMASOFT @ virtual moulding software.

© Central University of Technology, Free State



[ Central University of
Cha p ter 5 Technology, Free State

To determine the wear of the Alumide® inserts during the IM trial, the manufactured parts
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at certain intervals were scanned and measured. The first part produced was used as a
reference for the subsequent parts to be compared to. Figure 5.20 shows graphically in
Geomagics® Qualify, the progression of the wear between the reference part and
subsequent parts from the 200" cycle until the 2500t cycle.
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Figure 5.20 Graphical representation of the wear progression from 200t to the 2500t IM
cycle.

The Alumide® inserts were scanned after 2500 IM cycles and compared to the CAD data
of the inserts shown in Figure 5.21. The deviation between the scan and CAD data of the
moving insert was about 0.2 mm. This deviation could be from material removed during

the polishing of the insert. This small deviation indicates that this insert did not wear or
deformed during the trial.
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Figure 5.21 Scan results of the fixed (A) and moving (B) Alumide® inserts after 2500 IM
cycles using ABS.

5.1.3 Discussion

IM trials with PP did not cause any significant wear to the geometrical features of the
Alumide® inserts after 200 IM cycles. A gate machined into a steel insert can be inserted

into the Alumide® insert to prevent wear of this feature.

IM trials with ABS did not cause any significant wear to the geometrical features of the
Alumide® inserts after 200 IM cycles. A gate manufactured from a steel insert will prevent
wear to this feature. Wear to the features, as shown in Figure 5.14 B and D, was due to
the high heat volume of molten polymer from the boss feature. Improved cooling in these
regions (if possible within the layout of mould features), could reduce the wear of these

features.

From Figure 5.21 B it can be seen that after 2500 IM cycles no significant wear on the
moving half insert occurred. The scan results of the fixed half insert indicated a large
deviation of 0.65 to 1.16 mm, as shown in Figure 5.21 A. This indicates that the wall
thickness deviation, as indicated in Figure 5.20, resulted from the wear and deformation
of the fixed half insert.

During IM trials it was observed that the outer surface finish of the parts produced from PP

and ABS was coarse within the first few IM cycles although the Alumide® cavity surfaces
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were machined to a polished finish. It was noticed that there were small shallow holes on
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the cavity surface of the Alumide® insert causing a coarse surface finish, as shown in
Figure 5.22.

Openings on the
cavity surface

N o
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Figure 5.22 Holes on the cavity surface of the Alumide® insert causing a coarse surface
finish on the parts manufactured from ABS and PP.

A possible cause for this occurrence could be that the aluminium particles at the machined
surface of the cavity bonds with the injected polymer during an IM cycle and is removed
from the surface when the moulded part is ejected from the cavity. Figure 5.23 shows a
microscope image of laser-sintered Alumide®, showing the polyamide material

surrounding the aluminium particles.

Figure 5.23 Magnified image (150 magnification) of laser-sintered Alumide® material
showing the aluminium particles enclosed by the polyamide material.
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After machining the AM-manufactured Alumide® cavity surface, the aluminium particles
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are exposed, as shown in Figure 5.24 B.

AM-manufactured Surface after
surface machining

Aluminium
particles

Machined
aluminium particles

Polyamide around
aluminium particles

Figure 5.24 The aluminium particles and polyamide material, as manufactured by AM
techniques (A), and after machining operations on the Alumide® surface (B).

When the machined aluminium particles bonded to the manufactured part are ejected from
the cavity, this result in an opening for the molten polymer to flow into during the next IM
cycle and continues during the IM cycles that follow, wearing the opening further. After a
few IM cycles, the opening wears to such an extent that it results in a coarse surface. This
coarse surface was visible on the IM parts, which will not be suitable for transparent parts

or IM parts requiring a gloss surface finish.
5.2 Comparisons between different manufacturing processes

A comparison between the time and cost to manufacture inserts through different
manufacturing processes was conducted to determine the feasibility of using Alumide®

inserts for IM applications.
Manufacturing processes considered in the comparison include:

e Tool steel inserts manufactured through conventional manufacturing techniques
such as CNC machining, EDM, drilling, etc.

e Aluminium inserts manufactured through conventional manufacturing techniques.

e DMLS inserts manufactured from MaragingSteel MS1 using an EOS M 280 AM
machine. MaragingSteel MS1 is a DMLS metal powder, developed by EOS,
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designed for tooling applications that is an ultra-high strength alloy, resistant to
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corrosion, has good thermal conductivity and can be hardened with a simple
thermal age-hardening process.

PolyJet inserts manufactured using Objet™ RGD 515 digital ABS through the
material jetting process using an Objet™ Connex 350 AM machine.

Alumide® inserts manufactured through the SLS process using an EOS P 380 AM
machine.

RM, which is the use of AM processes to construct parts that are used directly as
finished products or components, and can be post-processed by techniques such
as infiltration, bead blasting, painting, plating, etc. [6]. For the time and cost

comparisons, RM parts were manufactured from polyamide 12 (PA 2200) material

through the LS process using an EOS P 385 AM machine.

The cost and manufacturing times for all the different AM processes were obtained from

the CRPM, an AM service provider. The cost per product is based on 200 parts

manufactured from a single set of inserts for each manufacturing processes. The

manufacturing time for the Alumide® and the PolyJet inserts includes the time required to

backfill the inserts as well as the curing time of the backfill material (approximately

14 hours).

5.2.1 Time and cost comparison of geometrical parts

Table 5.3 shows the time and cost of the different manufacturing processes to produce

200 geometrical parts, as used in Section 4.4.5.

Table 5.3 Time and cost comparison of different manufacturing techniques and the cost
per product for geometrical parts.

Manufacturing process Manufacturing | Manufacturing Cost per
time (hours) cost product (after
200 IM cycles)

Tool steel inserts 30 R 18 550.00 R 92.75
Aluminium inserts 22 R 14 300.00 R 71.50
DMLS (MaragingSteel MS1) 32 R 30 000.00 R 150.00
inserts

PolyJet inserts 25 R 16 540.00 R 82.70
Alumide® inserts 20 R 6 820.00 R 34.10
RM 22 R 25 663.00 R 128.32
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Figure 5.25 shows a scatter plot of the cost comparison to manufacture one to two hundred
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geometrical parts for each of the manufacturing processes. Trend lines with a R? value

between 0.997 and 1, were fitted to each of the plots.

Cost comparison for geometrical part
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Tool steel Aluminium inserts * MS1 PolyJet ®  Alumide RM

Figure 5.25 Cost comparison for the different manufacturing processes to manufacture
one to two hunderd geometrical parts.

Figure 5.26 shows an enlargement of the plot shown in Figure 5.25 with the intersection
point between the Alumide® and RM processes. The intersection between the Alumide®
inserts and the RM processes indicates the break-even point between the two
manufacturing processes. The intersection point between the trend lines of the Alumide®
and RM processes is 3.9. To verify the break-even point, the cost to produce four parts
from Alumide® inserts and RM technologies was calculated. The cost per product to
manufacture four parts from Alumide® inserts was R 1705.00 and to manufacture four
parts from PA 2200 using AM technologies was R 1720.00. This resulted in an accurate
comparison with only an R 15.00 difference between the two processes. From this plot it
can be concluded that it was more economical to use Alumide® inserts to manufacture four
to two hundred geometrical parts compared to the other manufacturing techniques
considered in Figure 5.26.
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Break-even point for geometrical parts produced from Alumide® inserts
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Figure 5.26 Break-even plot between Alumide® and RM manufacturing processes for the
geometrical part.

5.2.2 Time and cost comparison of enclosure parts

Table 5.4 shows the time and cost of the different manufacturing processes to produce

200 enclosure parts, as described in Section 5.1.1.

Table 5.4 Time and cost comparison of different manufacturing techniques and the cost
per product for the enclosure part.

Manufacturing process Manufacturing | Manufacturing | Cost per product
time (hours) cost (after 200 IM
cycles)

Tool steel inserts 38 R 24 000.00 R 120.00
Aluminium inserts 30 R 17 950.00 R 89.75
DMLS (MaragingSteel MS1) 46 R 45 000.00 R 225.00
inserts
PolyJet inserts 27 R 17 555.00 R 87.76
Alumide® inserts 20 R 6 820.00 R 34.10
RM 195 R 60 000.00 R 300.00

Figure 5.27 shows a scatter plot of a cost comparison to manufacture one to two hundred
enclosure parts for each of the manufacturing processes. Trend lines with an R? value

from 0.999 to 1 were fitted to each of the manufacturing process’s plot.
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Cost comparison for enclosure part
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Figure 5.27 Cost comparison for the different manufacturing processes to manufacture
one to two hunderd enclosure parts.

Figure 5.28 shows an enlargement of the plot shown in Figure 5.27 with the intersection
point between the Alumide® and RM processes. The intersection point between the trend
lines of the Alumide® and RM processes is 3.6. To verify the break-even point, the cost
per product to produce four parts from Alumide® inserts and RM technologies were
calculated. The cost to manufacture four parts from Alumide® inserts was R 1705.00 and
to manufacture four parts from PA2200 using AM technologies was R 1790.00. This
resulted in an R 85.00 difference between the two processes. From this plot it can be
concluded that it was more economical to use Alumide® inserts to manufacture four to two
hundred enclosure parts compared to the other manufacturing techniques considered in
Figure 5.28.
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Break-even point for enclosure parts produced from Alumide® inserts
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Figure 5.28 Break-even plot between Alumide® and RM manufacturing processes for the
enclosure part.

5.2.3 Time and cost comparison of tractor wheel parts

A similar comparison was made for tractor wheels for toy cars. A set of wheels for a car
consists of two large and two small wheels, both with wheel caps. Mould inserts produced
through the DMLS process using MaragingSteel MS1, were used to manufacture the

wheels and wheel caps.

Figure 5.29 shows product drawings of the tractor wheel parts used in the time and cost

comparisons.
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Figure 5.29 Dimensions and CAD model of the tractor wheel components used in the time

and cost comparison.

Table 5.5 shows the time and manufacturing cost comparison for the four sets of tractor

wheel inserts. The cost to manufacture 200 sets (consisting of two front and rear wheels

as well as two front and rear wheel caps) was calculated for each manufacturing process.

Table 5.5 Time and cost comparison for different manufacturing techniques and the cost
for 200 sets of the tractor wheel parts.

Manufacturing process Manufacturing | Manufacturing Cost per
time (hours) cost 200 sets
Tool steel inserts 100 R 65 000.00 R 325.00
Aluminium inserts 80 R 52 000.00 R 260.00
DMLS (MaragingSteel MS1) 78 R 97 820.00 R 489.10
inserts
PolyJet inserts 39 R 34 155.00 R 170.80
Alumide® inserts 26 R 9 900.00 R 49.50
RM 178 R 174 800.00 R 874.00

Figure 5.30 shows a scatter plot of a cost comparison to manufacture one to two hundred

sets of tractor wheel parts for each of the manufacturing processes. Trend lines with an

R? value from 0.999 to 1 were fitted to each of the manufacturing process’s plot.
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Figure 5.30 Cost comparison for the different manufacturing processes to manufacture
one to two hunderd sets of tractor wheel parts.

Figure 5.31 shows an enlargement of the plot shown in Figure 5.30 with the intersection
point between the Alumide® and RM processes. The intersection point between the trend

lines of the Alumide® and RM processes is 2.7.

Break-even point for tractor wheel parts produced from Alumide® inserts

Parts produced

» Tool steel Aluminium « MS1 PolyJet s  Alumide » RM —a—Break-even

Figure 5.31 Break-even plot between Alumide® and RM manufacturing processes for the
tractor wheel part.
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To verify the break-even point, the cost per set to produce three sets of tractor wheel parts
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from Alumide® inserts and RM technologies was calculated. The cost to manufacture three
sets from Alumide® inserts was R 3300.00 and to manufacture three sets from PA2200
using AM technologies was R 3535.00. This resulted in a R 235.00 difference between the
two processes. From this plot it can be concluded that it was more economical to use
Alumide® inserts to manufacture three to two hundred sets of tractor wheel parts compared

to the other manufacturing techniques considered in Figure 5.30.

5.2.4 Discussion

From the cost comparisons it is evident that it is more economical to use Alumide® inserts
to manufacture a few to two hundred parts. If the required quantities of the parts to be
manufactured increase, it will become more cost-effective to use inserts manufactured
through conventional manufacturing processes. Inserts produced from these processes
are capable of manufacturing large quantities of parts before the inserts need to be
replaced (in excess of 500 000 parts), as opposed to Alumide® and PolyJet inserts which
have a limited lifespan before they need to be replaced. For a small production run up to
1000 parts, it becomes more cost-effective to use aluminium and tool steel inserts

manufactured through conventional methods, as shown in Table 5.6.

Table 5.6 Cost comparison of the different manufacturing techniques to produce

1000 parts.
Manufacturing process Sets of Cost per product (after 1000 parts)
inserts | Geometrical | Enclosure | Tractor wheel
required part part part
Tool steel inserts 1 R 18.55 R 24.00 R 65.00
Aluminium inserts 1 R 14.30 R 17.95 R 52.00
DMLS (MaragingSteel MS1) 1 R30.00| R45.00 R 97.82
inserts
PolyJet inserts 3 R 49.46 R 52.66 R 102.46
Alumide® inserts 3 R 20.46 R 20.46 R 29.70

Table 5.6 summarises the cost per product for the different manufacturing processes to
produce 1000 parts. The costs for the Alumide® and PolyJet inserts are based on the
assumption that one set of inserts would be able to manufacture about 350 parts before
the inserts need to be replaced.
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6 CONCLUSION AND FUTURE WORK
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6.1 Conclusions and recommendations

In this study, the suitability of Alumide® processed through LS was investigated for
producing IM tooling inserts for limited run plastic IM applications. To determine the

suitability of Alumide® as a RT medium, the following were investigated during the study:

Alumide® material properties and part properties

Tensile tests conducted on test pieces manufactured in the X, Y and Z directions
indicated that the build orientation has a significant influence on the UTS. Test pieces
manufactured in the Z direction had the lowest UTS, while test pieces in the X direction
had the largest UTS. This must be considered while orientating the Alumide® insert inside
the AM machine’s build envelope during the LS process, because mould features
orientated in the Z direction will have a lower UTS than features orientated in the
X direction.

Heat capacity plays an important role during the IM process because it determines how
efficiently heat can be conducted from the cavity surface to the cooling channels. Heat
capacity values for Alumide® were not specified by the supplier and tests were conducted
at the CSIR to determine the heat capacity values of the material. The results indicated
that Alumide® will start to soften at 169 °C and melt at 177 °C. In order to minimise wear,
the mould temperature inside the Alumide® insert should be kept below these values.
For Alumide® to be used successfully as an RT medium, surface-finishing procedures
such as polishing or machining are required. Without surface-finishing procedures,
surfaces of Alumide® inserts often contain rough textures or stair steps on inclined
surfaces. These surface textures can result in the bonding of a manufactured part to the
Alumide® cavity, making it difficult to eject during the ejection phase of an IM cycle. If the
part cannot be ejected or removed from the Alumide® insert, it will be ruined and a new
insert has to be manufactured. For finishing procedures such as polishing and CNC
machining, extra material must be designed onto the surfaces in order to retain the
accuracy of the Alumide® insert after machining. A material thickness of 0.1 mm for
polishing and 0.2 to 0.5 mm for machining should be added to the surfaces requiring

finishing operations. Orientation of the insert inside the AM machine’s build envelope
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also influences the surface finish of the insert and should be considered during the
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manufacturing process of the Alumide® insert.

Suitable shelling thickness and backfill material for Alumide® inserts

To reduce the internal stresses that occur inside Alumide® inserts during the LS process,
the inserts need to be shelled. Backfilling of shelled Alumide® inserts is necessary to
withstand the filling pressure of the molten polymer during an IM cycle. After evaluating
locally available backfilling materials, Axson’s EPO 4030 was found to be the most
suitable backfilling material as it did not deform the Alumide® inserts during the casting
and curing procedures. IM trials conducted with Alumide® inserts backfilled with
EPO 4030 showed that the inserts did not deform under the pressures and temperatures
experienced during IM cycles.

After experimentation, a shelling thickness of 5 mm was found to be the most suitable
for Alumide® inserts because it will not result in deformation of the insert during the
backfilling process and will provide sufficient strength and support to internal mould
features during the AM manufacturing process.

The disadvantage of shelling Alumide® inserts is that the backfilling procedure results in
additional manufacturing costs and time spent on the Alumide® inserts. The EPO 4030
material used to backfill a set of Alumide® inserts used during the IM trials resulted in an
additional cost of about R 276.00. The time required for the casting and curing of the
EPO 4030 material resulted in an additional 13 hours manufacturing time on a set of

Alumide® inserts.

Effect of cooling channels inside an Alumide® insert

IM trials conducted in Section 4.4.3 indicated that cooling channels inside an Alumide®
insert do have an influence on the insert temperature, as shown in Figures 4.39 and 4.40.
IM trials conducted with Alumide® inserts showed that features without cooling wear
qguicker due to the accumulation of heat at these mould features, as illustrated in
Figures 4.64 and 4.65. Results from Section 4.4.3 also showed that cooling channels
placed close to the surface of an Alumide® insert could result in the deformation of the
cavity surface during an IM cycle. To prevent deformation, the cooling channels need to
be positioned at an appropriate distance from the surface depending upon the injection
pressure required to fill the cavity. The higher the injection temperature and pressure,
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the further the cooling channels need to be positioned from the cavity surface. Results
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from Table 4.6 and 4.7 indicated that a cooling channel with an oval cross-section
resulted in less deformation and was able to withstand higher injection pressures
compared to a round cooling channel with the same cross-sectional area. SIGMASOFT®
virtual moulding simulations have also shown that the heat removed from the cavity
surface decreases when a cooling channel is positioned further from the cavity surface.
To improve the heat transfer rate of cooling channels further from the cavity surface, the

number of cooling channels can be increased.

Durability of Alumide® inserts in tooling applications

IM trials conducted with Alumide® inserts showed that features close to the injection point
wear quicker due to the continuous flow of molten material over these features, as shown
in Figure 4.48. Moving these features further from the injection point did not result in any
wear to the features, as shown in Section 4.4.5. To avoid wear at the injection point, a
steel insert can be placed into the Alumide® insert, onto which molten material from the
IM machine can be injected.

From the IM trials it was observed that Alumide® pin features are not able to withstand
continuous IM cycles and broke off within a few cycles, as shown in Figure 4.47. Steel
pins inserted into the Alumide® should be used instead, as shown in Figures 4.55 and
5.7.

Due to the high shear rates at the gates, these features also wear very quickly, as shown
in Figures 4.28 and 5.9 C. A gate manufactured from a steel insert will prevent the wear
of this feature.

SIGMASOFT® IM simulation results identified features of the Alumide® inserts with
temperatures close to or more than the melting point of Alumide®. During IM trials, wear
to these insert features was more than features with a lower temperature. To prevent
excessive wear to Alumide® insert features due to high temperatures, sufficient cooling
is necessary to cool the insert features to a temperature below the melting point of
Alumide®. If features cannot be cooled sufficiently due to mould constraints, these
features can be produced in metal and mounted into the Alumide® inserts. The metal
inserts will prevent wear to these features, increasing the life span of the Alumide® insert.
Regions where injected plastic can accumulate in the mould should be avoided. This will

result in heat build-up in the area which will result in rapid wear to the insert.
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During IM trials, 200 parts were successfully produced from Alumide® inserts using PP
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and ABS material. A production run in ABS, as described in Section 5.1.2, showed that
about 400 parts can be manufactured within allowable tolerances and 2500 parts could
be manufactured using Alumide® inserts. Scan data of the Alumide® inserts after 2500 IM
cycles did not indicate any significant wear on the moving insert (core) while the fixed
insert (cavity) had a deviation of 0.65 to 1.16 mm. The wear of the cavity could have
been due to the over-packing of the molten material during the start-up procedure of the
IM machine. This deviation is more than the allowable tolerance and not acceptable for
IM applications. From these results is can be concluded that Alumide® inserts are more
suitable for core applications, which typically has the most detail and geometrical
features of a polymer part. The cavities which are usually easily machinable can be
manufactured from a material such as aluminium. From the production run it can be
concluded that Alumide® inserts can manufacture 2500 or more IM parts in a material

with similar properties to PP and ABS.

During the production run it was also observed that parts manufactured from Alumide®
inserts resulted in a coarse surface finish due to the removal of the aluminium particles
from the Alumide® surfaces. This renders Alumide® inserts unsuitable to manufacture

transparent parts or parts where a gloss surface finish is required.

Suitability of Alumide® inserts for processing different polymers through IM

From IM trials conducted in Section 4.4.5, it is evident that polymers with a high
processing temperature, such as PC, are not suitable for use with Alumide® inserts. The
high processing temperature increases the temperature of the insert beyond the melting
point of the Alumide® material despite the conformal cooling system inside the insert.
This causes excessive wear and deformation of the Alumide® insert. Results from
Section 4.4.5 show that polyamide materials are also not suitable for use with Alumide®
inserts in IM. The injected polyamide material bonds with the polyamide constituent of
the Alumide® material resulting in excessive wear of the inserts. IM trials conducted with
PP and ABS material produced quality parts without any significant wear to the Alumide®
inserts. From the IM trials it can be concluded that materials with similar processing

temperatures to PP and ABS should be suitable for use with Alumide® inserts.
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Cost and time comparisons

From the results of Section 5.2 it can be concluded that for 4 to 200 parts it is more
economical to use Alumide® inserts for limited production runs. If the number of required
parts increases to 1000, conventional manufactured IM inserts become more
economical, although Alumide® inserts can still be very competitive, as shown in
Table 5.6. Using Alumide® inserts for limited production is more feasible and economical
than PolyJet inserts frequently used in industry for limited production runs.

From Section 5.2 it is evident that Alumide® inserts could result in a cost saving and a
reduction in development time for limited run production. The part quantities obtainable
from Alumide® inserts make it possible to test the market as well as receive feedback
from the market before committing to the manufacturing of conventional production tools.
Conventionally manufactured or DMLS manufactured MaragingSteel MS1 steel inserts
can be placed into the same bolster that was used for the Alumide® inserts once
production commences, resulting in further cost and time reductions. If more than one
set of Alumide® inserts are manufactured simultaneously on an AM machine, it will result
in a further reduction in the manufacturing costs of the inserts.

From these conclusions, it is evident that Alumide® inserts are feasible for an alternative

RT process for limited production runs.

Design rules using Alumide® as a limited run tooling can be summarised from the study,

as shown in Table 6.1.
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Table 6.1 Alumide® design rules for limited IM production runs.

Product design considerations for Alumide® tooling

Avoid geometrical features close
to the planned injection point
where possible

Continuous flow of molten polymer from the IM
machine results in wear to the geometrical features
of the Alumide® insert.

Alter draft angles of the part to
at least 4°

Draft angles of at least 4° will assist in the successful
demoulding of a part from an Alumide® insert during
an IM cycle.

Avoid thick regions in the part

Thick regions results in more heat that will increase
the temperature of the insert during an IM cycle,
causing weatr.

Fit tolerances

The AM process can achieve 0.15 mm accuracy. For
features requiring a higher accuracy, machining
operations need to be utilised.

Surface finish

Parts produced from Alumide® inserts will result in a
coarse finish similar to EDM. It is not possible to
achieve a gloss finish with Alumide® inserts.

Alumide®

insert design considerations

Mould-filling simulation

It is advised that mould-filling simulation is conducted
after the insert design to identify regions with
temperatures close to or more than the melting
temperature of Alumide®. From the results,
possibilities can be investigated to alter the part or
insert design, if possible, to lower the temperature
values. Insert temperatures close to or more than the
melting point of Alumide® (177 °C), will result in
excessive wear to insert features.

Insert build orientation

The build orientation of the insert during the AM
process will influence the surface quality as well as
the strength of mould features.

Post-processing operations

Additional material needs to be added to surfaces
where  post-processing operations such as
machining are required to maintain the accuracy of
the Alumide® inserts. A material thickness of 0.2 to
0.5 mm need to be added to the relevant surfaces.

Steel inserts for gate features

Gate features machined into steel inserts are
required to reduce the wear of these features during
IM cycles. Excessive wear of the gate features can
result in additional finishing and trimming operations.

Steel inserts for core features

Pins required to manufacture hole features in an IM
part need to be manufactured from steel inserts.

Cooling channels

Oval cooling channels will be able to withstand larger
injection pressures than round channels.
Oval cooling channels inside an Alumide® insert
need to be at least 5 mm from the cavity surface to
prevent deformation of the cavity surface.
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6.2 Future work

Future work that can follow on from this study include:

e Investigate the possibility of using a lattice structure consisting of ribs manufactured
from Alumide® to strengthen a shelled insert replacing the EPO 4030 material used
to backfill the shelled insert. Backfiling of an Alumide® insert with EPO 4030
requires additional time and machining operations before the insert can be used in
IM applications. The lattice structure must be able to withstand the injection
pressures which typically occur during an IM cycle, while preventing the cavity
surface from deforming. A lattice structure would reduce the manufacturing time
and cost of an Alumide® insert.

e Investigate the influence cooling channels with different geometries and diameters
would have during IM trials with Alumide® inserts. The heat extracted from the cavity
and the distance the cooling channel needs to be from the cavity surface to prevent
deformation can also be investigated.

e Investigate a procedure for the easy removal of un-sintered powder from the cooling
channels. The removal of the un-sintered powder from cooling channels with sharp
bends is problematic. This limits the path a conformal cooling channel can follow
through an Alumide® insert to obtain optimal cooling.

e Investigate the injection pressures and speed that can be used to fill the cavities of
Alumide® inserts without damaging the cavities. These parameters can be used to
compile guidelines for IM machine setters using Alumide® inserts.

e Conduct IM trials with Alumide® inserts using polymer materials with similar
processing temperatures as PP and ABS. Materials such as Polyvinyl chloride
(PVC), High Impact Polystyrene (HIPS) and Acrylic-styrene-acrylonitrile (ASA) have
processing temperatures of 240 °C and less, similar to PP and ABS.

e Test the suitability of using PA 2200 polyamide material to manufacture inserts for
IM applications. The heat capacity values, melting point and Vicat softening
temperature of PA 2200 is similar to the values obtained in Section 4.2.2 for
Alumide®. The thermal properties of PA 2200 inserts would result in similar heat
transfer and operating temperatures as Alumide® inserts during an IM cycle. Inserts

manufactured from the PA 2200 material could improve the surface finish of the IM
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part because there are no aluminium particles present in the mixture that can be
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removed from the surface, such as with Alumide® during an IM cycle, resulting in a

coarse surface finish.
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