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ABSTRAKT

Ciel'om tejto diplomovej prace je navrhnit’ mnohonasobnt vstrekovaciu formu. Teoreticka
Cast’ popisuje problematiku vstrekovania, konstrukciu foriem, menovite vtokové systémy,
chladenie a odvzdusnenie vstrekovacich foriem. Prakticka Cast’ sa zaobera dvoma kon-
Strukénymi navrhmi vstrekovacej formy pre dany diel, ktory je kelimek na dezerty. Nasle-
duje vyhodnotenie a vyber konstrukéného rieSenia. Vybrany navrh je podrobeny tokovej
analyze a doloZeny zostavnym vykresom. Navrh vstrekovacej formy bol realizovany po-
mocou 3D modelovacieho programu CATIA V5R19 atokové analyzy boli spravcované
v softeware Autodesk Moldflow Synergy 2014.

Klacovéslova: Vstrekovacia forma, Vstrekovanie, Polymér

ABSTRACT

The aim of this master thesis is to design a multi-cavity injection mold. The theoretical part
of this thesis describes problematic of injection molding and injection mold design, namely
runner systems, mold cooling and venting. Practical part of the thesis deals with two injec-
tion mold designs for the given part, which is a cup for yogurts and desserts. This is fol-
lowed by comparison of the individual designs. The chosen injection mold design is sub-
mitted to injection molding process analysis and documented with assembly drawing. In-
jection mold designing was done in CAD application CATIA V5R19 and evaluated by
injection molding analysis in Autodesk Moldflow Synergy 2014 software.

Keywords: Injection mold, Injection molding, Polymer
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INTRODUCTION

Polymer materials have become inseparable part of the present. They excel in strength, low
weight, and chemical resistance. Polymer materials are also good electric and heat insul-
ants. Because of their price, properties, process and production technologies are used in an
increasing number of sectors and gradually replacing the traditional materials (metals,

glass, wood, etc.).

The polymers are processed by different technologies which for example include injection
molding, extrusion, blow molding and compression molding. The most widespread tech-
nology of polymer processing is injection molding. It is very accurate and efficient manu-
facturing technology, which can produce products with complex shapes without additional

adjustments. Due to high initial cost, this technology is used in large-scale production.

A tool that provides the final shape of the product is called an injection mold. The injection
mold is very expensive and complex component. Due to the achievement of the required
product quality during the long-term tool life, great emphasis is put on injection mold de-

sign.

With the development of computer technology, the design of injection molds is realized
with support of different CAD, CAM and CAE systems. They strongly speed up mold de-
signing process. With the usage of these systems, injection molds can prevent from poten-

tial defects on the products and additional modification.
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1 DIVISION OF POLYMER MATERIALS

The term polymer refers to many “mers” or “monomers.” These monomers are combined

by various means to produce a long molecular chain, or polymer. [1]

POLYMERS
ELASTOMERS )Asncs
THERMOPLASTICS THERMOSETS

Fig. 1. Division of polymer materials [4]

1.1 Thermoplastic materials

Thermoplastic materials are made of linear or branched polymer units comprised of repeat-
ing monomers. Thermoplastics comprise about 94 % of the volume of material used in the
plastics industry. Thermoplastics can be repeatedly heated, melted, and formed into
a shape or product. The individual atoms within a molecular chain are held together by
very strong primary bonds. These are commonly called covalent bonds. The bonds holding
individual polymer chains are much stronger when compared to the secondary covalent
bonds. These secondary bonds are commonly referred to as van der Waals forces and have
generally less than 5 % strength of the primary bonds. Thermoplastic materials are subdi-
vided into amorphous and semicrystalline thermoplastics. [1, 4]

COVALENT BONDS: very strong primary
{chemical) bonds holding individual polymer

/ chains together

\ I
VAN DER WAALS FORCES: week secondary

(electrostatic) bonds between separate polymer
chains

Fig. 2. Primary and secondary bonds between separate polymer chains [1]
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1.1.1 Amorphous thermoplastic polymers

Area of application for amorphous thermoplastics polymers is under the glass transition
temperature (Tg). Amorphous polymers are solid in this area. With temperature increasing

over Tgamorphouspolymers go over to plastic state in which they are processed. [4]

E—> MP3

" Application area .

PF o

N — PC g Tm

Fig. 3. Application area — Amorphous thermoplastic poly-

mers [4]

Some characteristics of amorphous materials include the following [1,8]:

o Random arrangement of the polymer chains.

o Commonly transparent to translucent in their natural form.
o Less chemical resistant than semicrystalline thermoplastics.
o No distinct melt temperature.

o More prone to stress cracking with sustained stress or strain.

Some common amorphous materials are Polystyrene (PS), Polycarbonate (PC), Polyvinyl
chloride (PVC) or Polymethyl methacrylate (PMMA). [8]

Fig. 4. Amorphous structure [1]
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1.1.2 Semicrystalline thermoplastic polymers

Within semicrystalline plastic materials some percentage of the polymer chains is formed
into densely packed crystalline regions. Application area for semicrystalline polymers is
above the glass transition temperature. In this area semicrystalline polymers have good

combination of strength and toughness. [1, 4]

T
. f”/ -~ —
Application area~

TN

TE [FC] Tm

E——> M
/
/

Fig. 5. Application area — Semicrystalline thermoplastic polymers
[4]

The characteristics of semicrystalline materials include [1, 10]:

o Opaque to translucent. Some clarity may be gained though thinning of the cross
section, very quick cooling and the use of nucleating agents to control crystal
growth.,

o Highly organize crystalline structure withinamorphous regions.

o Density is affected by cooling rate. Fast cooling will inhibit crystal growth and
thereby reduce density.

o A more distinct melt temperature.

o High shrinkage during cooling due to compact nature of the crystal structure.

Fig. 6. Semicrystalline structure [1]
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Some common semicrystallinethermoplastic polymers are Polyethylene (PE), Polypropyl-
ene (PP), Polyamide (PAG6, PA66) or Polyetheretherketon (PEEK). [8]

1.2 Thermosets

Thermosets are crosslinked or network type polymers. A thermosetting material is charac-
terized by the fact that it can be heated and formed into a product only once. During this
process molecules crosslink and can be formed into a single molecule. Once “cured,” the
material cannot be remelted like a thermoplastic material. This can often give thermoset-
ting materials an advantage in performance at elevated temperatures. The crosslinking pro-
cess is regarded as a slow process. When considering a molding process, as thermoset pol-
ymers are forced into a mold cavity, they continue to flow, or creep, into small fissures
until crosslinking is complete. Thermoplastics, on the other hand can freeze almost instan-
taneously (at least on the outer surface). In comparison, solidifying thermoplastic can take
seconds, while crosslinking thermoset can take minutes. Thermoset polymers are difficult
to recycle. Some common thermoset polymers are polyurethanes, synthetic or epoxies res-
ins. [1, 8, 9, 10]

Covalent bonds: strong primary (chemical)
bonds holding individual polymer chain together

Crosslinks: covalent bonds between separate
polymer chains (creating an even lengthier chain)

Fig. 7. Common structure of a thermosetting material [8]

1.3 Elastomers

Elastomers are composed of long, flexible, and more or less mixed-up macro-molecular
chains that present only relatively low physical interactions. This low level of interactions
between the chains governs the elasticity of the material. Elastomers are categorized into
natural or synthetic classifications. Natural rubber is produced from the latex of the Heve-
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abrasiliensis plant (rubber tree). Natural rubber is chemically known as cis-1,4 polyiso-
prene. Elastomers are elastic materials, they have the ability to deform substantially under
the application of a force and then snap back to almost their original shape when the force

is removed. [9, 10]
Compared to thermoplastics, elastomers present various specific characteristics [9]:

o Atambient temperature, their rigidity (or module) is low.

o They are deformable, which means they can sustain large reversible deformation
without breaking.

o They are resilient, which means they are able to recover their initial geometry after
repeateddeformations, by releasing quantitatively, on the outside, the energy that
was previously supplied to deform it. This last characteristic highly depends on the

elastomer nature, temperature, and the number of repeated deformations.

Fig. 8. Common structure of elastomer materials [8]
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2 INJECTION MOLDING

The injection molding process is one of the key production method for processing plastics.
It is used to produce molded parts of almost any complexity that are to be made in medium
to large numbers in the same design. There are major restrictions on wall thickness, which

generally should not exceed a few millimeters. [3, 5]

Advantages [5, 17]:

o Direct route from raw material to finished part

o Very little finishing, or none at all, of molded parts
o Full automation

o High reproducibility

o Low piece costs for large volumes

o Possibility to make complex parts

Disadvantages [17]:

o High investment costs

o Long period needed for injection mold making

o Injection molding machine is disproportionately big in comparison with injected
part

2.1 Injection molding

The molded parts are produced discontinuously in cycles. The overall injection molding
cycle may be described as the total time required to produce one complete shot of one or
more parts, depending on the number of cavities in a given mold. The injection molding
cycle is not merely the time that the polymer melt remains in the mold. It includes the time
necessary for the mold to close and clamp, any safety or delay time required at the start of
the cycle, the injection time (time required to fill the cavity), the hold time, the time re-
quired to cool the molten material, mold opening, and the ejection time. The sum of these

elements is known as the total overall cycle. [3, 5, 14]

2.1.1 Injection molding cycle

The hopper is fed with pellets which are delivered into the barrel. Contact between the pel-
lets and the barrel transfers heat to the plastic. The mechanical action of crushing the pel-

lets between the screw flights, the barrel, and each other adds more heat to the compound.
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Up to 70 % of the needed heat is provided by shear heating during this crushing. The screw
rotates and moves simultaneously backwards with the plastic part accumulating in the front
of it. A nonreturn valve at the front of the screw prevents flow back along the flights. Then
the screw pushes forward the plastic material, which flows through the nozzle, the sprue,
and the runner system. After the gates are filled, the plastic flows into the cavity. The plas-
tic material starts to cool as soon as it touches the cold surface of the mold. It cools down

and at the ejection temperature the part is ejected from the mold. [1]

Stage 1: Injection

Tie bar nuts !

Mold partially filled

Hydraulic piston

Stage 2: Hollding pressure and plastication

I,l;;..—.:.-.;.'-.'..;.r... o=
ST T IT T T

B . EENFE
| ‘u;ﬁrrxrr'drr.-ﬂ:"-rr

Screw rotates for plastication

Mold filled

Meald open

Fig. 9. Injection molding cycle [5]
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3 PART DESIGN

General guidelines for designing plastic parts have evolved over the years and are focused
at issues related to manufacturability. These can include consideration of material shrink-
age, part ejection, cooling, and mold filling. Probably the most troublesome issue related to
successfuldevelopment of a new plastic part is anticipating how it will shrink and warp
after molding. Shrinkage of plastic parts varies from material to material and within a giv-
en material. This makes it difficult to design a mold and process that will produce a part to
the desired size. In addition, variations in shrinkage within a given part develop residual
stresses that act to warp the part. The stresses that do not warp the part will reside in the

part and potentially cause delayed dimensional and structural problems. [1, 2, 3]

3.1 Guidelines for molded plastic parts

One of the primary objectives for the designer of injection molded plastic parts is to main-
tain a uniform wall thickness in the part. A uniform wall will minimize injection molding

problems, particularly those related to shrinkage. [1, 7, 13]

3.1.1 Designing the primary wall

Injection molded plastic parts are generally designed around the use of relatively thin
walls. Unless the injection molded plastic part is foamed or is produced with gas assist
injection molding, its walls are normally less than 5 mm. When determining the thickness
of the primary wall one must consider not only the structural, functional, and aesthetic is-
sues related to the wall but also their impact on manufacturability. Manufacturability issues
include consideration of the injection pressure required to fill the mold cavity, cooling
time, and the influence on ejection from the mold. These will require consideration of
available injection pressure and injection rates, mold rigidity, ejection techniques, and melt
delivery means. [1]

Constant wall thickness

Maintaining a constant wall thickness should be the primary objective of the product de-
signer. Each region in a part that has a different thickness will tend to shrink differently.
These variations in shrinkage will not only complicate achieving the desired size of the
molded part but are also major contributors to warpage and residual stresses. Variation in

wall thickness also affect the mold filling and packing, or the compensation, phases of the
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molding cycle. Irregular, and difficult to predict, filling patterns can result. This can further
complicate orientation-induced shrinkage as well as cause problems with venting, gas
traps, and weld lines. In addition, a thick region fed through a relatively thin region can
result in hesitation effects during mold filling which potentially can cause no fills. If varia-
tions in wall thickness cannot be avoided then try to keep the variation to a minimum and
provide a gradual transition rather than a sudden change. [1, 12]

BAD BETTER RECOMMENDED ~ RECOMMENDED

Fig. 10. General guidelines in maintaining the constant thickness [1]

3.1.2 Caorners, fillets and radii

As most plastics are notch sensitive and therefore sharp corners should be avoided. This is
particularly true with an inside corner which will act as a stress concentrator under load.
Stress concentration will increase with the ratio of the corners fillet radius to the wall
thickness. It is preferred that the inside radius be as large as possible. A larger radius not
only can improve the part structurally but it will also reduce expected warpage developed

from unbalanced cooling in corners. [1]

3.1.3 Draft angles and undercuts

Draft angles provide easier ejection from the mold. The range of the draft angles is to sev-
eral degrees, depending on the material shrinkage, surface of the walls and other product
design requirements. Undercuts in a part can significantly increase the difficulty of ejecting
molded part from a mold and therefore should be avoided. [1, 3]

3.1.4 RIibs, gussets, and bosses

Ribs, gussets, and bosses are features that are added to the primary wall for structural, as-
sembly, or other functional reasons. When adding these features to the primary wall, the
plastics designer must again consider manufacturability. This includes consideration of

part ejection, venting of air during mold filling, and effects on mold filling and packing. [1]
Ribs

Ribs are primarily used to increase the rigidity of a part or a specific region of the part. To
achieve the desired rigidity of a given part an excessive thickness might be needed in the
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primary wall. This would negatively affect part cost. The addition of ribs can often attain
the required rigidity while maintaining the more desirable thinner wall. The base thickness
of the rib should be from 50 % to 75 % of the primary wall thickness depending on the
material shrinkage characteristics. Generally a rib thickness of 50 % of the primary wall is

recommended for high-shrink materials, and 75 % for low shrink materials. [1, 4]
JLJL — [
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Fig. 11. Different layouts of ribs [4]

Gussets

Gussets are thin features, much like a rib, and are normally used to reinforce a local feature
in a part. The reinforced feature could be a side wall, boss, or some other projection. Gus-
sets are normally triangular in shape and should be designed using the same guidelines for
thickness as for a rib. In addition, they should be no more than 4 times the primary wall
thickness in height and 2 times the primary wall thickness in width. [1]

Bosses

Bosses are normally either solid or hollow round features that project off the primary wall.
They can be used for assembly with self-tapping screws, expansion inserts, force-fit plugs,
and so forth. Bosses are often supported with ribs or gussets. A boss should not be attached
directly to a side wall, as the intersection with the wall will result in a thick region, causing

sink or void. [1]

3.1.5 Marks and signs

Preferred design of marks and signs on the injected part is gained by combination of coun-
tersunk and extruded area of the sign. Countersunk marks are difficult to produce and ex-

truded marks do not fit the purpose. [1, 4]
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Fig. 12. Different ways of marks designing [4]

3.1.6 Threads

Threads on plastic parts are characterized with lower strength and with soft threads causing
problems with forming the part. Threads should be rounded or trapezoidal with higher
pitch. These types of threads are firmer and are easy to manufacture. Especially low costs
can be gained by designing dashed threads. [4]
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4 MOLD DESIGN

An injection mold is a specialized piece of equipment used to form a plastic part. Nearly
every mold is custom designed and built. There are modular molds that allow the exchange
of inserts that can produce different parts and family molds that may produce different
parts in a single molding cycle. However, it is most common that each mold is custom de-

signed and built to produce a given part. [1, 12]

Injection molds must satisfy the following basic requirements [1, 15]:

o Contain a core and cavity set(s) that defines the features of the part that it will form.

o Provide means for molten plastic to be delivered from the injection molding ma-
chine to the part forming cavities.

o Actas a heat exchanger, which will

e cool the part rapidly,
e cool the part uniformly.

o Provide for the molded part to be ejected from the mold.

o Have a structure that will resist internal melt pressures which can potentially ex-
ceed 200 MPa and compressive forces from the molding machines clamp which
can reach thousands of tons.

o In multi-cavity molds, provide uniformity to each cavity through steel dimensions,

melt delivery, and cooling.

4.1 Runner systems

Injection mold can be classified in several ways and one of them is also by the type of run-

ner system. According to the type of runner system injection molds are divided as [2, 3]:

e cold runner system,
e hot runner system,

e combination of cold and hot runner systems.

4.2 Cold Runner Molds

For thermoplastic materials, a cold runner mold refers to a mold in which the runner is
cooled, solidified, and ejected with the molded part(s) during each molding cycle. Approx-

imately 70 % of molds today are cold runner molds. [3]
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The runner system in a cold runner mold normally consists of a sprue, runner and at least
one gate. In a single-cavity mold, the cavity is generally placed in the center of the mold,
and the sprue delivers the melt directly to the center of the cavity. In a multi-cavity mold,
sprue delivers the melt to a runner, which in turn delivers the melt to the part-forming cavi-
ties. [3]

I 5T
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Fig. 13. Example of cold runner system [4]

The cold runner system mold is by far the most basic and most common type of mold. It is
simpler, less expensive to construct, and easier to operate and maintain than a hot runner
mold. [3]

Advantages of cold runner systems

Cold runner systems have several advantages over hot runner systems. Because of their
simplicity, they are cheaper to build. In addition, the cost to maintain a cold runner system
is less because there are no heaters, heater controllers, thermocouples, and other hot runner
components to maintain. Operation is also much simpler as there is no need to tend to the
various heater controllers or deal with the many potential problems such as gate drool,
clogging, leaking, material degradation or problems in the runner manifold, and so forth.

[3]

Disadvantages of cold runner systems

A major disadvantage of the cold runner system is the fact that the unwanted frozen runner
must be dealt with. This requires the need to separate the runner from the molded parts and
then sell or grind the runner for reuse. This step of regrinding introduces additional poten-

tial for material contamination and the need for granulators and their maintenance. The
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reground material can often be fed back into the process, at a controlled ratio, with the vir-
gin material. As the reprocessed material will differ somewhat from the virgin material, it
can be expected that the method of reintroducing regrind can alter the molding process and

the properties of the molded part. [3, 1]

Cold sprue

A cold sprue is normally formed inside of a sprue bushing. It is designed to be easily re-
placed and is normally purchased from a supplier of standardized mold components. The
replaceable sprue bushing provides a number of different attributes. Structurally it must
withstand repeated impacts from the injection nozzle whenever it engages the sprue bush-
ing. The interface between the sprue bushing and the nozzle must not be deformed as leak-

ing or ejection problems might occur. [3]

The sprue also experiences high melt flow rates and melt pressures. To withstand these
structural challenges, the sprue bushing is commonly made from hardened steel. The sprue
must also provide for its ejection from the mold. For this purpose, the flow channel of the

sprue is normally tapered and polished in the direction of draw. [3]

The cold runner

The cold runner is one of the most influential components of a successful molding, but is
often grossly misunderstood and its impact underestimated. The ideal runner has a full
round cross sectional shape which provides the optimum ratio of the perimeter of the run-
ner geometry to cross-sectional area of the runner. However, the full round has the disad-
vantage of requiring the two halves of the runner to be machined. These two half runners
must then closely match up to form the full round runner when the mold is closed. Due to
the added cost of the full round runner and the potential for misalignment, alternatives to
full round runners are often used. Alternative runner shapes include: trapezoidal, parabolic
and half round. These alternatives are often much easier to machine because there is no

concern of matching up runner halves as with the full round runner. [3]
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Gate designs
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Fig. 14. Cross sections of a runner [4]

The gate is the link between the part and the runner system. It is normally a restricted area

that facilitates separation of the runner from the part. The size, shape, and placement of the

gate can significantly affect the ability to successfully mold a product. The key figure of

the gate is to allow easy, potentially automatic, separation of the part from the runner sys-

tem, while allowing filling and packing of the part. [3]

Gate types

Some of the common gate types are listed in table 1 below.

Tab. 1. Gate types [3, 5]

Type of gate

Characteristics

Sprue (gate)

Sprue

p Molding
Parting line
,

W,

Applications: It is used for temperature-
sensitive and high-viscous materials,
high-quality parts and those with heavy
sections.

Pros: Results in high qualityand exact
dimensions.

Cons: Post operations for sprue removal,
visible gate mark.

Edge gate

Sprga — Molding

Parting lime

Bofe
Runfer

Application: For parts with large areas
such as plates and strips

Pros: No weld lines, high quality, exact
dimensions.

Cons: Post operations for gate removal.
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Ring gate Sprue Application: For sleeve shape

Pros: Uniform wall thickness around
circumference

Cons: Slight weld line, post operations
for gate removal.

Tunnel gate Application: Primarily for smaller parts
Sproe in multi-cavity molds and for elastic
materials

Parting line
s

Pros: Automatic gate removal.
*Tunnel gate
Malding Cons: For simple parts only, because of
high pressure loss.

Pinpoint gate Runner Application: For multi-cavity molds
(three-plate Parting Line 2 Sprue and center gating.
mold) /

ra Pros: Automatic gate removal.
Sl .~ Malding . .
i Cons: Large volume of scrap, higher
I mold costs.
1
Farting line 1

4.3 Hot runner molds

During the past several decades, the use of hot runners has increased to approximately 30
% of all new molds. Most hot runners are purchased from a company that specializes in
their design and manufacture (DME, Hasco, Mold Masters and others). The hot runner is
then assembled into a mold. [3]
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MNozzles Manifolds Flow Control Connections Hot Halves

Fig. 15. Hot runner system [31]

Advantages and disadvantages of hot runners [3]:

Eliminates the need to deal with the left over cold runner

Faster cycle time

Reduced clamp stroke vs. three-plate

Reduced energy for plastification, filling pressure and granulators
Improved automation

Cleaner work environment

Use of stack molds

Disadvantaqges of hot runners [3, 4]:

43.1

Complex injection mold design
More energy-expensive than cold runner

The need of temperature sensors and regulators

Hot runner manifoldand drops

There are several combinations of manifolds and drops used to create the various hot run-

ner systems [3]:

o Externally heated manifold and drops

o Externally heated manifold with internally heated drops

O

Internally heated manifold and internally heated drops
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o Insulated manifold and drops

Hot manifolds are set between the clamping plate and the cavity plate in the stationary half
of the mold. Manifolds must be thermally insulated from the other parts of the mold, this is
usually done with an air gap. They are made from steel in various different shapes e.g. I, H,
X, Y act. [3]

Fig. 16. Commonly used manifold types [28]

Externally Heated Manifold and Drops

Externally heated systems have the ability to provide the lowest pressure drop of
all molds, except for insulated hot runners. The flaw channels are cylindrical in
cross section and generally have larger diameter than a cold runner mold. Both the larger
diameter and the fact that there is no growing frozen layer in the runner system contribute
to the relatively low pressure drop of these types of molds. Disadvantages of an externally
heated runner system include the potential for leaking of molten plastic and the amount and
location of the required heat from the heaters. Improper design or operation can result in

plastic leaking between the drop and the manifold. [1, 3]

4.3.2 Hot drops (nozzles)

Hot drops are the part of the hot runner system, which delivers the melt from the hot mani-
fold to the part-forming cavity. There are a number of basic requirements they must meet
[3]:

o Conduct heat to the gate (prevent gate from freezing).

o Provide thermal separation between the hot drop and cold part-forming cavity.

o Provide clean separation of the melt and the frozen part.

o Minimize flow restrictions or areas of material hang-up.

o Provide good temperature control of the melt.
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Fig. 17. Hot nozzle Techni Shot from Hasco [28]

4.4 Mold ejection systems

Ejection of plastic parts from a mold can present a significant challenge. It is critical when
designing a plastic part, which is to be injection molded, that the part is designed consider-
ing how it is to be ejected from the mold. In other words, the part’s design is strongly in-
fluenced by this requirement. Basic considerations include location of the parting line of
the mold relative to the part during mold opening, tapering vertical surfaces that must be
drawn from a core or cavity, and undercuts that will prevent the part from being ejected.
[1,2]

After plastic is injected into the cavity, it begins to cool and shrink. This shrinking plastic
develops a significant pressure on the mold’s core. The part must be pushed off the core by
some means. If the pressure is excessive, the force required to eject the part may result in
damaging it. Therefore, it is important to minimize the negative effect of the pressure cre-

ated by the shrinking plastic. This is done by tapering the inside walls of the part. [1, 12]

Difficult ejection due to vacuum
formation shrinkage onto core

Tapered inside and
outside walls

Core with little or no draft

Fig. 18. Basic ejection problem — Five sided box [1, 12]
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4.4.1 Means of ejection
Pins

Pin ejection is the most common and least expensive mean of ejection. Use of pins some-
times results in excessive stress because of their small contact area with the part. This
mean of ejection is simple and functionally guaranteed. However, after ejection pins re-
main footprint on the product. Therefore it is not suitable to use pins on the appearance

surfaces of the injected part. [1, 4]

Ejector sleeves

Ejector sleeves are used for small parts with cylindrical cores or for round, internal features
on a part such as a hollow boss. Although this type of ejection is more expensive, it pro-
vides an excellent positive force on the part. Most common ejector sleeves are limited to
small cylindrical parts with less than 50 mm diameter. This mean of ejection doesn't leave

footprint on the surface. [1, 4]

Stripper plates

Stripper plates provide the same positive features of ejector sleeves but can easily accom-
modate larger parts. Stripper plates are used in a three-plate cold runner mold. Unlike an
ejector sleeve, stripper plates are not limited to cylindrical shapes. The plate normally in-
cludes stripper inserts that contact the core and the plastic part. Unlike the ejector sleeve,
the stripper plate cannot be used to eject internal features on a part like a boss. [1, 4]
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Stripper rings

Stripper ring ejection is similar to stripper plate ejection expect for the shape of the strip-
per. Instead of a bulky plate, the ring borders the edges of the part only. This feature is

usually used with a large cylindrical part in a single-cavity mold. [1, 4]

Blade ejection

Blade ejectors are often applied to straight edges of parts where an increase in contact area
is necessary and cannot be achieved by pins. The blade can be a flat section machined from

around pin. [1, 4]

Air ejection
Air ejection is yet another mean of ejection that can be used alone or in combination with

any of the above mechanical methods. This mean of ejection finds use in ejection process

of thin-wall products of larger sizes. [1, 4]

4.5 Mold cooling

Injection mold acts as a heat exchanger. The aim of cooling system is to achieve optimal
short injection cycle while maintaining all technological production requirements. Coolant
efficiency is significantly affected by the coolant’s flow rate through the cooling channels.
Turbulent flow is much more efficient in extracting heat as compared to laminar flow.

A Reynolds number of at least 10 000 is preferred to ensure efficient cooling. [1, 6]

45.1 Cooling line networks

Cooling circuits within a mold can be laid out as series or parallel, and as combination of
these two. Each type has advantages and disadvantages.[1]

In a parallel circuit, water is fed to multiple parallel branches from a single source or mani-
fold. The primary advantage of a parallel circuit is that because its layout results in shorter
flow lengths, it has less chance of exceeding the pumps pressure limits. Other benefit of
parallel circuit in comparison with series circuit is that the channels are easier to clean. [1,
24]
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Fig. 19. Parallel circuit [24]

In a series circuit there is a single inlet and a single outlet with no branching. This results
in a relatively long flow path for the water. Advantages of this type are that the flow rate is
more assured to be constant along the entire length of the circuit, as it is not divided into
various branches that could have flow imbalances. If a circuit were clog, the clog would be
obvious as there would be no water flow. The two major concerns with regard to the series

circuit are rise of temperature and pressure drop. [1, 24]

I
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Fig. 20. Series circuit [24]

45.2 Baffles and bubblers

Baffles and bubblers are generally used to cool inside restrictive cores. Often multiple baf-
fles or bubbles are used to cool the inside of larger cores or to get closer to corners in box-
shaped parts. [1, 24]

A baffle is actually a cooling channel drilled perpendicular to a main cooling line, with
a blade that separates one cooling passage into two semi-circular channels. The coolant
flows in one side of the blade from the main cooling line, turns around the tip to the other

side of the baffle, and then flows back to the main cooling line. A bubbler requires a feed
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line and a separate return line. The lower feed line feeds water up through a tube to the top
of the bubbler hole. The water emerges from the tube and returns down the outside of the
tube to the return line. [1, 24]

Baffle Bubhbler

Fig. 21. Baffle and bubbler [24]

45.3 Coolants

Coolants may include water, water glycol solutions of various ratios, and oil. The coolant
with the best thermal conductivity should be matched to the required temperature. Water is
the best medium for heat extraction but is limited to temperatures between freezing and
boiling. For personal safety reasons and to avoid damaging equipment, water is not nor-
mally used temperatures below 5 °C and above 90 °C. Below 5 °C, glycol solutions are

normally used. Oil is most commonly used for temperatures above 90 °C. [1, 2, 4]

Tab. 2. Coolant types [4]

TYPE ADVANTAGES DISADVANTAGES NOTE
High heat transfer, low R ) Wlthsta.nds higher te.m
. . . Usage under 90 °C ¥, perature in pressure cir-
viscosity, low price, . -
water ecologically suitable corrosion development cuits
gically ** scale settling **) problem can be solved
with additives
oil Usage possible over Worse heat transfer
100 °C
Restriction of corrosion . .
glycols . Environment pollution
and system plugging
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4.6 Venting

The theory of venting is simple: The air inside the cavity space must be allowed to escape
so that the inrushing plastic can fill the whole space. Without venting the air inside of the
mold have no space to escape. As the air is compressed, its heat content is now concentrat-
ed in a small volume, resulting in a large temperature increase. The temperature can reach
several hundred degrees Celsius and cause the leading edge of the inrushing plastic to
burn. There are several ways of venting air or gas out of the mold and it can be done by
[2]:

o parting line venting

o venting of channels and grooves

o ventpins

o insert venting

o venting of ribs

o venting the bottom of a cavity

In old mold building methods, these poorly filled areas and burned edges of the product
were used to indicate where the cavity needed venting, after the mold was tried out. In a
well-engineered mold, however, this need should be recognized before the mold is built,
and adequate venting must be designed into it from the start. Even though the experienced
designer anticipates most areas where air could be trapped, some venting may still have to
be added after testing. [2]

~2mm

Maolded Part

s

/ |
Vent Relief

vent Land ~0.03 mm For High Viscosity material
~0.015 mm For Low Viscosity material

Fig. 22. Common vent design [1]
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5 THEORY SUMMARY

Theoretical part is divided into four parts. The first part describes division of polymer ma-
terials. In this part individual groups of polymer materials are shortly described and are
accompanied with their basic properties. The second part deals with injection molding
technology. This part describes injection molding process and injection molding cycle.
Pros and cons of this technology are also mentioned. The third part is devoted to part de-
sign considerations and guidelines for molded plastic parts are described in this chapter.
The fourth part of the theory is the biggest and focuses on injection mold design. It de-
scribes cold runner systems, hot runner system, mold ejection, mold cooling and venting of

molds.
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Il. ANALYSIS
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6 GOALS OF ANALYTICAL PART

The goal of this master thesis is to design a multi-cavity injection mold for the given part.

Individual goals of the master thesis:

O

Elaborate theoretical part on the given topic

Design 3D model of the given part

Design 3D model of hot runner injection mold

Design 3D model of cold runner injection mold

Evaluate individual designs

Economical evaluation of the designed molds

Run CAE analysis of selected injection mold type

Draw 2D assembly drawing of selected injection mold type

Evaluate the results of analytical part
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7 USED SOFTWARE

7.1 CATIAV5RI19

CATIA is software developed by French company DassaultSystemes. CATIA V5 is a sys-
tem that is capable of covering the complete life cycle of a product. It offers part designing
possibilities, various analysis, simulation and optimization to the creation of documenta-
tion and NC programs. The system is characterized by a significant level of industrial uni-
versality, which can be used in completely different areas of engineering. The wide range
of modules that CATIA V5 features, allows users to create software solutions matched to
the specific conditions and requirements. It can be automotive or aerospace, consumer

goods as well as the production of machine tools or heavy machinery. [27]

7.2 Autodesk Moldflow Synergy 2014

Autodesk Simulation MoldflowSynergy software, part of the Autodesk solution for Digital
Prototyping, provides injection molding simulation tools for use on digital prototypes.
Providing in-depth validation and optimization of plastic parts and associated injection
molds, Autodesk Moldflow software helps study the injection molding processes in use
today. Used by some of the top manufacturers in the automotive, consumer electronics,
medical, and packaging industries. The software helps to reduce the need for costly mold
rework and physical prototypes, minimize delays associated with removing molds from

production, and get innovative products to market faster. [25, 30]

7.3 Hasco Dako Modul

Hasco Dako Modul is software from German standard part producer company Hasco
GmbH in cooperation with company Dako. The software provides an electronic catalog of
products that are offeredby Hasco. The application supports the selection of the product,
followed by export of its geometry. Format of the geometry is compatible with the leading
design engineering programs like CATIA, SolidWorks, Autodesk Inventor, etc. [28]


http://www.smartplast.cz/digital_prototyping.php
http://www.smartplast.cz/digital_prototyping.php
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8 INJECTED PART

Injected part is a cup, which is used in food processing as cup for yoghurts and desserts.

Fig. 23. Render 3D model of the cup

8.1 Injected part specification

The cup consists of two areas. With upper area for the dessert and bottom area for cup sta-
bility, cup has the total height of 47 mm and a lid diameter of 112 mm. Constant wall
thickness is 1 mm and the lid thickness is 0,8 mm. The design of the bottom area makes the
cup different in comparison with other cups. However, because of that the cup must be
processed by injection molding technology instead of thermoforming technology. In order
to eject parts properly the mold has to be designed with slide mechanisms.

8.2 Material

Chosen material for the injected part is polypropylene (PP). PP is a semicrystaline thermo-
plastic material, which belongs to polyolefin group. Its crystallinity is usually in range of
55-70 %. From the mechanical and chemical point of view PP is defined with good re-
sistance. It is resistant to oils and chemical solvents. Processability and dyeability of PP is
very good. PP is used in a wide range of applications, for example in the food, textile and
automotive industry. [2, 4]

Chosen PP granulate is from manufactureSabic Europe B.V, type PP RA12MNA40. It is a
random copolymer specially developed for injection molding. It is characterized by high
melt flow rate (MFR) and good mechanical properties. Typical application for this type are
in housewares and thin walled packaging. Data sheet of the material is enrolled as an ap-
pendix at the end of the thesis. [29]

Material characterization [29, 321:
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o Trade name

o Density

o ITT (230 °C/ 2,16 kg)

o Young modulus E

o Shear modulus G

o Parallel shrinkage

o Perpendicular shrinkage
o Maximum shear rate

o Maximum shear stress

o Fillers

Recommended processing [29, 32]:

o Melt temperature
o Mold surface temperature
o Absolute maximum melt temperature

o Ejection tempertature

RA12MN40
905 [g/cm?®]
40 [g/10 min]
1340 [MPa]
481,3[MPa]
1,386 [%]
2,004 [%)]
100 000 [1/s]
0,25 [MPa]
unfilled

200 — 250 [°C]
10 - 50 [°C]
290 [°C]

107 [°C]
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9 INJECTION MOLDING MACHINE

Injection molding machine was chosen in compliance with the mold size, clamping force
and calculated stroke volume. Selected injection machine is ArburgAllrounder 720H from
Arburg. [19]

HIDRIVE

Fig. 24.ArburgAllrounder 720 H [19]

Technical characterization [19]:

o Clamping force

Distance between tie bars
Mold mounting plates
Mold height

Max. ejector stroke

Max. ejector force

Max. weight of moveable mold half
Injection pressure
Holding pressure

Max. shot weight
Effective screw length
Screw diameter

Max. screw torque
Nozzle contact force

3200 [kN]

720 x 720 [mm]
1040 x 1040 [mm]
300 — 800 [mm]
250 [mm]

86 [KN]

2900 [ko]

2500 [bar]

2500 [bar]

723 [g]

23 [L/D]

60 [mm]

2140 [Nm]

90 [KN]
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10 INJECTION MOLD DESIGN

Injection mold design is supported with two designs for the given part. First variant of in-
jection mold is designed with hot runner system. The second variant is designed with cold
runner system. Both molds were designed in software CATIA V5with an effort to maxim-

ize the usage of standard parts from Hasco DakoModul.

10.1 Mold multiplicity

Injection mold multiplicity is chosen according to various parameters, including mold
complexity, productivity and required quality of injected products. In this case, four cavity

injection mold was designed in order to accomplish thesis’s assignment.

10.1.1 Part forming

Because of the bottom area of the designed cup, it has to be formed in two parting planes
perpendicular to each other. Main parting plane opens to Z direction and individual parts
are formed with core and cavity in this direction. Secondary parting plane is formed by a
pair of sliders. Because of material’s shrinkage, individual forming components were en-

larged for provided shrinkage values from material’s data sheet.

Fig. 25. Part-forming elements

1 — Cavity, 2 — Core, 3 — Slider, 4 — Stripper ring, 5 — Cup



TBU in Zlin, Faculty of Technology 45

When mold opens sliders are forced to spread, because of the connection with the guide
angle pillars. They move on the guide rails, which are screwed to the core plate. Precision

movement of the sliders is assured by the guide strips.

Movement of the sliders stops when they reach the end of the guide angle pillars. At this
point location of sliders is secured against further movement with couple of spring plung-
ers for the each slider. When mold closes, holding force of spring plunders is overcome

and the connection with guide angle pillars is reunited.

During the injection process a big pressures are generated and therefore sliders must be

locked in the right position. They lean on the wear plate, which is mounted to locking heel.

Length of the guide angle pillars and positions of the spring plungers were calculated to
gain sufficient space for a proper ejection of the injected parts. The guide angle pillars are

clamped in the cavity plate with 24° angle.
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Fig. 26. Core plate

1 — Core, 2 — Slider, 3 — Guide strip (Z185W), 4 — Guide rail (Z186W), 5 — Spring plunger
(2374)



TBU in Zlin, Faculty of Technology 46

9 R 0 9

Qa ff: _“-%\\,. o o
Q- O| H——H |IC.0H

) \\_\______: ’/// T )

) 1 0 ()

a // —F\\ o i a
-9 O HE——H [CioH e D

N 0 9

0] e (] i)

Fig. 27. Cavity plate
1 — Cavity, 2 — Guide angle pillar, 3 — locking heel, 4 — wear plate

10.1.2 Cavity

During injection cycles, cavity is exposed to high temperatures and pressures. Therefore
cavity has to be made from hardened steel. Chosen material for the cavity is X210Cr12
which has old CSN equivalent 19 436. Cavity was adjusted for the hot nozzles and for
cooling purposes, series of cooling channels were drilled in to the cavity.
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Fig. 28. Cavity 3D model

10.1.3 Core

Core is made from the same material as the cavity, as it has to withstand the same pres-
sures and temperatures. From the manufacturing point of view, core had to be adjusted for
proper insertion of stripper ring. For cooling purposes, a relatively big pocket had to be
designed. The pocket was designed for an unconventional type of spiral core as a conven-
tional types from Hasco catalog are not suitable enough for this situation due to low heat
removal coefficient. Due to leakage of coolant, cores were grooved to ensure proper inser-

tion of sealing O-rings.

Fig. 29. Core 3D model
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10.1.4 Sliders

Sliders constitute the secondary parting plane and form the perimeter of the part.Material
for thesliders is the same as for the cores and cavities. For cooling purposes, series of cool-

ing channels were designed.

Fig. 30. Sliders

10.2 Hot runner injection mold

Hot runner injection mold for four cavities was designed with effort to maximize the usage
of standard parts in order to reduce the cost of mold and simplify designing in the 3D soft-

ware.

10.2.1 Mold frame

Mold plates and other standard parts of the mold frame were chosen from the Hascocata-
log. Plate’s dimensions were chosen with regard to the way of part forming, cavity multi-
plicity and size of the injected part. The mold from catalog was inserted as an assembly of
two plate mold. Basic layout of the assembly was changed and one additional plate was
added to fix hot runner system in right place. Individual plates except thermal insulating
plates are made from steel 1.1730 (C45U). Thermal insulating plates are made of thermal
insulated material — synthetic resin filled with glass fiber. Mold size dimensions are 696 x
696 x 541 mm (L x W x H).
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Fig. 31. Injection mold frame
1 — Insulating p. right, 2 —Clamping p., 3 — Additional p., 4 — Cavity support p., 5 — Cavity
p., 6 — Core p., 7 — Core support p., 8 — Riser bar, 9 — Ejector p. A, 10 — Ejector p. B,
11 — Setting p., 12 — Insulating p. left, 13 — Locating ring left, 14 — Locating ring right,
15 — Knockout

Guiding and connecting elements

Guiding and connecting elements for this injection mold were taken from Hasco standard
part catalog. Into this group of elements belong leader pins, bushings, screws, sleeves and
center rings. Injection mold is clamped to the injection machine for clamping and setting
plates.

Centering of both sides of the injection mold on injection molding machine is done by lo-
cating rings. Both locating rings were selected from Hasco catalog, K100 on the right side
and K500 on the left side. Mutual location of individual plates and their centering is as-

sured with leader pins, bushings and sleeves.
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Fig. 32. Injection mold guiding elements

1,2 — Leader pins; 3 — Sleeve; 4,5,6 — Bushings

10.2.2 Hot runner system

Hot runner system keeps the injected material in melted phase during the whole injection
cycle, which reflects into shorter injection times. Another advantage of hot runner system
is that no vast material is being produced. This kind of material has to be crushed and
grinded. This is often considered as it leads to big money savings, especially in large se-

ries.

Hot sprue bushing

Hot sprue was selected from the Hascocatalog of standard parts. Chosen type is
Z1055/3/30x85/12 with the sprue channel diameter of 12 mm.

Hot manifold

Hot manifold delivers melted material to four hot nozzles. Required hot runner system has
to be custom made. This type of hot runner manifold of this size is not produced by Hasco
and DME and cannot be found in their catalogs. It is designed for four hot nozzles with
channel’s diameter 12 mm. Chosen material for production of the hot runner system is
steele 1.2343 with CSN equivalent 19 552. Dimensions of selected hot manifold are 280 x
406 x 37 mm (L x W x H).

Hot nozzles

Hot nozzles for designed injection mold were chosen from Hascostandard parts catalog.

Selected type of four nozzles is Z3410/32x100. Each of the nozzles has channel’s diameter
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of 4,5 mm and a sufficient shot weight of 80 g, which is enough for this purpose. Nozzles
are suitable for the selected type of material. Data sheet of the selected type is enrolled as

an appendix at the end of the thesis.

Fig. 33. Hot runner system

1 — Hot manifold, 2 — hot nozzle, 3 — hot sprue bushing, 4 — junction box

10.2.3 Mold cooling

Because of mold multi-cavitness of mold, mold cooling had to be divided into several
cooling circuits. Cooling circuit accessories were selected from Hasco catalog and water

with no additives was selected as a coolant.

Cavity cooling

Cavities are cooled by cooling line network of drilled cooling channels. The network of
cooling channels forms a parallel circuit. There are two parallel circuits for cavity cooling
purposes, with each of them providing cooling for two cavities. The diameters of the dis-
tributive channels are 14 mm and branched channels have diameter 10 mm. Coolant is reg-
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ulated in the line network with plugs (Z940). Hose connectors (Z87) are located in the bot-
tom side of the mold. To prevent leakage of coolant into the space between surfaces of

individual plates, cooling system is equipped with sealing O-rings.

B
|

i

Fig. 34. Cavity cooling circuits

Core cooling

In this case core spirals were used in core cooling circuits. Core spirals had to be specifi-
cally designed for this application. Standard part core spirals from Hasco catalog do not
have required size and shape, therefore do not reach required heat removal efficiencies.
Chosen material for designed core spirals is aluminum alloy 6082 (AIMgSil). This alloy is
medium strength alloy with excellent corrosion resistance. Core spirals from Hasco stand-

ard catalog are also produced of the same material. [24]
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Fig. 35. Core spiral model

The mold contains two cooling circuits for the cores. Coolant is distributed in circuits

through 14 mm channels and regulation of the flow is assured with plugs (Z940). Cooling

circuits are ended with hose connectors and leakage prevention is secured with sealing O-

ring (Z298).
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Fig. 36. Core spiral cooling circuits
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Sliders cooling

Fig. 37. Section A-A of core spiral cooling circuit

Sliders are cooled like cavities namely by cooling line network of drilled cooling channels.

There are four cooling circuits all together for sliders” cooling with the each of them for

two sliders.

Sliders are positioned vertically to each other and in order to bridge the space between

them hoses were used. Furthermore, in order to cool the sliders in two layers of cooling

channels and to maintain flow with only one input diverting coupling units were used.

These standard parts also come from Hasco catalog.
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38. Slider cooling
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Fig. 39. Slider cooling circuits

10.2.4 Ejection

For proper ejection of the parts from the mold, it is necessary that the parts remain on left
(moveable) side of the ejection mold. In this case this is expected to happen due to shrink-
age of the injected material on the core. Ejection of the individual parts from the core is
realized by stripper rings. This type of ejection was designed to achieve ejection without
any foot-print on the part and to eject the parts with uniform ejection force. The designed
assembly consists of stripper rings and connection bars. Stripper rings are inserted into the
core and assist to form individual parts. Because of the contact with melted material, they

have to be made from the same material as core and cavity.
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B P

Fig. 40. Stripper rings

Stripper rings are connected with the ejection plates through steel bars. The bars are
screwed in the rings and their connection with ejection plates is assured with screws. Se-
lected material for the bars is steel1.0060 (E335) which has the CSN equivalent 11 600.

Fig. 41. Ejector assembly

1 — Stripper ring, 2 — Connection bar, 3 — Ejector plate A, 4 — Ejector plate B, 5 — Knock-
out.

10.2.5 Venting

Venting plays an important part in injection mold designing. Without venting the air inside

of the mold have no space to escape. As the air is compressed, its heat content is now con-
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centrated in a small volume, resulting in a large temperature increase. In the designed in-
jection mold, it is supposed that location of possible air traps will be in the edges of the
part, places that are filled last. In this case we count on leakage of the air into parting

planes, namely in the space between sliders, cores and cavities.

10.2.6 Manipulation system

For easier handling and manipulation with injection mold, mold was equipped with lifting

eyes from Hasco.

Fig. 42. Lifting eyes from Hasco

To restrict the mold from opening in the main parting plane, two of standard parts locking

devices from Hasco were installed.

|
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Fig. 43. Lock device

10.3 Cold runner injection mold

Cold runner injection mold is the second variant of injection mold design for the given
part. The main difference between the individual variants can be observed on the right sta-
tionary injection side. Left moveable side remained almost the same as in the first variant
and the variant differ only slightly.Part forming, cooling, venting and manipulation system
do not differ at all and therefore are not discussed in this chapter.

10.3.1 Mold frame

Concept of the mold frame is changed compared to hot runner injection mold. For this var-

iant a three plate mold was chosen. This type of mold was chosen to assure proper ejection
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of cold runner system. Materials of individual plates are the same. Cold runnermold size
dimensions are 696 x 696 x 498 mm (L x W x H).
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Fig. 44. Mold frame — cold runner mold
1 — Insulating p. right, 2 — Clamping p., 3 — Cavity support p., 4 — Cavity p., 5 — Core p., 6
— Core support p., 7 — Ejector p. A, 8 — Ejector p. B, 9 — Riser bar, 10 — Setting p., 11 —
Insulating p. left, 12 — Locating ring left, 13 — Locating ring right, 14 — Knockout
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Fig. 45. View to main parting plane — injection side

10.3.2 Cold runner system

The runner system in this cold runner mold consists of a cold sprue, runners and gates. The
sprue delivers the melt to a runner, which in turn delivers the melt to the part-forming cavi-
ties. Frozen cold runner system is considered as a waste, which have to be grinded and sold

or reused as a filler in different parts.

Cold sprue

Cold sprue delivers the melt into the cold runners and connects injection machine with the
injection mold. The sprue was selected from Hasco catalog (Z51).Sprue channel is 6,5 mm
wide in the diameter and is tapered by 1° angle. A hole was drilled to the sprue for proper

insertion of a pin. The pin prevents the sprue from rotation during the injection.
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Fig. 46. Cold sprue

Cold runners and cold gate

Melt is delivered by cold runners in to the cold gate and then into the individual cavities.
Cold runners were manufactured into the cavity support plate. Dimensions of the cold run-
ner system were chosen with regard to the runners’ length to avoid premature solidification
of the melt. Cold runners has a parabolic cross-section withrespectivelygraded diameters of
8 and 7 mm. Cold gate is manufactured in individual cavities with diameter of 1,8 mm.

Type of selected gate is a point type gate, which requires three mold system.

Whole cold runner system represents waste material which is produced during every injec-
tion cycle. Due to long runner channels, size of the runner system is relatively and it has

weight of 45 g.

Fig. 47. Cold runner system

1 — Cold sprue (Z51), 2 — Cold runner — diameter 8 mm, 3 — Cold runner — diameter 9mm,

4 — Cold gate, 5 — Cold runner holder, 6 — Undercuts.
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10.3.3 Ejection

Because of cold runner system, ejection is in this case more difficult. However, ejector
assembly differs from hot runner mold only slightly. Basic concept of ejection with strip-

per rings remained the same and an ejector pin for cold runner holder was added.

Fig. 48. Ejector assembly — cold runner mold

1 — Stripper ring, 2 — Connection bar, 3 — Ejector plate A, 4 — Ejector plate B, 5 — Knock-

out, 6 — Ejector pin.

Due to three plate mold system, injection mold opens in two parallel parting planes with a
time delay. Firstly mold opens in the secondary plane causing that cold runner system is
divided from cavity support plate. Due to cold runner holder, cold runner system is held on
the cavity plate. Then injection mold opens in the main parting plane, causing ejection of
the injected parts and cold runner system. To assure a proper opening of the mold, a latch

locking device was selected from Hasco catalog.
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11 COMPARISON OF INDIVIDUAL VARIANTS

Individual variants differ in used runner system. First variant was designed with a hot run-
ners system. The system distributes the melted material into the cavities through four noz-
zles, which were selected from Hasco catalog. Second variant was designed with a cold
runner system and the melt is in this case distributed through cold runners. Variants have
almost the same ejection side with runner holder designed in cold runner mold being the

only different feature. Cooling system is the same in both designs.

First variant compared to the second one is designed with one additional plate. However, it
has many advantages compared to the second variant. The main advantages are the faster

injection cycle, no waste material being produced and sufficient usage in big series.

The biggest advantage of the injection mold with cold runner system is smaller initial
costs. However, the size of the cold runner system is relatively big and the complexity of
the injection mold is increased with the designed three plate mold.

11.1 Economical summary

Goal of economical summary was to compare hot runner system with cold runner system
from economical point of view and approximately determine a number of working hours

which are needed for profitable hot runner usage.

In this chapter Euro currency is transferred to CZK with rate given by Slovak National
bank on 15. 4. 2015. [21]

1 EUR = 27,485 CZK (1)
Among production costs that are discussed in this chapter are include cost of hot runner
system, material costs and energy costs.
11.1.1 Material costs

Chosen material is PP RA12MN40 from company Sabic Europe and it costs 1,40EUR per
kilogram. [22]

1,4 EUR = 38,381 CZK (2)

11.1.2 Energy costs

Cost of electric energy on 16. 4. 2015 according to www.kurzy.cz is 31,6 EUR/MWh.[23]


http://www.kurzy.cz/
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31,6 € = 866,31 CZK ©)

Cost of electric energy is 0,866 CZK for 1 kW/h.

11.1.3 Hot runner system
Hot manifold

For cost estimation of hot runner system was Hasco catalog where prices of products are
available used. Hasco offers a smaller hot runner system of the same shape for 2616 € and
therefore the cost of produced hot runner system was set to 2900 €. Energy consumption
was increased to 1800 W from Hasco’s 1470W.

2900 EUR =79 503,5 CZK 4)
Nozzles
Hot nozzles were selected from Hasco catalog with cost of 811,88EUR for each.
4x 811.88 € =3247,5 EUR =89 030 CZK (5)
Total cost of hot runner system is 168 533,5 CZK.

Energy consumption

Total electric energy consumption is sum of manifold and nozzles electric consumptions.

Pyr = Py + Py (6)

Pyr = 1800 + (4 * 400) @)

Pyr =3400W = 3,4 kW (8)

Ceyr = 3,4+ 0,866 = 2,94 CZK /hour 9)

11.1.4 Production costs — cold runner

Total weight of used material in one injection cycle.

mr = mp + mep (10)
mr =76+45=121g = 0,121kg (11)

Material costs:
Cycr = 0,121 % 1,4 = 0,169 EUR = 4,65 CZK (12)

Cost of used material with cold runner system is 4,65 CZK for one injection cycle.
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11.1.5 Production costs — hot runner
Material costs:
Weight of one shot (4 injected parts) with hot runner system is 0,076 kg.
Cyur = mp * 1,4 EUR (13)
Cyur = 0,076 * 1,4 = 1,1048 EUR = 2,91 CZK (14)
Cost of used material with hot runner system is 2,91 CZK for one cycle.

Energy costs:

Energy costs for one hour are 2,94 CZK/hour. Number of injection shots per hour (3 600 s)
with injection cycle being 15 s.

Number of injection cycles per hour:

s = %20 = 240 cycles (15)

Calculation of energy consumption for one injection cycle:

Cps = "2 = 0,012 CZK (16)

Total cost of energy and material for one injection cycle.
Cur = Cyur + Cks (17)
Cyr = 2,91+ 0,012 = 2,92 CZK (18)

Total cost (material and enegy) of hot runner system is 2,92 CZK for one cycle.

11.1.6 Balance

Tab. 3.Expenses of runner systems

Cost [EUR] Cost [CZK]
Hot runner system
Hot manifold 2 900 79 503,5
Hot nozzle (4x) 3247,5 89 030
Junction box + cables 200 5483
Total 6 347,5 174 016,5
Cold runner system
Cold sprue 59 1617,5
Latch locking system (2x) 1082,5 29 676,7
Total 11415 31 294,2
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Tab. 4. Expenses comparison

Cost [EUR] Cost [CZK]
Hot runner system 6347,5 174 016,5
Cold runner system 1141,5 31 294,2
Total difference 5206 142 722,3

Balance compares cold runner system with hot runner system. The result of the balance
shows number of injection cycles required for hot runner system to be profitable. Tab. 4.
shows the cost difference of initial cost for individual runner systems. Changes in mold

frame assembly and different cycle durations were neglected.

4,65x = 2,92x + 142 722 (19)
1,73x = 142 722 (20)
x = 82 498 Cycles (21)
Duration in time:
t = (x * 15)/3600 (22)
t = 343,7 = 344 hours (23)

Balance of the runner systems shows that 82 498 cycles are required to balance initial costs
of hot runner system. The number of cycles equals to 344 working hours or 43 continuous
shifts.

11.2 Final variant selection

Each of the variants has its advantages and disadvantages, but for an injection mold of this
size and multiplicity, hot runner injection mold is the better option. Because of long cold
runner channels, a lot of waste material is produced in every injection cycle. Injection cy-
cle in hot runner mold is shorter and more suitable for automatized production. Further-
more, this type of product is specifically produced in mass productions and therefore initial
costs of hot runner system will pay off. Cold runner system mold would be more suitable

for smaller number of cavities and for smaller production series.

In previous calculations price of injection molding cycle using hot runner system was
compared to usage of cold runner. Costs of injection molding cycle with hot runner sys-

temis 2,92 CZK and for the cold runner system it is 4,65 CZK. Balance of individual run-
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ner systems shows that 82 030 injection cycles are required to pay the initial cost of hot

runner system.
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12 CAESIMULATION

Simulation of the injection process was done in Autodesk MoldflowSynergy 2014. De-
signed 3D model of the injected cup was increased for shrinkage. After importing to and
before the analysis, 3D model of the part increased for shrinkage had to be meshed. The
choice was from three types of meshes (midplane, dual domain and 3D mesh).In this case

Dual Domain was chosen which is sufficient for this analysis.

Due to the symmetry and better resultsclarification, figures in this chaptershow results for
only one of the cavities instead of four. In CAE analysis the symmetry was not contem-

plated.

Scale (100 mm)

Fig. 50. Meshed part

Before definition of all necessary parameters, gate analysis was performed to check for
suitability of gate location. According to the gate analysis, chosen gate location is suitable
from 98 % at the center of the part. Results of the analysis proved our assumption andthis

solution was found compliant.
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Scale (100 mm)

Fig. 51. Results of the gate location analysis

12.1 Analysis settings

After preforming the gate analysis all other necessary inputs were defined. These included
selection of suitable material for injected parts, mold material, injection molding machine
and other settings of process parameters. Selected molding material and injection molding
machines are discussed in chapters 8.2 and 9. Selected molding machine is not included in
Autodesk Moldflow database and therefore an injection molding machine with similar pa-

rameters was chosen.

Injection mold material was left default selected. According to the database of mold mate-
rials this one is labelled as Tool steel P20 with DIN steel equivalent 1.2311 with following

characterizations.

Mold material [32]:

o Density 7,8 [g/cm3]

o Specific heat capacity 460 [J/kg.°C]
o Thermal conductivity 29 [W/m.°C]
o Young modulus 200000 [MPa]

o Poisson number 0,33 [-]
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12.1.1 Process parameters

Adjusting the process parameters, first an analysis with automatically selected process pa-
rameters was performed. This was followed by examination of the results and new process

parameters were set. This method was applied to achieve satisfactory results.

Process Settings Wizard - Cool Settings - Pagel of 3
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12.2 Filling time

Filling is done simultaneously in all cavities proving that hot runner system is balanced.As
seen from Fig. 53 maximum value of fill time is 1,164 seconds and it can be observed in
most distant place of the cavity where filling time reaches its maximum value. From this
analysis we can set the filling time to 1,2 s. Cavities are filled in a relatively short time.
Short injection cycles have positive effect on the orientation of polymer macromolecules.
However, injection time cannot be disproportionately reduced as it would lead to material

degradation and unfilled regions in the cavities.

[s]
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Fig. 53. Filling analysis - results

12.3 Clamp force

Size of the maximum closing force should be one of the estimation for selecting an appro-
priate injection machine. Results of clamp force analysis determine course of clamping
force. Maximum clamp force examined from the numerical results of this analysis is 1290

kN (129 tons). The biggest strength is required during application of filling pressure.

Selected injection molding machine is able to produce the clamping force up to 3200 kN.
Therefore meets the requirements regarding to clamping force with 20 % safety coefficient

and it is selected correctly.
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Fig. 54. Clamp force

12.4 Pressure at injection location

Maximum pressure during the filling is 36,4 MPa with pressure reaching its highest values
at 1,16 seconds (end of cavity filling). Maximum injection pressure of the machine (250

MPa) was not exceeded.
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Fig. 55. Pressure at time diagram
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12.5 Shear rate

The highest shear rate allowed for the selected material according to data sheet is
100 000 st, exceeding this value might lead to material degradation. The highest values can
be observed in injection gate area. Maximum allowed value was not exceeded as the max-

imum shear rate is 47 627 s

[1/s]

I47B27,
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49669.[1/5]
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I 0.0000

Scale (100 mm)

Fig. 56. Shear rate analysis

12.6 Air traps

Results of this analysis are convenient for air traps predictions inside of the cavities.
Trapped air is compressed and can result in a large temperature increase, which could
damage the part. From examination of the results we can say that the air will be trapped in
places that are filled last. Problems are solved with the designthat is discussed in previous
sections of the thesis.
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Scale (100 mm)

Fig. 57. Air traps - results

12.7 Cooling analysis

During injection process cavities are filled with melted material, which is cooled down to a
suitable ejection temperature. Cooling system was designed as a network that consists of
drilled channels. Water with no additives was selected as a coolant in this analysis. Coolant

temperature was set to 35 °C.

Scale (400 mm)

Fig. 58. Cooling circuits
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12.8 Circuit coolant temperature

The results of this analysis show temperature of the coolant in the circuit. For the best heat
removal efficiency from cavities, temperature difference between inlet and outlet should be
less than 2 °C. This leads to uniform heat removal from the cavities. The requirement is
accomplished as the temperature difference is only 0,37 °C. If the difference was more
than 2 °C it would lead to uneven temperature field and deformations. This problem can be
solved by division into several shorter cooling circuits or changing process parameters,
namely by increasing the coolant pressure. The division into two shorter cooling circuits

was done in the mold to assure the required temperature parameters.
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Fig. 59. Circuit coolant temperature - results

12.9 Time to reach ejection temperature

Time to reach ejection temperature is affected by the selected material as every material
has its specific criteria for ejection. In this analysis ejection temperature was set to 85 °C

for the whole part volume.

The results of this analysis show that time to reach ejection temperature is 2,56 s for the
whole part volume. Short times are caused due to relatively small wall thickness. In places
where stripper rings are situated, time to reach ejection temperature is only 1,15 s. There-

fore time to reach ejection temperature can be set on 1,2 s. This setting will assure safe
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ejection of the parts with no deformation onto the parts” surfaces that might be caused by

the stripper rings.
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Fig. 60. Time to reach ejection temperature - results
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Fig. 61. Time to reach ejection temperature — results 2
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12.10 Total deflection

The results of this analysis show that maximum total deformation is 1,622 mm. Results
include all the influences on the deformation of injected parts. Size of shrinkage and total

deformation can be adjusted by increasing holding pressure or more intensive cooling.

The maximum deflection values are situated at the topperimeter area of the part. These
results can be justified by small wall thickness andinsufficient cooling in this area. Due to
occurrence of stripper rings no cooling circuits were designed in this area. However, de-
spite of relatively big total deflection, deflection in the Z axis is only 0,17 mm, which

means that the part will remain its flatness on its lid surface.

[mim]
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Fig. 62. Total deflection
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RESULTS AND DISCUSSIONS

The aim of this master thesis was to design of multi-cavity injection mold in two variants
for the same product. One variant with hot runner system and the second one with cold
runner system. Next goal was to compare individual designs, do economical summary of
individual variants and select final variant. After this, CAE analysis should have been run
on chosen variant. The last point of assignment was to provide drawing documentation in

form of assembly drawing with bill of material.

Injected part was a cup for desserts and yogurts. Selected material for this application had
to be a material suitable for food packaging. Finally a polypropylene from Sabic Company

was selected. As injection molding machine was selected ArburgAllrounder 720H.

Injection mold was designed with an effort to maximize the usage of standard parts in or-
der to reduce the cost of mold and simplify designing in the 3D software. Mold multiplicity
was assigned to four and firstly injection mold with hot runner system was designed. Mold
frame, guiding and connecting elements were selected from Hasco catalog. Due to size of
the hot runner system it has to be custom made, other hot runner accessories were selected
from Hasco catalog. Cooling of the mold is done in 8 separate cooling circuits, with two of
them for cavity cooling, another two for core cooling with remaining four cooling circuits
related to slider cooling. Selected coolant was water with no additives. Uniform ejection of

parts is provided with stripper rings.

Concept of cold runner mold is similar to the first variant with hot runner system. However
due to cold runner system a three plate mold concept had to be chosen. Things like mold
cooling, sizes of plates and the way of part forming remained the same with ejector system
differing only slightly in comparison to hot runner mold. Opening in individual parting

planes is done with help of latch locking system selected from Hasco catalog.

In next chapter individual variants were discussed and economical summary of used runner
system was done. From calculation we can say that cost of one injection molding cycle
with hot runner system is 2,92 CZK and for the cold runner system it’s 4,65 CZK. Balance
of individual runner systems shows that 82 498 injection cycles are required to pay the
initial cost of hot runner system.This number of cycles equals to 344 working hours or 43
continuous shifts. After considering pros and cons of individual variants, injection mold

with hot runner was chosen.
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Injection molding process was simulated in program Autodesk Moldflow Insight 2014.
From filling analysis can be observed that filling of the cavities is done simultaneously
proving that hot runner system is balanced. Cavities are filled in a relatively short time and
final filling value was set to 1,2 s. Results of the analysis confirmed correct selection of

injection molding machine as no parameter is exceeded.

From cooling analysis can be observed that time to reach ejection temperature on places
where stripper rings are situated is 1,54 s. Therefore time to reach ejection temperature can

beseton1,2s.

Results provided from warp analysis show that the maximum total deformation is
1,62 mm. The maximum deflection values are situated at the top perimeter area of the part.
Total deformation is relatively big, but it does not have any fatal consequences on usage of
the part. These results can be justified by small wall thickness and insufficient cooling in

this area. Due to occurrence of stripper rings no cooling circuits were designed in this area.
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ANALISIS CONCLUSION

Analysis part of this master thesis is devoted to two multi-cavity injection mold designs,

CAE analysis of injection process and to assembly drawing of selected variant.

Design itself was done in software CATIA V5R19 with support of standard catalog Hasco
DakoModul. Autodesk Moldflow Insight 2014 was used for injection molding process

simulation. Concept of the injection mold design is described in individual chapters.

With help of software that is mentioned above 3D models of injection molds were de-

signed. 3D models served like a keystone for production of 2D drawing documentation.

Individual designs with CAE analysis are burnt on attached CDs and attached in appen-
dices.
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LIST OF ABBREVIATIONS

2D Two-dimensional space

3D Three-dimensional space

CAD  Computer-aided design

CAE  Computer-aided engineering

Ce Cost of electric energy

Cenr  Eneryconsumtion - hot runner system

Ces Energy consumption for one injection cycle
Cens  Cenaenergiihorkéhovtokovéhosystému

CHr Cost of electric energy and material — hot runner
Cmcr  Cost of material — cold runner

Cwmur  Cost of material — hot runner

E Young's modulus [MPa]
G Shear modulus [MPa]
H Height [mm]

HRC  Hardness according to Rockwell
L Length [mm]

MFR  Melt flow rate index [g/10 min]
McRr Cold runner weight

Mp Weight of parts

mr Total weight

PHR Input (power) hot runner
Pwm Input (power) manifold
Pn Input (power) nozzle

PA6  Polyamid 6

PC Polycarbonate
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PE
PEEK
PMMA
POM
PP

PS
PVC

Ra

Tg

Tm

Polyethylene

Polyetheretherketon
Polymethylmethacrylate
Polyoxymethylene

Polypropylene

Polystyrene

Polyvinyl chloride

Arithmetic average of the roughness profile [pum]
Number of injection cycles

Time [s]

Glass—liquid transition temperature [°C]
Melting temperature [°C]

Width [mm]
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Al

DATA SHEET OF INJECTED MATERIAL

SABIC® PP RA12MN40
PP random copolymer for Injection moulding

Description:

This random copolymer is medium ethylene modified, clarified and anti-static. It is specially developed for injection
moulding applications. Special characteristics are high stifiness, good transparancy and high gloss. Typical
applications are in housewares and thin walled packaging.

Health, Safety and Food Contact regulations:

Material Safety Data Sheets (M3DS) and Product Safety declarations are available on our Intemet site
hitpzfwww S ABI C-europe.com

The product mentioned herein is in particular not tested and therefore not validated for use in pharmaceutical/
medical applications.

This grade material is UL registered under File E111275 (www_ul com)

Typical values Revision 20110418
Properties Unit {Si) Yalues Test methods
Polymer properties
Melt flow rate (MFR) 1501133
at230°C and 2.16 kg /10 min 40
at230°"CandS kg /10 min -

Densi kg/m?® 305 150 1183
Mechanical properties

Tensile test 150 527
stress at yield MPa 29

stress at break MPa 32

strain at break % =50

Flexural test ASTMD 790
Flexural modulus MPa 1200

lzod impact notched 150 180/4A
at23=c kdim® 45

at0"Cc kdin® 22

at-20*C kdin® -

Charpy impact notched 150179
at23=c kdin® 33

at0"Cc kdin® -

at-20"C kdim® -

Hardness Shore D - ] |50 BES
Thermal properties

Heat deflection temperature

at 1.80 MPa (HDT/A) "C 49 150 73A
at 0.45 MPa (HDT/B) "C 76 1S0 758
Vicat softening temperature

at 10 N (VST/A) "C 128 150 30674
at 50 N (VST/B) "C 66 1S0 3068
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All INJECTION MOLDING MACHINE- DATA SHEET
Technical data | 720 H

-— | son

Opening force | stroke mze kN | mm
Miould height, fixed | variable min.-Mae mm — | 300-800
Flatan daylight fixed | varizable M3 mm — | s00-1400
Cistance between tie bars (wx h) T TH X720
hould mounting platens (w x h) ML mm 1040 x 1040
weight of movable mauld half max kg 2500
Ejector force | stroke max kM | mm 86 | 250
Dry cycle time EUROMAP 2 min. 5 -mm 1.5 - 504
Effective screw length
Sorew stroke ML mim 240 280 320
Calculaes stroke volume max oma 570 678 923 o2 1078 1407 1232 1608 2036
Ehot weight max gPs 21 820 B44 T3 agd 1286 1125 14582 1860
aterial throughput mze kgh PS 86 =1} 115 125 145 175 185 215 250
max kgh PAEE 43 45 58 62 74 BB 93 1o 125

Injection pressure max bar 2380 2000 1472 2500 2000 1530 2500 2000 1580
Halding jpressune max bar 2380 2000 1470 2500 2000 1330 2500 2000 1380
Injection flow 2 max TS 952 IRk 1342 132 1540 012 1188 1552 1364
Serew cirournferential speed 2 max. mémin 33 60 70 3 [+ 7] 41 a7 33
STy torgue mac Nm 1310 16840 1920 2140 2500 2330 3140 3510 3510
Mozzle contact force | retraction stroke max kN | mm 50 | 550 110 | 500 110 | 600
Heating capacity | zones. kw 2288 348 364 |8
Feed hooper | — — —
Met weight of machine kg 15000 13000
Emiss. sound press. kevel CIM EM 201:1997 dBl2) 65 +3
il filing | 260 360 350
Dirfve powwer 2 mae kW =
Electrical connection * kw 93 122 153

Total A -

hachine A 160 200 2350

Heating A 35 50 63
Cooling water connection max. °C )

min. &p bar 1.5 | DM 25

Upon request: other machine types and mould installation heights, screws, drive powers ete.

Al specifications relate to the basic machine wersion. Deviatiors are poasible depending on variants, process lrﬂmgl.r\-d
R . i o T R

mutua 3

720 H 3200-1300| 2100 | 3200

1) C farce (kM) - injection unit = max. steoke wolume (om? x max. ion pressuee {kbar)
23 mudeperdﬁhﬁnmnt#d—mmﬁgumhn. e
Specications relate to 400 WS Hz.

[] Spnﬁamapp‘ylul.rmrnqmm
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DATASHEET OF HOT NOZZLE

Z3440/... - 2342052/...
/ / (if g i it on b e g in g o
Bestell-Nr PV & o e
Order No. / 7 Py P i
Référence i 4 " (.? .tié:
LJLE L1/
o '
) P = é? 5 ri
é}*\ & ikl ?g“ oy 'éﬁ‘ 4
A , 4
Sel AR LR & i
Schussgewichte [g]
Shot weights [g] 5
Charges 1]
d'injection [g] 2
]
5
O O -
KV
]
ML) O ] 0 .
100
150
200 . . . . 0
400
[]
] O O . O .
]
500
700 . . . -
2000 [
Formmassen kicht PE [T XY GY N Y X TN
Moubdin Bazy = Y TE Y L eleRe)els)
9 facle PP eseeCcenee00C0D
compounds T ARS GYSYaYallsY X X X JSISReaNs]
Matiéres medium ABS/PC oo ooceeee00000
& mouler moyen  PMMA OO0 eee00D00
PA FIENEE X Y X eleReYels)
SAN DooOoeeeeOO0OO
ASA FIEGTEEY X Y X GIeNeNeNs)
THE 00 oCCesee0000D
schwer  PC 00 00 GII YY)
hard 00 OO0 00000
dificile  POM FEGGEEY Y Y Y IST N T Y )
POM" 0000 00000
PPE 0000 Oeeed
PEE 0000 00000
] 0000 Oeeed
FES O 0 00 00000
Bz [T X X 1EYXNs] BT T
PEL® 0000 o000
PET 0000 Deese
PET" 0000 o8 ]
PET OO OO o8 ]
PET" [FENEYE o8 ]
o 00 00 o8 3
) 00 00 08 )|
SAN DD 00 K] ]
Dimentemperatur
Nozzle temperature IMEX. ITIEX. ITIEN.
Températur de buse 400°C 280°C 400°C
Die Schussgewichts-Angaben sind The shot weights given are approsx-

Richtwerte, sie sind abhangig von den
zu verarbeitenden Massen, dem
FlieBweg / Wanddickenverhélinis sowie
weiteren Verarbeitungsparametern.

In Merbindung mit HeiBkanal-Verteiler-
blacken verringern sich die Gewichtsan-
gaben. Bei relativ hohen Spritzdricken
und unglnstigen Verarbetungs-
bedingungen ist der nachst groBere
Di=entyp zu verwenden.

mate values only. They are depending
on kind of resin to be processed, the
flow path/wall thickness ratio as well
as other processing parameter.

When used with hot-runner manifolds
the shot weights have to be reduced.
With relatively high injection pressure

and difficult processing conditions the

next larger nozzle size has to be used.

* = varstarkie
Formmassen

reinforced moulding
compounds

matiéras & mouler
renforcéas

@ = lgicht verarbeitbar

@ = mit Emschrénkung
verarbeithar
{Rickaprache mit der
Arwendungstechnik
wird empfohlen.)

processable within limis
[Please contact our
gpplication enginsers)
transformation limité
[Contact avec ke sanice
technique consailé.)

Les données concernant les charges
d'injection ne sont que des valeurs
indicatives et dépendant des masses
a traiter, du rapport écoulement/
epaisseur des paroig, de méme que
d'autres parametres de traitement.

Les indications concernant les
charges doivent &tre diminuées en cas
d'utilization avec bloc & canal chaud.
Pour des pressions relativernent
elevees, veuillez choisir le type de
buse inmeédiaterment supéneur.

Techni Shot



AIV INJECTION MOLD - RIGHT SIDE




AV INJECTION MOLD - LEFT SIDE




