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ABSTRAKT

Cilem diplomové prace je provedeni a vyhodnoceni simulaci vstfikovaciho cyklu a kon-
strukce vstiikovaci formy pro plastovy dilec, poskytnuty spolecnosti Hella Autotechnik,

s.r.o. Mohelnice.

V teoretické ¢asti diplomové prace je popsana technologie vstfikovani, vstfikovaci stroje a

konstrukce vstiikovaci formy.

V praktické Casti prace je analyzovano Sest typu vtokovych systéma ve dvou variantach
prufezu studeného rozvodného kanalu. Pro zvoleny vtokovy systém byla v programu Catia
V5 vytvoiena konstrukce vstfikovaci formy, ktera je dolozena 3D modelem, vykresem
sestavy a kusovnikem. Pro navrzenou formu byly pomoci Autodesk Moldflow Insight
vyhodnoceny temperaéni systémy, vyrobitelné konven¢nimi a nekonvenénimi metodami.

Vysledky analyz a navrzena feSeni jsou vyhodnocena v zévérecné ¢asti diplomové prace.

Klicova slova: vstfikovani, vstfikovaci forma, vtokovy systém, tokové analyzy, temperace

ABSTRACT

The aim of this Master thesis is performance and evaluation of injection cycle simulations,
and design of an injection mold for plastic part provided by a company Hella Autotechnik,
Ltd.

An injection molding technology, injection molding machines and mold constructions are

described in a theoretical part.

Practical part deals with six types of runner system which were analyzed, all in two cross-
section variants of cold runner. The injection mold which contains its 3D model, an assem-
bly drawing and parts bill, was designed for selected runner system in Catia V5 software.
For the mold was in Autodesk Moldflow Insight software analyzed and evaluated cooling
system which is makeable with conventional technology and conformal cooling system in
addition. Results and designed solutions are evaluated in a closing stage of this Master

thesis.

Keywords: injection molding, injection mold, runner system, flow analyses, cooling
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INTRODUCTION

The increasing interest in producing a dimensional precise, shaping complex and at the same
time lightweight article has heightened the need for injection molding of thermoplastics. Injec-
tion molding is one of the most expanded technologies to produce this type of plastic parts.
Nevertheless, the complexity of injected molded products always requires the new design of
injection mold, including its runner and cooling system, for every new article. Moreover, every
product to be molded needs the different settings of the molding process and often also other
molding machine. The literature review in the theoretical part of the thesis brings the introduc-
tion to the thechnology, overview of injection molding machines and conception of injection

molds construction.

Knowledge of injection molding simulation has a great importance for the process optimizing;
thereby it can prevent appearing deformation and other errors of molded part. In a response to
growing interest in process simulation, the costs for mold prototypes decreased. The aim of the
anlysis is to design six types of runner system for given plastic part, run and evaluate the simu-
lations of filling the mold cavities. In addition, several types of cooling system have been de-
signed, including the one designed for Direct metal laser sintering technology. All analysis re-
sults are evaluated and compared. The purpose of evaluation of filling and cooling simulations
is to find the most suitable mold construction and optimizing the temperation system of the
injection mold for given plastic part. The thesis gives complete design of injection mold includ-

ing three-dimensional model and two-dimensional drawings of all components.
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1 INJECTION MOLDING OF THERMOPLASTICS

1.1 Technology

Injection molding is an ideal way how to process polymers in form of granulates into geometri-
cally complex, thin walled technical parts. It is the most used polymer processing technology
which has been developing since the end of the 19th century when the first injection molding
machine was built. In the beginning cellulose nitrate articles were produced thanks to invention
of this machine, which consisted of a closed mold, steam-heated chamber and hydraulically
operated plunger. Plastic processing technologies including injection molding underwent sig-
nificant progress in the twentieth century. It grew up to be the process for production of com-
plex three-dimensional shaped parts based on composites, foams, rubbers and thermosets, in
addition to thermoplastics. To improve the efficiency and flexibility of the process and to ex-
tend the scope of molded products, many innovations have been developed so far, such as gas
and water assisted injection molding or micro-injection molding. With progress in computer
systems, the technology has been enhanced with better process simulation, control and optimi-

zation, and also product quality. [1]

Injection molded articles appear in our everyday life, but they are also becoming common in
less obvious applications. The main representatives of this technology can be found in automo-
tive parts, packing and household articles, electronics, toys and many others. There are a lot of
possibilities how to improve mechanical, chemical or esthetical properties by additives (glass
fibres, glass balls) or by radiation effects. Thus, improved polymers can replace other materials
in applications where earlier only aluminium or steel were used. Significant progress in injec-
tion molding has reflected in products and at present thermoplastics is processed by this tech-

nology as an inseparable part of industrial production. [1]

1.2 Injection molding cycle

Injection molding of thermoplastics is a cyclic process of conveying, melting and cooling pol-
ymeric material. Initially, plastic granules are fed to the machine through the hopper. The first
area where the granules are in contact with the machine is the screw in the barrel, where they
are melted. After entrance into the barrel, the rotating screw moves the granules forward in the
channels, where they are forced against the heated wall of the barrel, and melted due to dissipa-
tion heat and conduction of the heat generated from the cells along the barrel. Both conveying

and melting the polymer take place in first two of three sections of the screw called plasticizing
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stage. In the last section, the molten material is conveyed to the tip of the screw, develops the
pressure against the closed nozzle, and the screw moves backward to accumulate the molten
polymer at the front of the screw barrel (Fig. 1). The screw rotation stops when the required
amount of melt is obtained and the injection stage of the process compounded of four phases

(filling, packing, cooling and demolding) can begin (Fig. 2). [1]

Plastic

Moving Fixed Granules  Hopper
Platern Platern . /_.,,./ 5 - o
Mould L Mould | Y nive Injection
Clamping B\ Tool | Barel i) MV Cyvoney
Cylinder 9 \ ‘ - Screw\' £ :
| o T3 -

"\\'—

> HEalcr
Check
Molten 100 Bands
plastic

Figure 1 Injection molding machine - devices assembly [18]

A
A ., B

~
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\ .
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Figure 2 Pressure versus time relation in the mold cavity;
1 - injection, 2 — packing, 3 — cooling, A) closed mold,
B) opened mold, a) injection time, b) cooling time

p; — residual pressure [1]
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Cooling phase can be divided into cooling at injection pressure and cooling at descending pres-
sure. While cooling stage is taking place, the molten polymer is affected by shrinkage. To pre-
vent formation of sink marks, it is necessary act by additional pressure on the melt into mold
cavity — package. The value of pressure can be constant for whole time of the package phase, or
it may be less after a few seconds and cooling takes place at reduced pressure. That is why the
pressure is divided into isobaric and isochoric. The specific amount of material has to stay in
front of the screw tip in order to pursue package. There are further descends of pressure in the

cavity right to residual pressure value (p,) at cooling stage. [2]

Cycle ends|Cycle starts

Cooling |
Figure 3 Injection molding cycle [2]

1.2.1 Filling phase

In the step of filling the screw moves forward and the molten polymer is forced to fill the mold
cavity while clamping unit holds the mold closed. This phase is labelled A in the injection

molding cycle (Fig. 3).

For filling stage, important parameters are injection rate and injection pressure. They are of
great importance to the final result, especially when considering factors such as warpage (orien-
tation effects) and surface finish (skin formation). Furthermore, injection rate can be neither too
high nor too low. The former can cause jetting and degradation of polymer and this may reflect

on mechanical properties. The latter can lead to a thicker frozen layer and short shots and also
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to incomplete filling of the mold cavity. In other words, too low injection rate affects pressure
requirements. [2]

Figure 4 illustrates types of cavity filling process. There are two general types of cavity filling
in the figure. The first type (a) is called jetting. It consists of two steps: 1) the polymer flow at
high injection rate entraces into the cavity and 2) the free space in the cavity is filled. The se-
cond type (b) demonstrates gradual filling of the cavity, where number 3 illustrates the front of
the melt, and the area marked 4 is the beginning of melt cooling. The last part of the figure (c)
shows the melt cooling in the mold cavity, where the intensity of cooling is given by sequence

of numbers. Number 5 illustrates the plastic core of the melt. [3]
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Figure 4 Process of mold cavity filling [1]
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1.2.2 Packing phase

When the mold has been filled up, the screw is kept in the forward position or slightly moves to
maintain a holding pressure, while the polymer cools down and shrinks. This is why the pack-
ing stage is labelled holding pressure in Figure 3. Nevertheless, due to volumetric shrinkage
and decreasing density of solidifying polymer, there is a little more free space in the mold cavi-
ty, which can be compensated by delivering additional material in this packing stage. Packing
is a very important part of the process from the quality point of view, because if additional pol-

ymer was not injected, the molded part would shrink, i.e. warp and sink marks would appear.
[3]

During the phase of packing, precise adjustment of mold temperature, packing time and pres-
sure are is very important. Packing significantly increases the pressure in the mold cavity, but it

is not the only factor. Bad design of the mold cooling system can result in non-uniform cooling

on the cavity surfaces, which can cause increased residual stresses in the product. [3]

1.2.3 Cooling phase

The purpose of the cooling stage is to ensure that polymer has solidified sufficiently to with-
stand the ejection forces. Meanwhile, the screw starts rotating and moves backwards, and the
next plasticizing stage takes place. Once the polymer has cooled sufficiently, the produced
component can be ejected and the next injection cycle continues. While one part is cooling,
plasticization of the next cycle has already begun (C in Fig. 3.). [3]

1.2.4 Ejection (Demolding) phase

When the whole component and runner system (for cold runner systems) are cooled and stiff
enough to withstand forces of ejection without deformations, the mold opens and the molded
part is ejected with the assistance of ejection pins, tubes or stripper plates. As a result of the
effort to shorten the cycle time, the ejection of component including mold opening is one of the

shortest stages of the cycle (D in Fig. 3.). [3]



TBU in Zlin, Faculty of Technology 18

2 INJECTION MOLDING MACHINES

Injection molding machines are assorted according to the machine size, article weight, project-
ed article area and clamping force. While the design of injection mold is in progress, the de-
signer must pay attention also to the machine, including its process parameters. In this chapter
the basic types of machines and their construction versions are introduced. [5]

As for the machine size — in principle, the size of the machine must be chosen in accordance
with the size of the molded article. However, this is not always true, especially where small
molded parts are concerned. It is usually much more economical to manufacture many small
moldings simultaneously on a large machine than to manufacture just one article at a time on a

small machine. [5]

The size (defined as volume) of the molded part requires a closer examination in its relation to
machine selection. The heavier the article, the more molding material must be provided by the
plasticizing and injection unit within a given period of time. The selection of a machine for the
production of a given product is primarily determined by the projected area of that article — the

area which projects in the clamping direction. [6]

The plasticized material is injected into the mold under high pressure, up to 2 000 bar or 200
MPa. The mold must be held closed against the injection pressure so that no melt escapes at the
parting line between the mold halves (flash). This clamping force is provided by the clamping
unit. Generally, injection molding machines are classified into sizes which correspond to this
clamping force (120 — 80 000 kN). [5]

Processing of thermoplastics usually involves the use of horizontal injection molding machines
(Fig. 6). Because parting plane between the mold halves is arranged vertically, the completed

articles can drop into a container once they are released from the mold (Fig. 6). [6]

In the vertical injection molding machine, the parting plane between the mold halves runs hori-
zontally (Fig. 7). As a result, this machine is especially well suited to the production of insert
moldings (e.g. electrical plugs). Most articles made of elastomers are produced on vertical ma-
chines. [6]
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Figure 6 Vertical injection molding machine [7]

Another type of injection molding machines is rotary table machines; here several clamping
units are assigned to a single plasticizing unit. As a result, this machine is best suited to mold-

ing articles requiring a long cooling or heating period (Fig. 8). [6]
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Figure 7 Rotary table injection molding machine [7]

2.1 Types of injection molding machines

Basically, injection molding machines vary in the straight or two-stage plunger and they also
differ in the screw version. Articles can be produced on a single injection molding machine, but
each part requires its own different mold. The individual structural units of injection molding
machines and their functions will be now described in greater detail. For simulation of the pro-

cess is important to know how the machine is used for each mold. [6]

- The straight plunger machine

The method of plasticizing thermoplastic material by plunger was originally adaptation of the
technique used for molding rubber. The method of plasticizing by plunger is now obsolete and

is only used for variegated pattern moldings, such as cosmetic containers. [6]



TBU in Zlin, Faculty of Technology 21

MATERIAL
HOPPER
HEATING FEED
NOZZLE HYDRAULIC INJECTION
BANDS CHUTE
TiP CYLINDER
PLASTICIZING
CHAMBER E —
4
SEsa.l ASSSSS >
s 3 N
Fz====7 SO B
/ 2l '—/1/14
B L INJECTION
h— e RAM
HEATED PULL IN INJECTION INJECTION
TORPEDO  CYLINDER SLEEVE PLUNGER

Figure 8 Injection end of a single-stage straight plunger injection molding machine [8]

- The two-stage plunger machine

The obvious disadvantages of the single-stage plunger were overcome by putting one plunger
on top of the other and so separating the two functions. The top plunger plasticizes the material,
which is pushed in front of the piston of the second cylinder, forcing it back a predetermined
distance that corresponds to the proper amount of hot melted material for the next shot. The
second cylinder then shoots the material into the mold (Fig. 8). This approach is called preplas-

ticizing. [8]

The two-stage plunger-plunger (Fig. 9) machine is obsolete and has been replaced by the two-

stage screw-pot. [8]
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- The reciprocating screw machine

The injection end of a reciprocating screw machine is shown in Figure 11. The extruder screw
in the barrel is turned most often by a hydraulic motor instead of electric motor attached to a

gear system. [6]

As the screw turns, it picks up material form the hopper. As it progresses down the screw, the
resin is compacted, degassed, melted, and pumped through the nonreturn flow valve assembly
at the injection side of the screw. This is the check valve which allows material to flow only in
one direction. As the material is pumped in front of the screw, it forces back the screw, hydrau-
lic motor, and screw drive system. It also moves the piston and rod of the hydraulic cylinder
used for injection. Increasing the resistance requires higher pressures from the pumping section

of the screw, and results in better mixing, a slower cycle, and greater energy consumption. [6]
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Figure 10 Schematic drawing of a reciprocating screw unit [8]

- The two-stage screw-plunger machine

Using a two-stage screw-plunger machine may overcome limitations of single stage machines.
The two-stage screw-plunger machine forces the material to go along the full length of the
screw through a rotary valve into the injection or shooting chamber. Here, the injection plunger
is forced back until it reaches a predetermined point, at which time the screw stops. The rotary
shutoff valve is rotated so that when the injection plunger advances, the material is injected into

the mold. [8] This is the essential difference from previous types of injection machines. [6]

2.1.1 Gas- or Fluid- assisted injection molding machines
Gas-assisted injection molding technology (GIT):

As the geometry of molded parts becomes more complex and development in the field goes
further, the technology of gas-assisted injection molding is becoming increasingly widespread.
The injection molding machine requires special equipment for injecting gas into the mold cavi-
ty (Fig. 12). The inert gas, which is always nitrogen, then forms cavities in the interior of the
melted polymer. Except gas injection equipment (special nozzle, gas feed unit), gas-assisted
injection molding technology can use injection molding machines without restrictions. Howev-

er, often the gas is introduced directly into the part in the mold. GIT can be used with
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advantage in the processing high-thickness parts. As for material, GIT is suitable for thermo-
plastics, thermosets and rubber types.

The essential part of GIT method is delivery of gas; here the following methods may be used:
- Direct connection of the gas cavity from a gas bottle with control valve,

- Storage of a supply of nitrogen in a refrigerated, liquefied state, and supply for injection via a

means of pressurization,

- Continuous nitrogen generation by means of air fractionation with a molecular sieve (Fig.12).
[5]
Water-assisted injection molding technology (WIT)

There is a considerable similarity to gas-injection molding technology because into the molten
polymer additional medium is injected. Unlike in GIT, there is a difference in the injected me-
dium, which is water now. This process takes place in the mold cavity. The water helps to in-
tensify heat removal hence WIT is highly attractive. As a result of water cooling effect, the
cooling time of the whole molding cycle can be shortened to 10-20 % of cooling time of classic
injection molding. [9] The process of water injection can be done through the injection nozzle
or independent injector (in-part injection, or in-runner injection) (Fig. 13). The advantages of
WIT are reduction of clamping forces, shorter cycle time (fast cooling due to small wall thick-
ness), and small deformation of molded parts.
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2.2 Injection unit

From wide array of injection molding machines, the one with in-line reciprocating screw is the
most common. Its advantage is that it can also be used as a single-stage plunger. Two-stage
screw-plunger units with screw preplastication are used on special machines. Single-stage
plunger units are only of importance for mini injection molding machines, when the desired

shot weight can be provided by a plunger diameter of 2 to 20 mm. [10]

The injection or plasticization unit of the reciprocating screw injection molding machine has a
major influence on the quality of the final molded part (Fig. 14). Its basic function is to accept
and convey free-flowing solid pellets and additives, perform melting, convey the melt along the
screw, mix the plastics additives, possibly devolatilize the melt, inject the melt into a shape-
providing cavity, and keep it there under pressure (holding pressure). Its functionality is very
similar to that of a single-screw extruder, except that the screw moves axially during the injec-

tion and plastication phase. [10]

Feed
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Figure 13 Injection unit and its essential components [10]

The heart of the machine is the screw (Fig. 15). This complicated-to-design component consists

of three basic sections:

- The feed zone — through which the plastic passes to the screw barrel
- The compression zone — where the plastic is melted
- The metering zone — where the melted plastic is transported ahead of the screw tip

and mixed
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Figure 14 Basic sections of the screw [11]

The screw barrel is fed with polymer granulate through the hopper. The granulate is moving in
feeding zone and is heated by heater bands and by friction with screw flights. With the turn of
the screw the melt pool starts to appear and develops on the forward edge of the screw flight.
As the screw attempts to move the pellets, the melt pool becomes larger and unmelted granulate
portion becomes smaller. This trend continues until the metering zone is reached. Material into
the compression zone of the barrel is heated by friction and electric heat so that it is melted.
Hence into the metering zone of the screw enters material which consists of melt pool and in an
ideal case minimum percent of plastic granules. Despite the fact that the compression zone has
not uniform volume between every one spiral of the screw, the metering zone has standard
flight screw, which serves to complete the process. In other words, the final section of the
screw is designed to accurately pump a specific amount of material forward. The relative
lengths of each section are variable. Molten material is accumulated in front of the screw tip

and in this state is ready for the next step of injection molding cycle.

2.3 Clamping unit

The two mold halves from which the injection mold consists are held and mounted at the
clamping unit. To enable effective molding it must provide sufficient clamping force during
both injection and cooling steps. The mold must also be smoothly open and close so as to ena-
ble ejection of the molded part and the beginning of the next molding cycle. Injection molds

can be fit with hydraulics, hydraulic and toggle combination or by electrical clamping unit. [13]

2.3.1 Hydraulic system

A direct hydraulic clamping system is shown in Figure 16. The clamp ram moves the moving
platen until it reaches the stationary platen and the pressure begins to build up. The ejectors are
fitted onto the moving platen and can be activated once the tool is opened and moving platen
retracted. [13]
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Figure 15 Direct hydraulic clamping unit [12]

2.3.2 Hydraulically-toggle system

Figure 17 shows a toggle type clamping unit. This design enables the force to be amplified.
One end is attached to the stationary plate, the other to the movable platen. When open, it forms
a distinctive ,,V“configuration and when closed, the bars form a straight line. The advantage in
this design is that a much smaller force from the hydraulic cylinder is required. [13] While hy-
draulic system requires the application of constant line pressure, the toggles when once extend-
ed they remain there until retracted making them self-locking. Nevertheless, it is more prob-
lematic to control the force and speed of toggles. If the different depth of mold is required, the

toggle must be adjusted for full extension (Fig. 18).

Movable mounting
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Supported  platen
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(adjustable platen)
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Figure 16 Toggle type clamping unit [12]
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An important value of a mold characterization is the clamping area. It is the largest rated mold-
ing area the machine can hold closed under full molding pressure and plastic injection. The
clamping unit provides accurately controlled motion and force to close and open the mold.
When the clamp is closed in a horizontal direction with the platen vertical, the system is re-
ferred to as a horizontal clamping system. When the clamp is closed in the vertical direction, it

is a vertical clamping system. [2]
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Figure 17 Closed and open toggle clamping unit [13]

2.3.3 Electrically-toggle system

The movement of toggles forward and backward into position using a ball screw mechanism is
done through an electrically driven motor. The electric clamping system provides an energy-
efficient mechanism to accomplish all injection molding machine functions. An advantage is
that pressure can be adjusted independently of velocity adjustment. Furthermore, compared to

the hydraulic clamping system, it has significant energy savings. [10]

The essential problem of any electrically driven clamping unit is to transform electrical power
into linear motion. Figure 19 shows all-electric injection molding machine in which can be seen
that to develop linear motion and transform it to clamping force, a servomotor is needed which
is connected with a four-point double toggle through toothed belt. Energy savings, which can
be reached with electrically driven clamping unit, are calculated with efficiency of motion

transformation and sensors used to ensure accurate approach of mold halves. [10]
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Figure 18 Functions of servomotors in the all-electric injection molding machine. [14]

2.4 Process control

The control system of an injection molding machine comprises all the equipment that controls
oil and barrel temperatures, clamping forces, oil pressure, and flow rates, ensuring that they are
available in the required magnitude and direction at the right time during the logical sequence
of a cycle. Another parameter in the molding process is the mold temperature, which is also

important for the correct function of the system. [10]
- Melt temperatures

Melt temperatures are still preferably measured with thermocouples, which are permanently
installed. Sensors are always placed at the tip of the probe and, in the hook and cross bar de-
sign, they are always directed against the flow of the material (Fig. 20). Of course, they can

only measure the temperature of the melt next to the wall. [10]
- Melt temperatures in the mold

To measure temperatures of the molten plastic in the cavity thermocouples are used which are
installed in the wall of the cavity. Contact of sensors and cavity wall results in inaccurate val-
ues, thus the accurate value of the temperature must be determined by both the melt and the

wall temperature.

Melt temperatures in the molds can be measured with IR sensors connected via fibre-optic

waveguides reproducibly with sufficient accuracy and at high speed (response time ca 10 ms)
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in the range of 110 to 400 °C. For optical sensors directly coupled to the IR amplifier, tempera-
tures from 70 to 260 °C can be measured. [10]
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Figure 19 Nozzle with correctly installed temperature sensor and cross-section. [10]

The following temperatures are controlled in the process: [10]
- Barrel temperature
- Mold temperatures
- The temperature of hydraulic fluid in the drive system

- The coolant temperature
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3 INJECTION MOLDS DESIGN

The primary tasks of an injection molding tool consist in accommodating and distributing the
melt, forming/shaping and cooling the molded article and its removal from the mold. The sec-
ondary tasks - absorbing the forces, transmitting motion, and guiding molded parts - are derived
from these primary assignments. The polymer granulate is prepared into the flowable state and
then it is transported from the injection chamber into the mold. The cavity is the impression
space into which the molding compound is injected. The thermoplastic material cools and so-
lidifies within the cavity, hence forming the molding. In one cycle, one or more products (mul-
ti-cavity mold) can be molded. There are many different types of molds, designed to meet

many different product requirements. [6]

One of the tasks is keeping the melt within the mold, and it requires two basic conditions. The
first is that the mold resists the enormous forces that can tend to make the mold open. The other
is that the mold contains a feed system connecting the nozzle of the molding machine to all

cavities within the mold. Other conditions of the mold design are:
- Contain melt: resist displacement, guide melt
- Transfer heat: lead heat away from the part and from the mold
- Eject part: open the mold, remove the part [15]

An injection mold can have many structures to accomplish the functions required by the injec-
tion molding process. Since there are many different types of molds, the first part of the chapter
is dedicated to the two-plate injection mold because it is the simplest version of the construc-
tion. Samples of injection molds construction are viewed on Figures 21 and 22. [15]
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Figure 21 External view of mold [15]
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3.1 Mold conception

Generally, industry identifies six basic mold types for use with thermoplastics. [2]

The cold-runner two-plate mold
- The cold-runner three-plate mold
- The hot-runner mold

- The insulated hot-runner mold

- The hot-manifold mold

- The stacked mold

3.1.1 Two-plate molds

As shown Figure 23, the two-plate mold consists of stationary plates and moving plates and it
is the simplest mold design. Mold cavities are placed in one plate only and one parting line di-
vides two halves of the mold. In the stationary half of the mold a central sprue bushing can be
placed, or it is possible to have a multi-impression mold with direct runner system. The ejection
system is included in the moving half of the mold. Two-plate systems can be applied to any

number of cavities, and not necessarily to cold runners only. [2]

When the mold is closed, guide pins and bushings are used to closely locate the “A” and the
“B” plates on both sides of the parting plane, which is crucial to the primary mold function of
keeping the melt. Poor quality of the molded parts and accelerated wear of the injection mold
may be caused by improper construction of the mold components, especially unsuitable align-

ment of the plates. [2]
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Figure 22 Schematic drawing of the two-plate injection mold [12]

3.1.2 Three-plate molds
As the name indicates, the basic three-plate mold contains three plates: [2]
- The stationary or runner plate, which contains the sprue and half of the runner

- The middle or cavity plate, which contains half of the runner and gate and its purpose is

to float when the mold is open
- The movable or force plate, which contains the molded part and ejection system.

Unlike the two-plate injection mold, the three-plate mold provides a second parting plane, lo-
cated between the “A* plate assembly and the top clamp plate. During molding, the plastic melt
flows from the nozzle of the molding machine down the sprue bushing, along sprues into the

mold cavities, where it is shaped into the final part, while the feed system freezes.

When the mold is opened, the molded cold runner will stay on the stripper plate due to the in-
clusion of the sprue pullers that protrude into the primary runner. As the mold continues to
open, the stripper bolt connected to the “B” plate assembly will pull the stripper plate away
from the top clamp plate, stripping the molded cold runner off the sprue pullers. The stripper

plate may then be actuated to force the moldings off the core. [15]
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Figure 23 Section of a fully open three-plate mold with the moldings on the core inserts
[15]

3.1.3 Cold runner system

A cold runner mold is defined as a mold in which the plastic material in the runner is cooled
and ejected from the mold during each mold cycle. As shown in Figure 25, molten plastic mate-
rial is injected through the runner, the gate, and then into the part-forming cavity. This molten
plastic is then cooled by the tempered mold, and when sufficiently solidified, the mold opens

and the runner, gate, and molded part are ejected. [16]

Among the advantages of cold runner systems over hot runner systems belongs their simplicity,
thanks to which they are cheaper to build. In addition, the energy to maintain cold runner sys-
tems is less because it is not necessary to heat them. Hence, the cost to running these systems is
less. On the other hand, the biggest disadvantage of the cold runner system is the fact that the
unwanted stiffen runner must be dealt with, which requires the need to separate the molded

parts from the runner. [16]
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3.1.4 Hot runner system

The hot runner technology offers the partial or total elimination of sprues and runners and,
hence, a reduction in the cost of finishing and or the recycling of scrap material. In addition, the
technology is suitable for long production runs and runs which do not require frequent colour
changes. By contrast it involves molds which are more complex and, as a consequence, more
expensive. Furthermore, the technology requires accurate temperature control and very skilled
production and maintenance staff.

Beside the above mentioned, the advantages of hot runners are following: [16]
- Reduced energy (plastication, filling pressure, granulators)

The hot runner requires less material to be plasticized (no runner to fill) and eliminates
the use of granulators.

- Improved automation

The hot runner system eliminates the need for automation equipment that would be re-

quired to handle a cold runner.

- Reduced injection pressure
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Flow channel can often be larger than cold runners.
- Cleaner work environment
Eliminating the need to handle the runners and resulting regrind.

Among the most significant disadvantages can be included cost of the system and maintenance,
and more process sensitive issues, such as gate freeze, gate drool, balancing of flow and melt

conditions to each gate, thermal control and over-packing. [16]

The hot runner technology uses heated sprues, nozzles and manifolds. For a multi-cavity molds,
externally heated manifolds with attached nozzles are used, which can be heated internally, or

externally (Fig. 26).
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Figure 25 Internally heated nozzle on the left side;

externally heated nozzle on the right side [17]

Figure 27 shows complexity of a hot-runner mold design. The complexity of the mold is more
noticeable in case of combination of hot and cold runners. In this case, molten material passes
through the hot-runner (hot sprue, potentially hot manifold and hot nozzle), then enters the cold
sprue and runners and finally flows through the gate into the part-forming cavity. Combinations

of hot and cold runners are commonly used for multi-cavity molds. [16]
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Figure 26 Section view of the hot-runner system [18]

3.2 Runner system

This chapter provides a brief orientation of runner and gate types. The following facts can be

helpful for further considering and deciding about runner design and location.

In many cases, the mold design dictates the runner position, although ideally the optimum gate
position should be determined on the base of the part requirements and afterwards the mold
design should be selected to provide for the gate desired position. Available runner positions
and gate designs depend significantly on whether the runner travels along the primary parting

plane of the mold or whether it does not travel along this plane. [16]
Runners can be located in various ways: [16]
- Primary parting plane runners

This type of runner is used in two-plate cold runner molds. The mold opens and closes
on the primary parting planes (parting lines), and hence it allows ejection of the molded

part and/or the runner.
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- Sub runners

They are generally placed parallel to the primary parting plane, but not along it. The sub

runner type can be in either a cold runner or a hot runner mold.
- Hybrid sub-runner and parting line runner

In this case, the mold contains both above given runners (most common when a hot
runner is used). Here, the hot runner would deliver the melt to a cold runner or gate

along the primary parting line.

The link between the part and the runner system is the gate. It has a significant influence on the
quality of molded parts, especially its size, shape and location. The cross-section of the gate
needs to be relatively small to allow separation of the part from the runner system. In contrast,
a gate design that is too small might inhibit packing of the cavity and cause overshearing of the

material, jetting, and other gate-related defects. [16]

Gates placement:

Figure 27 Line placement of the runner system; a) cavities with equal length of the melt flow,

b) - d) cavities without equal length of the melt flow [17]

As shown in Figure 28, the placement of cavities is very important because of the length of the
melt flow within the runner. In an ideal case, all cavities should be filled in the same time. This
is why there is an effort to optimize the length of the runners, which would prevent from over-

filling of the cavity and other effects. To ensure this, symmetrical placement of the runner sys-

tem is used (Fig. 29). [16]
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Figure 28 Symmetrical placement of the runner system [17]

Gates can be of different types, depending on the shape (Fig. 30): [17]

Sprue gating

the part is gated directly from the sprue. It is used in single-cavity molds, and the melt is

delivered to the centre of the cavity.

Film gating

can be used for flat designs or large areas where warpage must be minimised, and also
can be considered an extension of fan gating.

Tunnel gating

enables automatic degating of a part from the runner system during the ejection cycle.
Recommended minimum diameters for tunnel gates are 0,8 mm for unreinforced and 2

mm for reinforces parts.
Disk gating

is suitable for cylindrical parts requiring good concentricity and weld line strength. A
post-molding operation — degating — is required to remove the disk. A maximum land
length of 0.5 — 1 mm is recommended.

Fan gating

is a special type of edge gate, used to feed flat, thin sections. It spreads the material flow
uniformly across the cavity, helps reduce warp, and is suitable for rectangular parts. The

gate area should always be less than the cross sectional area of the runner.
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Tab gating

can be used for lenses and flat parts. It reduces gate blush and residual stress in the gate

area.

Ring gating

enables free flow of material around the core prior to moving down to fill the mold, as a

uniform extrusion. It is used for cylindrical shapes.

Spoke gating

also called spider gate, is used for cylindrical parts where tolerances are not critical. It

can be used in combination with either a ring, or fixed cone-gate.
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Figure 29 Types of gating [16]
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3.3 Cooling system

The cooling system has a significant influence on the economics and operation of the designed
mold, and it is one of the most under-engineered systems in injection molds. The cooling sys-
tem which is desirably designed for the molded part can prevent several defects. On the other
hand, the results of improperly designed cooling systems have often two undesirable outcomes.
First, the cycle time is too long and second, there are significant temperature gradients within
the mold, which results in differential shrinkage and warpage of the moldings. A carefully de-
signed cooling system, which has heat flow throughout the mold without incurring complexity
or cost, leads to effective operating injection molding. [17]

The main purposes of the cooling systems are:
- Maintain uniform wall temperature of the mold cavity
- Reach optimal phase for stiff and cool of the polymer
- Reach optimal injection time.

Table 1 Mold and melt temperatures of some polymers processing [9]

Polymer Melt temperature [°C] Mold temperature [°C]
ABS 190-250 50-85
HDPE 180-270 20-60
LDPE 180-270 20-60
PA 6 230-290 40-120
PC 280-320 85-120
PMMA 200-250 50-80
POM 180-220 50-120
PP 170-280 20-100
PS 180-260 55-80
SAN 200-260 50-85

The cooling system can be manufactured in two ways. The first, for conventional molds pro-

cessing thermoplastics, the area for cooling medium is fabricated by conventional working
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technologies, such as drilling. The other, used for inserts, uses direct metal laser sintering tech-
nology. Holes trajectories for cooling medium are randomly shaped, thus the cavity insert can
be cooled as much as possible. A disadvantage of this relatively new technology is its cost and

the fact that it can be used for cavity inserts only. [1]
Cooling agents are:
- Active: fluids, air, electric heaters

- Passive: Its physical properties influences the heat remove from the mold, for example

material of the cavity inserts [1]
Design of the cooling system must take the following principles into consideration:
- Cool fluid is led from the most heated areas
- Channels are not located near the corners of the part
- Channels diameter is greater than 5 mm
- Channels are located in an optimum distance from the cavity, while stiffness is retained
- Volume rate of flow is regulated according to the hotter and colder areas. [1]

The cooling system is obviously located both in the injection side of the mold and also in the
ejection (moving) side. It is created by a complex of channels, which are used to allow the
cooling medium to pass through and to take heat away. The distance of the channels from the
cavity must be optimal, with consideration of stiffness and strength of the mold. The coolant
channels are located uniformly around the cavity (Fig. 31). [19]

Figure 30 Location, distances and diameters of cooling channels

D,, D, = diameters of channels; S;, S, = distances from the cavity [9]

The developed computer-aided engineering could be very useful for injection mold design in
obtaining an optimal configuration of the cooling system in terms of radii and locations of cool-
ing channels. As well as determining the optimal processing conditions of the cooling stage in

terms of the inlet coolant bulk temperature and inlet coolant volumetric flow rate of each cool-
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ing channel by minimizing certain objective functions related to the part quality and/or the
productivity in the injection molding process. [19]

Cooling of injection molding tools is crucial to their performance, influencing both the rate of
the process and the resulting quality of the parts produced. However, so far cooling circuit de-
sign and fabrication have been confined to relatively simple configurations, primarily due to the
limits of the fabrication methods used to make molds, but also due to the lack of design meth-

odology appropriate for cooling circuits. [19]

3.3.1 Conventional cooling systems

Conventional cooling is realized with cooling channels, spirals, baffles (Fig. 32), or thermal
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Figure 31 Example of drilled cooling circuit,

inlet and outlet temperatures are shown

tubes. Channels are prepared by conventional ways of machining, such as drilling and milling.

One of the biggest advantages of drilled cooling circuit is its simplicity and cost. In an ideal
case, the designed cooling system has both ideal heat transfer in terms of optimal cooling time
and simplicity of manufacture, which means also low cost. For monitoring thermal process in

injection molds are used simulation softwares, which can ease designers deciding about
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location, distances and diameters of cooling channels, thus they can make cycle time shorter
and influence the product quality. [19]

3.3.2 Conformal cooling systems

Conformal cooling is defined as the ability to create tempering configurations within a tool that
essentially follows the contour of the tool surface or deviates from that contour as thin/thick
sections of the part may dictate for optimal thermal management. In general, the objective is to
cool the part uniformly, as well as the conventional cooling system does. Conformal cooling
provides a tremendous advantage in mold tooling through significant reductions in cycle times.

Beside the obvious piece-cost savings, other benefits include mold and equipment savings.

Recent studies show that conformal cooling may reduce cycle times between 30 to 60 % over
conventionally cooled molds. This saving is very much geometry-dependent. It should be noted
that in many cases, resurfacing the mold might not be necessary to enable the prototype tool to
be used in production. Depending on the types of parts being produced, such as volume, surface
requirements or abrasiveness of materials, the prototype mold may be sufficient for production

as built.

Figure 32 Conventional cooling channels (left), conformal cooling channels (right) [20]

As can be seen on Figure 34, unlike conventional cooling system, conformal cooling channels

can be led in random trajectories. [19]

3.4 Ejection system

Once the component has solidified and cooled down, it needs to be removed from the mold
cavity. In an ideal case, this is done by gravity, i.e. the part falls down. However, some compo-
nents with design features such as adhesion or internal stresses, undercuts or brush surfaces

may have to be removed from the mold by robots or manually.
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The ejector system is normally housed in the movable mold half and is usually actuated me-
chanically by the opening stroke of the molding machine, or it can be done pneumatically or
hydraulically.

Mold opening causes the mechanically actuated ejector system to move towards the parting line
and to eject the molding (Fig. 35). The result of this procedure is that the molding stays on or in
the movable molds half. This can be achieved by undercuts or by letting the molding shrink
onto a core (Fig. 38). [12]

In general, the molding can be ejected from the mold by following types of ejection systems:
[2]

- Ejection pins

- Stripper plates

- Tube ejectors

- Inclined ejection

- Two-stages ejection

eject relurn spring \ ::
forge N | —
8 v ejector pin
ejector bolt _u.lsh-hul:ln pin
™ ejector
refainer
plate
ejector base plate

Figure 33 Ejector system [6]

The requirements ofn the ejector systems are: [2]
- No visible marks should be left on the part
- The part should be ejected without destroying it

- The ejector system should be coordinated with the cooling system
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- Parts should be loaded equally during ejection
- Ejector pins should have a set position.

Parts can be ejected by many different systems besides ejector pins, as given above. For parts
with a central cylindrical core, ring ejectors are often used because they give a better transmis-

sion of ejecting force. In addition, they do not leave visible marks on the part.

Ejector pins are used for ejecting the part from the mold after the injection process is complete
(Fig. 36). If the pins are too long, the plastic will flow around them and cause a depression in
the part. [2]

Stripper-plate ejection is generally used when ejector-pin marks would be objectionable on the
part and maximum ejection surface is required. Stripper plates are used for single- and multi-
ple-cavity molds. An angle of aproximately 5° is machined in the stripper plate and on the
plunger, which prevents scoring of the plunger as the stripper plate moves in and out over the

plunger. [2]

Tube ejectors act on the molded part by annular area, which means that unlike with the pin

ejector, the part is strained by the same force but greater cross-section.
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Figure 34 Using of ejector pins. A), B) Difficult ejection due to vacuum formation,

C) remedied by tapering inside and outside walls [2]

Inclined ejectors are viewed in Figure 37.

Inclined pin leader busing

Inclined pin ' |

~

e i

=

Slide unit

Figure 35 Inclined ejectors within closed (left) and opened (right) mold [21]

Two-stage ejection is the combination of two mechanical ejection systems in one mold, act-
ing on the same product, and can be combinations of these motions: [21]

1. Ejector - ejector
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2. Ejector — stripper

3. Stripper — ejector

4. Unscrewing — stripper

5. Unscrewing — ejector

6. Side core — ejector.

Any of these systems can be actuated by the following:
1. Machine ejector (usually hydraulic)

2. Fixed (bumper) ejector (rarely used today)

3. Cam

4. Air operator (cylinder), internal or external

5. Hydraulic operator, where large forces are required. [21]

Figure 36 Example of product with undercuts, which must be ejected in two-stages: 1.

- sleeve and stripper lift the product off core, 2. stripper continues to push the product out. [21]

3.5 Mold venting

Air contained within every mold must be removed or displaced as the mold is being filled with
a plastic material. It is very important to allow air to escape freely during injection. At high
injection rates, mold venting may produce a considerable compression of the air, with conse-
quent slow mold filling, premature plastic pressure build-up, and, in extreme cases, burning of

the plastic material.
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Venting is realized by small gaps or vents provided in the mold parting lines, or other small
channels in the mold, for example around ejector pins or cores. Vents must be provided at the
end of the flow path. A center-gated mold cavity, for instance, must be vented all around,
whereas in an edge-gated cavity the vents must be provided at the point where the flow path is

expected to end (generally the cavity end). [2]

To overcome the trapping of air or gas in a cavity, in locations that are difficult to vent effec-
tively, molds may be designed such that all cavity vents feed into a space that is sealed from the
outside of the mold (when closed) by an O-ring seal, and is connected to a vacuum reservoir
through a vacuum line obtaining a solenoid-operated valve. In operation, as soon as the mold is
closed and the transfer plunger enters the pot, the aforementioned solenoid valve is automati-
cally opened, causing the cavities to vent rapidly into the vacuum reservoir before the molding

compound has entered or filled the cavities. [2]

To provide a very large venting area, porous metal can be used. The key to the process is that
the porous metal is directly cooled by the water behind it, which keeps it from overheating (po-
rous metal has very low heat conductivity) and plugging with hot plastic. Coolant does not leak

out, because it is held at sub-atmospheric pressure. [2]
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1. PRACTICAL PART
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4 DETERMINATION OF THE WORK AIM

In this Master Thesis was determined following aims:
- atheoretical review formation of given topic
- creation of cavity and core 3D model in Catia V5

- set up six versions of runner system and execution of a mold cavity filling analysis in
CAE (Computer Aided Engineering) software Autodesk Moldflow Insight (thereinafter
only Moldflow)

- selection of the most suitable runner system according to simulation results, and design

of the injection mold in Catia V5

- set up one conventional (drilled channels) and one conformal (Direct metal laser sinter-

ing technology) cooling system for the injection mold

- execution of cool and deformation analysis ( cool + fill + pack + warp simulations )
Moldflow

- evaluation of results and designed solutions

The theoretical part is divided into three chapters. Firstly, there was described an injection
molding technology including an injection molding cycle characterization. Secondly, types of
injection molding machines were introduced and emphasis was putted on injection and clamp-
ing unit. At last, in the third chapter was, as one of the main purpose of my thesis, described
injection mold construction. A mold conception, runner, cooling and also ejection systems were

characterized in detail.

For purposes of my practical part, which were determined above, was provided a technical
plastic part from the HELLA Autotechnik, Ltd. Mohelnice, which is a daughter company of a
German concern HELLA KGaA Hueck & Co. The three-dimensional model of the cavity and
core for this part was created in Catia V5 software. This was made with pay attention to pur-

pose of use of plastic part including the mold construction requirements.

Next step was a preparing of six injection mold sides for purpose of prepares runner systems
dimensions. Runner systems were analyzed in variety of two and four impression molds, and
either within cold and combination of hot and cold runner system. Each of these was designed
with trapezoid and circular cross-section of cold runners. Filling simulations were evaluated

according to the most testify results which could be chosen from Moldflow software. For the
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most suitable runner system was design an injection mold with all its necessities from HASCO

standard components, such as ejection, clamping and guiding elements.

Two ways how the mold can be cooled was realized on this selected and designed mold. In the
Catia V5 software was created trajectories of runner and cooling system, which were putted to
Moldflow simulation software for obtain analysis results of cooling, filling and packing phases

including warp and deformation simulations.
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5 PRODUCT CHARACTERIZATION

A plastic part was obtained, for the purposes of analysis and design of the injection mold, from
the company HELLA KGaA Hueck & Co., is a holder and simultaneously a cover, of a light-
emitting diode (LED). The part is located and mounted in the housing of a passenger car head-
lamp. A product was provided in form of 3D data both in CATIA part and in data file of a 3D
model with suffix *.STL for use in Moldflow as a model composed of tetrahedral, three-

dimensional elements shown in the Figure 37.

Figure 37 Definition of injection location

5.1 Product construction and description

Shape of the product is very complex with many details, clamping and supporting faces which
are requested to be shapely precise and these shapes are in the mold represented with shape
inserts which can prevent air traps from happening.

In Figure 38 can be seen surface of the part. It reveals section for holding a light-emitting diode
(center passage of plastic part), of which surface is smooth, pure transparent and without marks
of high roughness as on a whole surfaces of this side — cavity side. The faces in which will be a
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LED device mounted is suggested to be transparent. It is simultaneously the only one piece of a

whole product, which can be seen on the headlamp.

Figure 38 Cavity side of the LED holder

Figure 39 shows the core side of product with many clamping shapes and with roughness
marks from machining. There is also visible marker of material and production company, rem-

nant from ejector pins and runner.

Figure 39 Core side of the LED holder
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The part is, in itself, very tough and stiff, which is partially determined by a complex construc-
tion with ribs and partially by selected material.

5.2 Product material characterization

Material of the part was exactly determined as Polycarbonate (PC) Markolon Al 2447 from
Bayer Material Science which characteristics properties are: [25]

- melt viscosity ratio (MVR, 300°C/1.2 kg) = 19 cm*/10 min
- melt temperature = 280 — 320 °C; Moldflow setting = 300°C
- mold temperature = 80 — 120 °C; Moldflow setting = 100°C

Used material has amorphous structure, low viscosity, is UV (ultra-violet) stabilized, easy to
release and is available in transparent colors only. Polycarbonates are used for purposes, where
high stiffness, rigidity, chemical and temperature resistance are supposed. Polycarbonates
found their application in automotive lighting as a headlamp lenses for automobile forward
lighting and also as a technical products in interior. In addition, they are used for lenses of

glasses, fibers, CDs, films, and so on.
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6 RUNNER SYSTEMS AND FLOW ANALYSES

6.1 Process parameters
Flow analyses were ran with these parameters:
- mold surface temperature = 100 °C
- melt temperature = 300 °C
- filling control by: injection time of 2 s
- velocity/pressure switch-over by: % volume filled at 98%
- packing/holding control by: % filling pressure vs time (Tab. 2)
- other setting was kept as a default

Table 2 % Filling pressure vs time

Duration | % Filling pressure
[s] [%]

0 80

10 80

6.2 Runner system structure

Before design of injection mold, were defined and analyzed various types of runner systems
according to assignment, furthermore all these types was analyzed with two different versions
of cold runner. At first, with trapezoidal, and secondly with circular runner. Thereinafter, this

two runner versions will be described and compared. Exact concepts are shown in Table 3.

Table 3 Concepts of runner designs

Mold multiplicity Variant of runner Variant of runner
/ Runner type system system
2 impressions Cold Combination of cold and hot
4 impressions / Type H Cold Combination of cold and hot
4 impressions / Type X Cold Combination of cold and hot
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a) Two impression, cold gating b) Two impression, combinated gating c) Four impression H type, cold gating
of hot nozzle and cold runner

Hot sprue
Cold sprue Cold sprue
Hot gate
Cold runner
T — Cold sprue ; Gate
Sprue
i retainer
i
Gate Sprue retainer Gate  Sprue retainer
Cold runner
d) Four impression X type, cold gating e) Four impression H type, combinated gating f) Four impression X type,
. of hot manifold with nozzles and cold runner combinated gating
of hot nozzle and cold runner
Hot sprue
Cold sprue P
, , Hot runner Hot sprue
Gate Hot gate
' Cold sprue . Cold
Sprue \ k gate
retainers Sprue \
retainer .
Cold runner Sprue retainer 4
Cold runner
Cold gate Cold runner

Figure 40 Types of designed runner systems

To design all these type of runners is necessary to have their trajectories, which are imported to
Moldflow then. In addition, diameters, or dimensions of sprues, runners and gates has to be
known. For this purpose was drafted six injection mold sides with HASCO standard compo-
nents, and dimensions of trajectories were exactly measured. These trajectories was saved as
data file with a suffix *.IGS and loaded subsequently to Autodesk Moldflow, where they were
transformed into beams of tetrahedral elements. The only dimensions, that all runner systems

have the same, are diameter of cold runner and two diameters (start and final) of gates.

Figure 40 shows conceptual organization of hot or cold runners, which are represented with hot

runners and sprues, and cold runner systems (cold sprues, runners and gates).

6.3 Flow analyses

For all types of flow analysis was used a Finite elements method (FEM) software Moldflow,
which enables simulations of injection molding process. In this chapter is only described phase

of mold cavity filling.
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6.3.1 Runners comparison

Each type of runner was simulated with two different cross-sections of cold runner, which ena-

bles comparison of pressure and shear rate within the runner.

Dimension of cross-sections is shown in the Figure 41.

2 >
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////////// © ©
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Figure 41 Runners cross-sections
. . a+c 8+6
An area of trapezoidal runner is: S, = — V= 6 = 42mm’ (1)
. . z+d?> 7+6°
An area of circular runner is: S, = R = 28,27mm? 2

The pressure difference from one location to another is the force that pushes the polymer melt
to flow during filling. The maximum pressure always occurs at the polymer injection locations
and the minimum pressure occurs at the melt front during the filling stage. Generally, the max-
imum pressure should be less than 100 MPa for parts with runners. [25] Between the injection
location and the melt front is a runner, which also has influence on pressure distribution during

the process.

The shear rate result shows the rate of shear strain, in other words, the velocity gradient through
the cross-section. High shear rate tend to occur in the runner system, where the greatest veloci-
ties takes place. Thus, the shear rate is a suitable indicator for deciding about runner types. In-

crease the cross-section or decrease the flow rate cause to reduce the shear rate. [25]
Trapezoidal runner

Figure 42 shows trapezoidal cross-section of cold runner and shear rate within it. This analysis
belongs to four cavities, H type combination version of runner. Maximum detected value of

shear rate is 16 362 s. Maximal shear rate of used material is 40 000 s™.
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Shear rate
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Figure 42 Shear rate in trapezoidal runner

Figure 43 reveals the pressure distribution in one point marked with black dot, and is located in
cold runner. As can be read from the graph the pressure is gradually increasing until the point
of switch to the packing phase after two seconds. Maximum measured pressure in this part of

runner was 41,79 MPa.

The pressure result shown in Figure 43 is an expression of the pressure distribution through the

flow path inside the mold cavity and runner system.
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Figure 43 Pressure distribution inside the trapezoidal runner

in view of time
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Figure 44 Pressure distribution inside mold cavities and runner system
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Circular runner

In the Figure 45 can be seen the mold cavity at about one half filled state. An accuracy of the
mesh created from tetrahedral elements is finely visible in the Figure. The Figure is divided
into two parts, and on the right side of it, is viewed formation of weld line and air traps closing.
On the left side of the figure is clearly visible ending of the flow path within thin and relatively
long part of the product, where the air traps can occur. The air traps will be eliminated with

shape inserts inside mold cavity, through which the air can escape.

Fill time
=1.284[s]

Figure 45 Fill time of cavity through circular runner

Figure 46 pointing on shear rate inside a circular cold runner, which is lower than inside trape-
zoid runner with greater cross-section. The maximum shear rate occurs in the area with greatest
velocities are, like runner from runner to mold cavity. For circular cross-section is maximum
shear rate 33 675 s, and for trapezoid is 16 362 s™. Values of shear rate are conform in both
trapezoid and circular case. Maximum shear rate of used material is 40 000 s™. The difference
corresponds with almost one half decrease of cross-section area. Very high shear rate can lead
to degradation of polymer. This problem can be also solved with decrease flow rate which

passes through the runner system.
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Figure 46 Shear rate inside circular cold runner

Figure 47 illustrates the pressure of melt inside the runner system and mold cavities.
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Figure 47 Pressure distribution inside mold cavities and circular runner
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Figure 48 Pressure distribution in one point inside the circular runner,

in view of time

From the Figure 48 can be read the pressure increasing process until reach the maximum value
of 41,94 MPa in 2,127 s. Then is a cycle switched on to the packing phase and pressure in the
marked point decrease up to the end of filling.

According to simulation results and manufacture reasons, the runner with circular cross-section
was selected for further process of given tasks. Although, shear rate was reduced, thanks to use
trapezoidal runner with increased cross-section, circular runner, from the manufacturing point

of view, is cheaper and simpler solution.

Thus, the emphasis is putted on the runner system with circular cross-section of cold runner

thereinafter.

6.3.2 Two - cavity, cold runner version

In the Figure 49 can be seen fill time of two cavities with cold runner. The result reveals that all
cavity areas were filled by polymer melt within 2,172 s. The ends of the flow paths were
checked, to eliminate an option of short shot. Thanks to fill time result, the area of weld lines or
air traps appear can be predicted.
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Figure 49 Fill time

An outcome of a simulation of mold cavity filling was almost the same in every case. Among

all runner systems there was a fill time difference about one tenth.

6.3.3 Two - cavity, hot nozzle version

Figure 50 shows Temperature at flow front outcome, which suggests the temperature of poly-
mer in the center of the plastic cross-section, while the flow front is reaching specified areas of
runner system and mold cavities. As has been proved, the flow front temperature variation in
the filling phase is under 10 °C, which is desirable. Larger difference can be indicator of too
low injection time, or the hesitation areas presence. The problem of too high flow front temper-
ature can be solved with increasing the injection time. Too low flow front temperature may
cause excess shear in the gate, which can resulting in degradation and surface defects. To pre-
vent this cause and subsequent possible problems the injection time has to be decreased. In the
case of two cavities fed from hot nozzle through cold runner is maximum temperature at flow
front 307,9 °C and minimum is 297,7 °C.
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Figure 50 Time to reach ejection temperature
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Figure 51 Pressure at injection location
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Figure 51 provides information about distribution of the pressure at the injection location at
various times during the filling and packing phases. From the graph can be read a linear pres-
sure increase from start of filling phase up to switch on the packing phase. This gradual shape
of the pressure curve is result of well balanced and distributed pressure in the mold cavity. The
only one pressure spike, which is normally a sign of imbalance, is the maximum reached pres-

sure value is 100 MPa.

6.3.5 Four —cavity, H — type, combinated runner

50.007 Clamp force: XY Plot
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Figure 52 Clamp force

Figure 52 demonstrates a force of the mold-clamp over time and shows the pressure distribu-
tion over entire part. The filling and packing pressure acts to open the mold and the clamp force
is the resultant force of these. According to maximum value of reached clamp force, which is

44,5 MPa, will be selected injection molding machine with suitable properties.

Figure 53 shows an air traps result, which reveals the area of appearing the air, which is closed
by at least two melt flow fronts. Air traps has a great influence to a final appearance of molded
part and also to the structural uniformity of the plastic material. The marked spots are the plac-
es of future application of shape inserts inside the mold cavity and core. Small gap between the

shapes inserts and the cavity allows closed air to pass through the cavity outside of the mold
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and this can lead to improve the final part quality. Shape insert will be showed and described
thereinafter.

Air traps
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Figure 53 Air traps

6.3.6 Four - cavity, X — type, cold runner

As can be seen in Figure 54, the maximal amount of time required to reach the ejection temper-
ature is 42,54 s. But this value was measured on the hottest and the least cooled areas. For de-
tecting time to reach ejection temperature at the places, where the ejection forces takes place,
the marks with exact values of required time was added. The Figure reveals that the longest
time was detected at the place where the sprue puller acts. Times to reach ejection temperature
under ejecting pins and sleeves fluctuates from 0,77 to 2,2 second. Due to use the 3D (three-
dimensional mesh created from tetrahedral elements) mesh on the model, time values are at the
individual nodes, which mean the flow path is very accurate. This outcome is very important
for deciding about runner system. Well-designed runner system in association with good part

design including the wall thickness has a particularly influence on the cycle time.
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Time to reach ejection temperature

= 42.54[s]
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Figure 54 Time to reach ejection temperature
6.3.7 Four —cavity, X — type, combinated runner
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Last runner system shown in the Figure 55 is used for showing area on the part, where the weld
lines takes place. Also, from the Figure can be read the angle of convergence as two flow fronts
meet. As can be seen weld lines takes place on the problematic places, such as around the hole
for clamping, or in the center area of the part, where a structural weakness and surface blemish
are not desirable. The most of these places will be the area of application shape inserts which
will be used as a vent. The most effective change to move the weld lines, or improve its quality
is movement of injection location and possibly optimizing the design of the runner, which
means reduce runner dimensions and maintain the same flow rate. The injection location was
exactly assigned and the change of runner dimensions has almost the same result. In the other
words, runner with circular cross-section reached almost the same results as a runner with
much greater cross-section. Which means, although, shear heating was utilized to increase the

melt temperature at the flow front, it had no visible result to a large degree.

6.3.8 Runner systems comparison

On the basis of previous simulations are various runner systems compared according to select-
ed results. The results were chosen with respect to the fact, that some of the outcomes may be
changed after the cooling system will be added for run the complete cool + fill + pack + warp
analysis. A few results from filling analysis will be different after addition of cooling system,
such as Time to reach ejection temperature, Shrinkage and so on. Some of the results can be
used now. Table 4 presents the selected results of runner systems with the cold runner with

trapezoid cross-section.

Table 4 Some results of the runner system with trapezoidal runner

Results / 2 - 2 - combi- 4H - 4H - com- 4X - 4X - com-
Runner systems cold nation cold bination cold bination

Fill time [s] | 2,184 2,192 2,181 2,236 2,180 2,189

Pressure at /P
switchover | 75,32 59,33 87,96 66,42 87,62 74,09
[MPa]

Temperature at flow
front | 308,3 304,9 309,5 306,0 308,7 308,9
[°C]

Pressure at injection | 78,4 60,5 85,1 68,8 87 75,2
location [MPa]

Clamp force [tonne] | 35 35,9 70,2 75,5 70,1 75,5
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Table 5 summarizes the selected results of runner systems with the cold runner with circular
cross-section. The results were selected according to data validity in response to their further

changes after addition of cooling system.

Table 5 Some results of the runner system with circular runner

Results / 2 - 2 - combi- 4H - 4H - com- 4X - 4X - com-
Runner systems cold nation cold bination cold bination
Fill time [s] | 2,172 2,227 2,216 2,201 2,177 2,187

Temperature at flow
front

[°C] | 309,1 307,9 312,2 308,3 313.2 310,3

Pressure at injection
location [MPa] | 80 64,1 100 74,2 100 72,5
Clamp force [tonne] | 20 25 68,1 45 64,5 55,6

The injection mold for assigned plastic part will be designed on the basis of the results of filling
analyses. The shortest filling time and necessary clamp force has the two-cavity mold with cold
runner system. But volume of wasted material (runner system) has too much great volume
against to the volume of molded part. The volume of the part is 2,803 * 10° m* and mass of 34
g. The volume of cold sprue, runner, sprue puller and gate for two-cavity mold is 3,077 * 10

m?® and mass of 4 g, which is 10,52% of injected shot for one part.

The smallest cold runner system, which will be transformed to the wasted material, has a ver-
sion with hot manifold and hot nozzle. The plastic melt is kept warm in hot manifold and noz-
zle, and is ready for next shot while the cavities are filled. This property of hot runner system
makes the waist of material of the cold runner smaller. Its value is 8,7 % of whole injected shot.

In other words, the hot runner requires less material to be plasticized (no runner to fill).

From the economical point of view, the four-cavity molds are more profitable, thanks to less
number of strokes, more products from one shot and lower costs for maintenance of the injec-
tion mold. From four-cavity molds has H-type much smaller dimensions than X-type, thanks to

its location of core and cavity inserts. It also makes the mold cheaper.

On the basis of above mentioned reasons was selected four-cavity mold with combined runner
and with cavities located in the shape of the letter H. For this type will be designed a whole
injection mold. The analyses of cooling will be processed and evaluated in two versions — con-
ventional and conformal — also for this one type of mold.
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7 DESIGN OF INJECTION MOLD

The injection mold with selected runner system, described in detail in a Chapter 6, was de-
signed in a Mold tooling design of Catia V5R18 with the assistance of HASCO standards add-
ed from the Hasco Dako catalogue. The mold was designed for a plastic part, which is de-
scribed in a Chapter 5 and which was provided as a Catia part from the Hella Autotechnik,

s.r.0. company.

As a first step of work were designed cavities and cores. Once, they are mounted inside the
injection mold, a shape insert can be created and added to the mold. A content of next step was
adding of leading and supporting elements. Then was finished an injection side of the injection
mold, including a hot manifold with two hot nozzles, both was added from HASCO catalogue.
An ejection system was created according to the requirements of the part construction and the
cavity vent. Ejectors were designed carefully for safety ejection of the molded part. At last,
both a conventional and conformal cooling system was designed.

7.1 Parting plane determination

After the parting plane is considered, core and cavity inserts are to be created. Cavities and
cores were designed with assistance of Core & Cavity and Generative shape design modules of
Catia. Since, the runner system for 2 + 2 multiple mold was selected, cores and cavities were
mirrored and mounted to requested location inside the injection mold. Finished parts are to use
as a components for left and right headlamps that is the reason why the Mirror function has to
be used.

Requirements for the core and cavity design:

- changeable shape inserts: Basically, the reason for using this inserts is better demolding
and vent. Places of inserts location were chosen according to filling analyses results,

especially the Air traps outcome was used.

- shrinkage of material: Shape cavity inserts has to be created with respect to shrinkage
properties of used material. After the filling phase is completed and cooling of the mold
takes pace, the material in cavities is cooled and the volume of original injected shot de-
creases. This is why into cavity dimensions has to be added also shrinkage percentage

of the material.
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- core and cavity attachment: Changeable cavity insert is mounted on the cavity plate
with screws through the support plate. On two bottom edges of the cavity inserts are

chamfer for better locate and remove.

Figure 56 The parting plane considering; Green color shows impression

shapes on the cavity. Red color is impression shapes on the core side.

Figure 57 On the left side of the picture is the cavity insert and on the right side is shown the

core insert; Shape inserts are colored with red
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Figure 56 shows a model with colored shapes of cavity and core. A Consideration of parting
plane was done in Catia, Core & Cavity module. After the parting line was defined, shapes of

final parting plane could be created.

In the Figure 57 can be seen core and cavity inserts with mounted shape inserts colored with
red. Final parting plane was created with assistance of shapes shown in the Figure 56 and with
use of trim and pocket functions in Catia.

7.2 Mold vent

While the mold cavities are filled by molten polymer, an air inside the cavity is closing by flow
front. This effect can be a cause of few unwanted consequences, such as an optical defect on
the part, burned places or degradation of material. Normally, the closed air is exhausted
through the clearance between parting planes. Occasionally, ejectors can also allow the air to
pass through their clearance with the mold plates. In this case, the air traps were located thanks
to previous analysis, and so the shape inserts could be created to serve as a vent. In the Figure
58 can be seen location of the air traps. To prevent the creation of these, the shape inserts were

used. Their location on the part and the location of their application is shown in the Figure 59.
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0.5000

Figure 58 Air traps location
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Figure 59 Location of shape inserts on the part marked with arrows; on the right side of the
picture is their location on the mold core and cavity

7.3 Runner system

Location of gate is shown in the Figure 37. From twelve runner systems was selected the one
with HASCO standard hot manifold and two nozzles, through which the melt is flowing further

to the cold sprue and runners (Fig. 60). Then, the polymer melt is reaching four mold cavities.

A : — Hot sprue

Qo

Hot runner

Go S

(L] e

Da

Cold sprue Hot nozzle

Figure 60 Runner system description; left side-Catia model, right side-1GS trajectories
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Diameters of runner and gate were choosen according to standards after consultation with a
mold expert from the Hella Company. Cold runner system is created from the cold sprue, run-
ners, gates and also sprue retainers of “Z” shape for hold a runner with sprue on a movable side

of the injection mold.

7.4 Ejection system

Figure 61 shows ejection system which is composed of ejection pins, sleeves, shaped ejectors
and sprue retainers (all colored with blue). The ejection system has a sufficient stroke to
demold the molded part safely out of the core. On the part will be visible marks from the ejec-
tors after demolding. In consideration of this fact, ejectors location was selected on places with
small visibility. In addition, ejection forces acts on the core, coarsen side of the part. Ejectors
are mounted inside the supporting and foundation plates. Length of ejectors is variable accord-
ing the surfaces on which they act. On the right side of the Figure 57 can be seen surfaces on
which the ejection force is acting during an ejection phase of the cycle. On the left side of the
same figure is shown the location and mounting of the ejectors. These are used for the only one
part ejection. For ejection are used ejectors of various shapes. The part is ejected thanks to four

ejection pins, two ejection sleeves and one shaped ejector.

Figure 61 Ejection system

7.5 Cooling system

A mold surface temperature of used material (PC Makrolon Al 2447 — more in Chapter 5.2) is
set on 100 °C. According to Moldflow habit and in consideration of convection heat transfer
the temperature of coolant inlet was set on 95 °C. As a coolant medium can be used a water,

which will circulate in cooling channels under pressure of 3 bar (300 kPa). An effort was putted
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on the effectiveness of heat transfer from the mold cavities. For this purpose was designed two
cooling systems with the same process parameters (mentioned above), but with different trajec-

tories and also technology of manufacture.

7.5.1 Conventional cooling system

Figure 62 illustrates first type of cooling system, which utilizes common drilled holes and
channels, leaded in the core and cavity inserts and plates under different angles with respect to
rules of cooling system rules and habits. The cooling system contains four independent circuits
with four baffles, added from HASCO standards, together. In other words, every coolant circuit

on the cavity side contains two baffles of diameter 16 mm. Diameter of odd channel is 10 mm.

Figure 62 First type of cooling system

7.5.2 Conformal cooling system

Figure 63 shows second type of cooling system which takes advantage of a DMLS technology,
which means Direct Metal Laser Sintering of shape very complex parts. With this technology
can be produced core and cavity inserts with already implemented cooling channels. The pro-
cess uses a high-power laser to sinter layer by layer of fine metal powder, to create fully dense

complex part. Neither core circuit nor cavity coolant circuit contains baffles. Diameter of chan-
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nels in both cases is 8 mm, which is the smallest dimension, which can be used for cooling. It
must be decreased from recommended 10 mm, because of very complex trajectories and small

distances form the mold cavity.

Figure 63 Second type of cooling system

7.6 Injection mold assembly

The injection mold, designed for one specific part with selected runner system, as mentioned
above, is shown in the Figure 62. The mold has four cavities and utilizes a two-plate opening
system, and so it has one parting plane. A design of the mold contents a three-dimensional
model of injection mold, which is assembled of 277 components, and two-dimensional drawing
of the mold assembly including a parts bill. Largest dimensions of the mold are 396 x 446 x
581 mm and for relocation movements it can be hanged up by two lifting loops. In the Figure
60 can be seen an injection side of the mold with all its necessaries such as plugs for centralize,
hot manifold joined to a 16-socket, leader pins for leading a movement of an ejection side,
cavity inserts with internal shape inserts, clamping slots for mounting on an injection machine
and cavity cooling channels (transition between inserts and plates are secured with O-rings).
Figure 61 illustrates an ejection side of the mold. Among others, the ejection side comprised a
whole ejection system, a core cooling system, core inserts including internal shape inserts and

SO on.
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Figure 64 Injection side of the mold

Figure 65 Ejection side of the mold
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Figure 66 Assembly of the injection mold for a specific part
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8 COMPLETE ANALYSES OF DESIGNED INJECTION MOLD

The analyses for designed injection mold were processed in Moldflow in two versions of cool-
ing system. Both of them were processed under the same process parameters. The results of
analyses, which will be mentioned thereinafter, are divided into three chapters — flow, cool and
warp analyses. Unlike cool and warp results, the flow results are described only for one type of

cooling system, because they are independent of cooling system.

8.1 Process parameters

In the Figure 67 are shown process settings from Moldflow.

Process Settings Wizard - Cool Settings - Page 1 of 3 Pack/Holding Control Profile Settings
“%Filling pressure vs time
Melt temperature 300 C
Duration | %Filling pressure
Mold-open time 5 s (0:600] s [0:300] % [0:200]
Injection + packing + cooling time
Specified v] Injection + packing + cooling time 30 s [0:6000] ; 13 :g
[ Cool solver parameters ... E’
Process Settings Wizard - Fill+Pack Settings - Page 2 of 3
Filling control
[Injedion time: v]of 2 5[0]

Velocity/pressure switch-over

[By Zvolume iled ~|at 98

Pack/holding control

[°x;FiIIing pressure vs time v] [ Edit profile... ]
Advanced options...

[ Fiber orientation analysis f fiber material

[T Birefringence analysis f material data includes optical properties

Figure 67 Process parameters for complete analyses

8.1.1 Injection molding machine

In view of the fact that the clamp force, required injected shot and dimensions of the injection
mold were known specifications, the injection molding machine with suitable parameters could
be selected in Moldflow.

Required parameters:

- dimensions of the mold: 396 x 446 x 581 mm, important to know dimensions among

leading columns of the injection molding machine
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- clamp force: According to fill analysis the clamp force of the machine has to be at least
125 tons (1250 kN)

- one injected shot: 144 g including a technological waste in a form of cold runner, which
makes 11,52 % (8 g) of a whole shot.

Selected injection molding machine:
Arburg Allrounder 520C 176 tons, (45mm)
Specification of the machine:
- Distance among leading columns: 520 x 520 mm
- Clamp force provided: 1300 — 1500 kN
- Weight of shot: 141 — 232 g

Table 6 Required and provided values comparison

Required Machine provides
Mold clamping dimensions 396 x 446 mm 520 x 520 mm
Clamp force 1250 kN 1300 — 1500 kN
Wieght of shot 144 g 141 -232 ¢

Tabe 6 shows comparison of values required to successful production of the part and values

provided by selected injection molding machine.

8.2 Flow analysis

Unlike next types of analyses, flow analyses are independent of cooling system and hence they
are desribed with the only one picture and its specification. A flow analysis predicts polymer
flow and freezing inside the mold cavity and runner system. Because some of the results of this

specific runner system were described above, they will not be repeated in this chapter.

8.2.1 Fill time

The result of filling time is useful for reveal good balanced flow pattern in cavity. It can be
noticed when all flow paths finish at the same time (which is important especially in the case of
four impression mold), or when the contours are evenly spaced. Figure 68 illustrates that cavi-

ties were filled, which is worth of the process condition and well-designed part with runner
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system. If some unfilled sections appear, it would be rectified by decreasing of a pressure or
temperature of the polymer. On the other hand, also an overpacking effect can takes place
there. The effect happens when on flow path finishes before other do, and can be a reason of

high-part weight or undesirable warpage which can lead to structural or visual defects.

Fill time

=2.188[s]

(s]

2.188I

1.641
1.094

0.5470

0.0000

Figure 68 Fill time

8.2.2 Pressure at the injection location, XY plot

A very useful result to ensure the packing profile is correct and also helpful to checking wheth-
er there are any imbalances or pressure peaks in the cavity. The result shows the pressure dis-
tribution in time exactly. Figure 69 reveals a pressure distribution and packing profile as it was
set up. According to settings of process parameters the packing profile uses only 80 % of the
whole delivered pressure at switch over for 10 seconds. Maximum pressure at injection location
was detected in 2,126 second and the value is 82,67 MPa. Then, the pressure was reduced at
66,14 MPa.
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100.07 Pressure at injection location: XY Plot
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Figure 69 Pressure at injection location

8.2.3 Temperature

Figure 70 illustrates a temperature result of the part and takes advantage from 3D analysis
technology. On the right side of the Figure is shown, in detail, mold cavity filling at the time of
1 second, where can be clearly seen difference among temperature distribution across part
thickness. On the right side of the Figure is shown and marked temperature distribution in cavi-
ties and runner system. This result can be utilized to looking for early freezed areas, which is a
cause of a low injection rate or melt temperature. Next effect, which could be useful to looking
for is a hot spots. Hot spots can be indicators of shear heating, which usually takes place around
the gate, or on the last filled place. Maximum temperature of the melt, shown on the Figure 65
is 378,5 °C, which is measured in the hottest spot of the polymer melt. On a part surface is
measured and marked temperature 96,4 °C, which is acceptable in view of material and process

settings.
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Figure 70 Temperature
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8.2.4 Temperature at flow front

For demonstrate a temperature difference between the temperature on the surface of the cavity
and in the center of a polymer melt, an outcome named Temperature at flow front was added.
The result in the Figure 71 reveals an exact temperature in the center of the plastic cross-
section, when the flow front reached a specified point. On the left side of the Figure are shown
cavities and runner, with marked temperatures of various values. But unlike these almost usual
temperatures, on the right side of the Figure is marked the temperature value, which is nearly
highest. The problematic place is a rib colored with red, where was detected 310 °C. This place
may be cause of hesitation, material degradation or visual defects. Hesitation or too low injec-
tion time were also indicated thanks to larger changes of a flow front temperature during filling
phase. Unlike detected change of more than 10 °C, an optimum is about 2 or 5 °C. A resolution
is increasing of the injection time. In addition, in the Figure can be seen also very low tempera-
tures about 301 or 302,4 °C. If they were detected in a thin area, it would be a result in a short
shot. For improve very low temperatures at flow front, changing of the following process set-
ting may help: decrease injection time, increase mold temperature, increase the melt tempera-

ture in material processing boundaries.
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Temperature at flow front
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Figure 71 Temperature at flow front

8.3 Cool analysis

Selected outcomes of cool analysis are presented thereinafter, every result in two types of cool-
ing for effortless orientation (first conventional, then conformal version — always in this order).
As a coolant temperature was selected a pure water under pressure of 3 bar (300 kPa), which
according to analysis log gives a flow average of 21 I/min. A coolant temperature is 95 °C. A
diameter of conventional cooling channel is 10 mm, and diameter of conformal cooling channel
is 8 mm. The smaller dimension was selected due to possibility of cooling of more part details

and more complex trajectories of cooling channels.

8.3.1 Circuit coolant temperature

The temperature of the coolant inside the cooling circuits was detected by the Circuit coolant
temperature result shown in the Figures 72, 73. In Figures are marked inlet and outlet tempera-
tures and also in the middle of each circuit. Changes between coolant temperature of inlet and
outlet should not be greater than 3 °C to ensure uniform cooling of the part. In the first case of
conventional cooling is difference of 0,09 °C. The highest temperature of the conventional sys-
tem was detected in the center of the cooling circuit and its value is 95,08 °C. That small devia-

tion is caused by a convective heat transfer from melt through the steel to the coolant.

Figure 68 shows the temperature of coolant inside the conformal system. The deviation of
coolant temperature in this case is 0,35 °C, which is caused by a smaller distance between cool-

ing channels and mold cavities.
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Circuit coolant temperature
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Figure 73 Circuit coolant temperature, conformal system
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The conventional and conformal cooling system proves small difference between above men-
tioned values, which indicates a narrow mold surface temperature range. It means internal
strain of the plastic part is of consideration. In the case of wide coolant temperature variance,

trajectories of cooling channels should be changed.

8.3.2 Circuit heat removal efficiency

Circuit heat removal efficiency
=1.000

1.000 I

0.6100
0.2201
-0.1693

-0.5593

Figure 74 Circuit heat removal efficiency, conventional system

The extracted heat from the mold during a cooling cycle is demonstrated in the Circuit heat
removal efficiency result. Figures 74 and 75 shows effectiveness of heat transfer (in percent-
age) from the mold cavity to flowing coolant inside each cooling channel. The result helps to
identify which channel section removes more heat relative to the others. Sections of cooling
channels which are red colored has the best heat removal efficiency and they are marked with a
value 1. On the other hand light blue colored sections marked with a value nearby 0 have the

worst heat removal efficiency.
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Circuit heat removal efficiency
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Figure 75 Circuit heat removal efficiency, conformal system

Sections colored with dark blue have a minus value and conversely, they give the heat from
coolant to the mold. The heat removal efficiency is relative to a distance between cooling chan-
nels and a part, circuit Reynolds number and temperature difference between the coolant and
the cooling channel. Even though, conformal cooling has a distance between channels and cavi-
ties a good deal less than a conventional cooling system, the effectiveness of heat remove is
greater in this case. The heat removal efficiency of the conventional system was detected in
average from 10 to 50 %, speaking about sections around the mold cavities (Fig. 74). The aver-
age detected heat removal efficiency of the conformal system was from 10 to 40 %. The lower
difference could be caused by the smaller diameter of cooling channels in conformal cooling
system. As can be seen, even much more complex trajectories of cooling channels, cannot
compensate higher volume of coolant, contained inside cooling channel with greater dimen-

sion.

8.3.3 Circuit Reynolds number

The coolant Reynolds number inside the cooling circuit is close related to the heat removal
efficiency. The Reynolds number greater than 10 000 is a guarantee of turbulent flow of the
coolant which is contributing to greater remove of heat from the mold. The greater is a cross-
section of a channels, the lower is the Reynolds number of the coolant. The greater a coolant
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flow rate, the greater Reynolds number. Conventional channels, shown in the Figure 76, have a
diameter 10 mm. As can be seen the Reynolds number is much lower inside a baffles with di-

ameter 16 mm. The lowest detected value is 113 900 which is sufficient for turbulent flow.

As for conformal cooling channels, they have a diameter 8 mm and circuits do not contain baf-
fles. As can be seen in the Figure 77, minimum value of Reynolds number is 96 500 and maxi-
mum is 126 700. The difference of 32 000 between each channels has no influence on turbulent
flow inside channels, because values exceed 10 000 criteria. And so effective cooling of the

parts is ensured.

Circuit Reynolds number
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Figure 76 Circuit Reynolds number, conventional system
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Figure 77 Circuit Reynolds number, conformal system

8.3.4 Circuit pressure

Figure 78 illustrates the pressure of coolant inside of conventional cooling channels. As can be
seen in the Figure 78, delivered pressure of 300 kPa was almost complete spent until coolant
reached an outlet from the channel. It was caused due to baffles contained in the circuit. Behind
baffles is a significant pressure drop. A marked value 290,3 kPa on the inlet was quickly re-
duced to 249,5 kPa, after a coolant passed through the baffle. In one circuit is two baffles which
is satisfied to a rule of maximum number of baffles within one circuit (the number is five). The
pressure inside a last discharge branch is lamentable. Nevertheless this branch is not useful for

the cavities cooling.

Figure 79 illustrates conformal cooling channels which have diameter 8 mm and do not contain
any baffle. The pressure drop inside conformal cooling circuits is much more gradual and slow,
as inside conventional channels. But decrease of pressure is still very noticeable. The changes

of delivered coolant amount can have bad influence upon heat removal effectiveness of coolant.
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Figure 79 Circuit pressure, conformal system
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8.3.5 Time to reach ejection temperature, part and cold runner

This result shows a time required for reach ejection temperature of used material in the mold
cavities. Time is measured from the start of the cycle and is different for the part and for the
cold runner. The result is very important from the economical point of view. Reduction of

freezing time leads to reduction of a whole cycle time which brings a savings for a part price.

Figure 80 shows times for conventional type of cooling system. In the Figure were marked a
points where an ejector system acts. As can be seen values are from 1,9 to 2,7 second for a part
and 50,3 second for a cold runner — in the area, where a sprue retainer is located. The longest

time for the part is 30 second and for the cold runner it is 53,24 second.

Figure 81 illustrates times for conformal type of cooling system. As can be realized after com-
parison of Figures, times to reach ejection temperature on the part have a difference of about
five tenth, with dependence of measured place. Conversely, cold runner of conformal cooled
system needs about 5 second less time to reach ejection temperature, on the place sprue retainer
location. This fact has a particular influence to the injection cycle time.

The result can be improved with change of process parameters, such as, increase of flow rate in
cooling channels to ensure turbulent flow and efficient heat extraction, or decrease an inlet
coolant temperature to reduce mold surface temperature. The comparison of both, conventional
and conformal cooling system can be seen in Table 7.

Time to reach ejection temperature, part
Time = 30.00[s]

Time to reach ejection temperature, cald runner
=53.24[s]

[s]

30.00 I

2287

s]

53 24I

41.69

1575‘ ‘ 3014 [0

8622

1 ABBI

18.59

7EI3BI
ix

Figure 80 Time to reach ejection temperature of part and cold runner, conventional system
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Time to reach ejection temperature, part Time to reach ejection temperature, cold runner
Time = 30.00(s] = 47.69(s]
[s] [s]

BD.DDI 47.69I

2287 37.37

15.74

.

8.606

1.475

Figure 81 Time to reach ejection temperature of part and cold runner, conformal system

Table 7 Comparison of times to reach ejection temperature

Part [s] Cold runner [s]
First cooling 30 53,24
Second cooling 30 47,69
Difference [%)] 0% 2,95 %

Cycle time reductions of 5,55 second are not that significant to compensate a DMLS technolo-
gy cost, and so, the conventional cooling system is considered as better and more suitable for

temperature treatment of the injection mold.

8.4 Warpage analysis

The analysis of warp shows a total deflection at each point of a part.

8.4.1 Deflection, all effects

This result contains all effects of deflection, for example corner effect, and shows molded parts

deflection in direction of X, Y and Z axis together.

Figure 82 reveals a deflection in five-multiple scale with details of areas which are the most
impacted by shrinkage and warpage effects. As can be seen the most impacted area is upper
hole of the part, which is predicted to be clamped by with other product. Deflections on this

very important place are 0,8 mm which is at the same time the greatest deflection of the whole
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part. The warpage is influenced by cooling system — distance of cooling channels, pressure,
type of flow and used medium of the coolant, material used to fill the cavity and material used
to cavity insert, runner location, packing and time of packing phase. The shrinkage value was
considered into cavity design. In other words a cavity dimension was increased according to

shrinkage value of used polymer.

Figure 83 shows a deflection of the part with details of the most impacted areas, in greater
scale. Deflections of conformal cooled part are smaller in comparison with the molded part

cooled with conventional system. It can be caused by smaller diameter of cooling channels.
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Deflection, all effects: Deflection
Scale Factor = 5.000
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Figure 82 All effects of deflection, conventional system
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Figure 83 All effects of deflection, conformal system
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9 RESULTS DISCUSSION

9.1 Results of filling analyses

The filling analyses for given plastic part were launched in the software Moldflow. To a possi-
bility of launch filling simulations of the injection cycle, trajectories of each runner system
were necessary. After considering and designing of various injection sides of the injection
mold, to ensure the correctness of dimensions, the trajectories were built in software Catia V5.
Specifications of runner systems are discussed in the Chapter 6. Filling analyses of the injection

molding cycle were necessary to decide about the most suitable runner system for the mold.

Every type of six runner systems was designed in two versions of cold runner — with trapezoid
and circular cross-section. After specification of process parameters in Chapter 6, was putted
emphasis on a comparison of two cross-sections according to Shear rate and Pressure result. In

Table 8 can be seen a difference among each values, with divided sizes of cross-section.

Table 8 Cold runner comparison

Trapezoid, Circular,
greater cross-section smaller cross-section
Shear rate [1/s] 13 362 33675
Pressure [MPa] 41,79 41,94

Shear rate is a suitable simulation outcome and index for consider a possibility of material deg-
radation and hot spots appearance. A pressure result has no noticeable changes between the
results. Nevertheless, Figure 42 and 46 show its gradual increase and further more changes,
which is interesting from the process settings point of view. The difference in shear rate of cir-
cular runner corresponds with almost one half decrease of cross-section area. Very high shear
rate can lead to degradation of polymer. This problem can be also solved with decrease flow

rate which passes through the runner system.

According to simulation results and manufacture reasons, the runner with circular cross-section
was selected for further process of given tasks. Although, shear rate was reduced, thanks to use
trapezoidal runner with increased cross-section, the circular runner, from the manufacturing

point of view, is cheaper and simplified solution.
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Further description of filling analyses results was only related to runners with circular cross-
section of cold runner. There was selected only one result to describe each runner system be-
cause results were very similar. Amongst the most useful results counts a Pressure at injection
location, which was fluctuated from 64,1 MPa up to 100 MPa. Next useful outcome is clamp
force which could be used to determination about an estimated value of injection machine
clamping force to be needed for complete analysis. Clamp forces result from filling analyses
were vary from 20 tons to 68,1 tons (200 — 681 kN).

The most suitable runner system had to be selected. From all possibilities and evaluated results
was chosen the one runner system for four cavities located like H letter with combination of hot
and cold runner. Unlike the cold runner, combined runner systems have a particular advance in
a hot material inside hot runners, which leads to cycle time savings. Cavities located into shape
of the letter H have an advance, against X shape cavities, in smaller dimensions of runner,

which caused in smaller mold dimensions.

9.2 Solution of the injection mold design

The injection mold was designed for a plastic product provided by the Hella Autotechnik, s.r.o.
company. A plastic part is very shaped complex, but the right way how to define a parting line
was found. According to the parting line were created 3D models of cavity and core inserts.
With respect to Air traps results from filling analyses was created a shaped inserts to exhaust
air from the mold cavities. Cavity and core inserts were mounted to mold plates according to
the selected runner system, and further design of a whole injection mold was continue. Runner

and ejection system were added as well as clamping and leading elements.

The injection mold design was processed with use of Hasco standards. In a whole Catia product
of the injection mold is contained 277 parts. A three-dimensional assembly, assembly drawing

and parts bill were added into an appendix of the thesis.

9.3 Cooling system analyses

An introduction of the Chapter 8 contains a specification of process parameters and selected
injection molding machine. Following results evaluation deals with flow analysis and four out-

comes are demonstrated there.
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9.3.1 Flow analysis

Results are described only for one type of cooling system there, because changes in cooling
analysis does not influenced this type of analysis. Table 9 is well arranged summarization of

these results.

Table 9 Flow analysis results

Result

Fill time [s] | 2,188

Pressure at injection location [MPa] | 82,67
Packing phase pressure [MPa] | 66,14

Temperature [°C] | 378,3

Temperature at flow front [°C] | 310,9

To ensure that all cavities was filled and ends of the flow front reached complex details of the
mold at least at estimated same time, the fill time result was checked. Mold cavities were filled

by polymer within 2,188 second.

Graph of the Pressure at injection location gives information about packing profile. In this case
can be seen that cavity is well pressure balanced and pressure decrease on 80 % of delivered

after switchover on the packing phase.

Between temperature and temperature at flow front can be seen a significant difference. The
Temperature result shows the plastic temperature through the part thickness, whereas the Tem-
perature at flow front reveals the temperature in the center of the plastic cross-section when the
flow front reached specific point. That is, the Temperature result is much higher because it is
maximal value of the polymer after the flow front pass the specific point, and so in this point is
furthermore heated with surrounding melt. Temperature at flow front is good index to see,
where the hot spots, or freeze sections can take place. In addition, it has influence upon the

weld lines creating.
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9.3.2 Cool analysis

Table 10 summarizes selected results from cool analysis which are organized for each cooling

system independently, including a result deviation.

Table 10 Cool analysis summarization

Conveqtional Confo'rmal IDifference)
cooling cooling
Circuit coolant temperature [°C] 95,08 95,33 0,25
Circuit heat removal efficiency [%] 1 0,8 0,2
Circuit Reynolds number [-] 113 900 96 500 17 400
Circuit pressure (pressure drop) [MPa] 291,917 292,854 0,937
Time to reach ejection temperature (cold runn([ag 53.24 47,69 5,55

From Table can be read which cooling system is more suitable for temperature treatment of the
injection mold. Furthermore, the only one better result of conformal cooling system is Time to
reach ejection temperature, which could be an important index to make an injection cycle
shorter. Nevertheless, price of use DMLS technology and costs saved by cycle time reduction
should be compared. Five seconds of injection cycle time reduction is surely useful property of
conformal cooling, but it cannot compensate a cost of use DMLS technology. As a result of this
and other results is cooling system makeable with conventional methods considered as a better

and more suitable for temperature treatment of the designed injection mold.

9.3.3 Warp analysis

In a closing stage of the Chapter 8 are evaluated deflections of the part, which are shown in two
Figures with details of places the most impacted by warp effects. The greatest influence on de-
flection has shrinkage, which is primarily affected by intensity of temperature treatment, except
shrinkage properties of used material and so on. In other words, a type of used coolant, diame-
ters and trajectories of cooling channels and delivered pressure has significant influence upon

deflection. Table 11 offers comparison of these deflections.

Table 11 Deflection comparison

Conventional Conformal
cooling cooling

Deflection, All effects [mm] 0,8 0,7646 0,0354

|Difference|
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Note

Values from Moldflow analyses are very useful and benefical, but they are not exact. The simu-
lation result gives orientational values, which only indicates tendency of polymer and mold
material behavior while the injection cycle takes place. An accuracy of result depends on quali-
ty of input data. A good example of very useful result utilized during the practical part of this
thesis is air traps outcome, which predicted areas of their possible occurrence. After evaluation
of this result could be created shaped inserts to venting the cavity and prevent air traps effect

from happening.
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CONCLUSION

The aim of the thesis was to conduct research in the field of injection molding technology,
which was subsequently used for the practical design of a runner system, design of an injection
mold, and optimization of a cooling system. The theoretical part contains a characterization of
the injection molding technology including the molding cycle, the injection machines, and the

mold design description. This overview was very useful for further work in the practical part.

The first step of the practical part was to design, launch, and evaluate six different types of run-
ner systems in two cross-section variants. The circular and trapezoid cross-sections were evalu-
ated according to shear rate and pressure results. The results were dissimilar as a result of their
very different content. Six types of runner systems were presented with various results. Results
of analyses were important for consideration of the runner systems. In other words, the runner
systems were designed and analyzed to select the optimum one. Finally, the four-impression
mold with combined runner and circular cross-section of the cold runner was selected and used

for the injection mold design.

Even though the results of Moldflow analyses cannot be taken as exact values, they are very
useful for predicting the behavior of the polymer inside the runner system and cavity. These
results were taken and evaluated as an indicator of tendency. The outcome depends fully on the

precision of the input data. This is the only possible limitation of results utilization.

The injection mold was designed for submission plastic part and the assembly of the mold con-
tains 277 parts. The part was provided by the company HELLA KGaA Hueck & Co. and its
purpose of use is holding and covering a light-emitting diode inside a headlamp of passenger
car. This part has a very complex shape and shaped inserts inside the mold cavities have to be
used for its production. The design of injection mold, using the software Catia V5, started with
parting plane consideration and cavity and core inserts creation. Subsequently the injection
mold could be created with all necessities, such as a hot manifold and nozzles on the injection
side, or an ejection system on the ejection (movable) side of the mold. Hasco standards were
used in this design. The injection mold is multiple with four impressions of the part, which
means that one injection cycle is capable of producing two identical parts and two mirrored

parts.

In the next step, two types of cooling systems for the injection mold were created. The first
type is makeable by the conventional method of drilling holes. Second type of cooling system

is conformal cooling and takes advantage of DMLS (Direct Metal Laser Sintering) technology.
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First, exact trajectories of the cooling channels, located around the cavities, were designed and
subsequently loaded to Moldflow. In Moldflow were these trajectories meshed and process

parameters of cooling phase were set up.

The complete flow, cool, and warp analyses were launched in Moldflow. From their summari-
zation and evaluation is obvious that runner and cooling system were designed well. Startling-
ly, the conventional cooling system had better results than the conformal system, in view of the
fact that the cycle time is shorter with use of the conventional cooling system. One of the most
influencing factors is a smaller diameter of the cooling channels, used in the conformal cooling
system for the reason of denser channels pattern and more complex trajectories. Furthermore,
the second type of temperature treatment is the most expensive for reducing the cycle time. On
the other hand, the second type of cooling system has a little better result from the warpage
analysis. As could be seen, deflections of the part are a little bit smaller when using the con-

formal cooling system which could be caused by smaller circuit heat removal efficiency.

The first type of cooling system makeable with conventional methods has a smaller pressure
drop and coolant temperature, which helps to maintain balanced temperature distribution. The
higher results are heat removal efficiency and Reynolds number, which is better for turbulent
flow of coolant. This is a consequence of greater channels diameter, and more effectively de-
signed cooling system. The part has a complex shape and conformal cooling system is not ca-
pable to maintain more useful cooling effect than conventional system does, even with such
dense trajectories. This is why the first type of cooling system, makeable with conventional
methods, is considered to be better for providing temperature treatment for the designed injec-

tion mold.
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LIST OF ABBREVIATIONS

Symbol
a

ABS

C

d

D
HDPE
LDPE
MVR
PA 6
PC
PMMA
POM
PP

PS

SAN
Sc
St

Meaning

Length of bottom
Acrylonitrile butadiene styrene
Length of top

Diameter - internal
Diameter - external
High-density polyethylene
Low-density polyethylene
Melt Viscosity Ratio
Polyamide 6
Polycarbonate

Polymethyl methacrylate
Polyoxymethylene
Polypropylene
Polystyrene

Content

Styrene acrylonitrile
Content of circle

Content of trapezoid
Height

Unit

mm
mm

mm

mm

cm?®/10 min

mm

mm
mm

mm
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APPENDIX P I: 3D ASSEMBLY OF INJECTION MOLD

Figure 84 Mold assembly, view from the injection side

Figure 85 Mold assembly, view from the ejection side
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Figure 86 Injection side with mounted plastic parts on upper cavities



Figure 87 Ejection side with plastic parts mounted on upper cores



Figure 88 Ejection system with two plastic parts to demonstrate ejectors location



