Introduction

Injection molding is a relatively new process compared to other manufacturing
processes. However, in a very short period of a few decades injection molding has
become one of the world’s most productive and cost-effective means of producing a
high-quality product.

Injection molding is a process by which plastic pellets are melted using heat and
shear in an extruder and injected, at high pressure and flow, into an injection mold
to form the part. While this process seems straightforward, it is full of engineering
challenges and complexities.

An injection molding work cell can consist contain 4 to 16 separate elements
(dryer, hopper loader, machine, hot runner, mold, robot, conveyer, etc.). Many of
these elements will be standard catalog items. However, there will ALWAYS be one
unique element in the work cell, and that is the mold. The mold is the heart of the
system and all the other elements of the work cell must work together to make the
unique plastic part. It is therefore critical and fundamental that the mold be de-
signed with the utmost care and attention to detail, for if the mold does not operate
as intended, then the entire work cell will operate in a subpar condition.

@ An old saying goes that “injection molders make money on weekends”. The

intended meaning is that a molder must run the first five days of the week to
cover their costs, and they make profit when running throughout the week-
end.

What is also written between the lines here is that injection molding is a
7-days-a-week, 24-hours-a-day business. Molders only make money when the
molding work cell is producing parts. If the work cell cannot make a good part
then efficiency is zero. Molders only make money by putting good parts in the
box. As a result, mold design is a critical aspect to every molded part. Since a
work cell could be in operation for many years, the mold must not only per-
form well on day one, but also until the last day that the production is needed.
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Due to the importance of the mold design, it is critical that all levels of personnel
in the molding plant and the mold-making facility understand the basics of good
mold design, and the techniques used to create a mold that will allow it meet and
exceed its intended purpose.

This book is therefore intended to be used, not just by the mold designer, but also
by every person who comes in contact with the injection mold, so that they too can
understand what makes a good mold and contribute in a meaningful way to build-
ing it.

With new, possibly difficult shapes, decisions on how to design the mold are usu-
ally left to the ingenuity of a mold designer. More frequently, precedents from ear-
lier molds are used and re-applied. However, the mold designer and every person
who will be involved in the molding operation must be aware of (and evaluate) new
ideas, new methods, and developments, which when applied, would lead to better-
quality, higher-productivity, simpler molds, and savings in the cost of the molded
products.

Before proceeding with any mold design, the mold designer must understand what
kind of mold should be selected. In other words, which features will be most suit-
able for the application to achieve the most economic overall manufacturing
method for the product. This means not just specifying the number of cavities that
will be required for the expected output, but also the selection of mold materials
and the degree of sophistication of the mold. Any planned automation, especially in
product handling after molding, can affect the mold layout, particularly spacing
and orientation of the stacks. The mold designer must never lose sight of the ulti-
mate goal: to produce a part that meets or exceeds all specified requirements,
at the lowest possible cost.

The most important piece of information to know before deciding on the mold de-
sign is the quantity of parts to be molded. However, this is a piece of information,
particularly with new products, that is often very difficult to obtain.

When looking at the overall cost of a plastic part, the per-piece cost of the mold is
generally a few percent of the overall part cost (Figure 1.1 and Figure 1.2). How-
ever, the upfront cost of the mold may seem quite high. But due to the fact that it is
a unique, one-off, engineered product made with very high-precision equipment to
very tight tolerances by highly skilled tradespeople, the cost is realistic. On the
other hand, a poorly engineered and manufactured mold is worthless, as it cannot
produce a single good part.
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It should also be pointed out that of the total cost of almost all plastic products, the
cost of the plastic material alone constitutes the greatest component. The most so-
phisticated, best-designed mold will not lower the cost of the product by as much
as the reduction of just a few percent of the amount of plastic material, if it could
be removed from the product without affecting its quality or serviceability. Most
often, unnecessarily heavy wall thickness and ribbing affects the cost more than
anything else. Chances are that the lowest weight will be achieved with the highest
quality molds.

The foremost intent of this book is to present, in a logical sequence, the steps and
choices available to the mold designer or decision maker when planning a mold for
a new product, or when planning to increase the productivity for a product for
which a mold exists. The book poses many of the questions that must be asked by
anybody who needs a mold built. Any question left unanswered could significantly
affect the productivity as well as the cost of a mold. For an experienced mold de-
signer, the answers to many of these questions often come automatically, without
being aware of the fact that a decision has been made. But even the most experi-
enced mold designer can gain important information by systematically investigat-
ing all areas that can affect the design and the complexity of the mold, and check-
ing to ensure that no obvious facts have been overlooked.

B 1.1 Benefits of Injection Molding

Today, injection molding is probably the most important method of processing
plastics in the production of consumer and industrial goods, and is performed
everywhere in the world. The benefits of using injection molding for a product or
part of a product are vast and compelling. Some of the benefits are as follows:

= Low cost and high efficiency: With injection molding, a processor can produce
parts in massive quantities at very low costs without high complexity or ex-
pensive skilled labor. An injection molder can set up a factory in a basic ware-
house.

= Easily adapts to automated processes: Injection molding can be almost entirely
automated with relative ease and low cost.

= Very high shape flexibility: Almost any shape and detail you can imagine can
be injection-molded.

= Injection molding can produce parts with high tolerances and very highly
detailed features or finishes.

= Excellent part properties such as light weight, high strength-to-weight ratio,
excellent impact resistance, and low corrosion.
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= Previously produced assemblies of multiple parts using other materials such
as metal can be consolidated into one plastic part.

= Almost infinite color possibilities.

= Injection molding creates a net shape part without needing subsequent finish-
ing.

= Plastics are easy, safe, and efficient to transport.

= Injection molding is a widely used and accepted process, so it is easy to find
molders to make any part.

Before proceeding to use injection molding, the designer should always consider
whether injection molding is the best solution to mold the part. Have alternative
methods or product designs been considered or investigated, employing other
manufacturing processes using the same or a similar materials, or using other
materials which may permit a similar end product, possibly even with better
quality, and/or at lower cost? A few typical examples of possible manufacturing
alternatives to injection molding are:

= Thermoforming, foam molding, or blow-molding
= Coining and die-stamping (blanking)
= Machining.

The designer should also consider if other materials would be better suited to meet-
ing the project objectives, such as:

= Paper (cardboard), wood, or cloth
= Metals (steel, aluminum, etc.)
= (Glass or ceramic.

Once the decision has been made to use injection molding for a new product, a
number of critical steps lie ahead, which will be addressed in this book:

= Plastic part design
= Factors affecting the design of an injection mold
= Mold design

= Testing and acceptance.



B 1.2 The Injection Mold

The heart of every injection molding work cell is the mold. It contains the form of
the part that will ultimately be filled with plastic. It plays the most critical and
fundamental role in the entire process - forming the part. The mold forms the
desired end product. All of the other pieces of equipment in the molding work cell
work to help produce a high-quality part. However, most of the other pieces of
equipment in the work cell act in support of the mold.

1.2.1 The Role of the Injection Mold

Today, an injection molding work cell can contain up to 16 discrete pieces of
equipment (see Figure 1.3). These devices all serve to help make a good-quality
plastic part. In essence, the mold is the heart of the system, as all the other generic
devices in the work cell allow the mold to make a good part. While the generic
components of the work cell do not change, they must adapt every time a new mold
is installed in the injection molding machine. It is therefore critical to understand
the basics of an injection mold and what makes a good plastic part.

Figure 1.3 Fully automated injection molding work cell for DVD cases, containing 16 compo-
nents in the work cell (Courtesy of Husky Injection Molding Systems Ltd.)
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All of the supporting devices to the mold need to be correctly sized and functional
in order to make the mold work well. An injection molding work cell can be consid-
ered to be like a symphony orchestra, with the mold being the conductor. If the devices
are not in tune with each other, then the whole work cell sounds like a bad high-school
band, and they each contribute to making poor-quality plastic parts. If, on the other
hand, all of the supporting equipment is good working order, is correctly sized and
maintained, then the resulting plastic parts will be better quality, and the work cell
will run for longer without issues.

@ The old saying “the chain is only as strong as the weakest link” holds true in
injection molding.

B 1.3 What Is an Injection Mold?

An injection mold is a permanent tool, i.e., a tool that, if properly designed,
constructed, and maintained will have a life expectancy (useful life) well beyond
the time where the product itself becomes obsolete. This differentiates it from a
“one-time use” mold such as a sand-casting mold, as used in metal foundries. A
mold can be used to make products in a virtually infinite variety of shapes, made
from injectable plastics. Common to all molds is the condition that it must be pos-
sible to remove the product after molding, without the need to destroy the mold
(as is the case in sand-castings).

There is an exception to this, the so-called “lost-core molding”: There are
injection molds for intricate products, such as intake manifolds for internal
combustion engines, previously made from cast iron, which have an outside
shape that can be molded with conventional (permanent “open and close”)
molds, but where the intricate inside shape is made from a molded, low-melt-
ing-point metal composite, which is inserted into the mold before injection,
and then ejected together with the molded product. The metal is then removed
by heat at a temperature above the melting point of the insert, but of course
below the melting point of the plastic used for this product. The molded metal

insert is thereby destroyed, but the metal will be reused.
u

A basic mold consists of two mold halves, with at least one cavity in one mold half,
and a matching core in the other mold half. These two halves meet at a parting
plane (parting line). Once the injected plastic is sufficiently cooled, the mold opens
and the product can be removed by hand or be automatically ejected.



Because injection molding machines are mostly built with the injection on the sta-
tionary platen side, there is typically no built-in ejection mechanism on this side.
If ejection from the injection side should be required - which is always the case in
stack molds, and occasionally so in single-level molds - any required mechanism
must be added to the mold, and occasionally to the machine; in either case, this
adds complexity and increases costs. Only molds designed for using only air
ejection do not require any external ejection mechanism.

Most products are removed (ejected) from the core. There are also many molds that
need special provisions to allow the products to be removed from either the cavity
or the core. This is the case for products with severe undercuts or recesses on the
inside and/or the outside of the product, such as screw threads, holes, ribs or open-
ings in the sides of the product, etc., or molds for insert molding.

Some of these design features of the product may require moving side cores, which
are either inserts or whole sections of the cavity that move at an angle which is
90° to the “natural opening path” of the mold. Others may require special un-
screwing mechanisms, either in the core or in the cavity side. The mold may re-
quire split cavities (or “splits”), i.e., the cavity consists of two or more sections,
which are mechanically or hydraulically moved in and out of position, and then
clamped together during injection. In some cases, the mold may require collaps-
ible cores, or retractable inserts, which are all quite complicated (and expensive)
methods.

Any of the above special features can add considerably to the mold cost when com-
pared to a simple “up and down” mold where the products can be readily ejected
with the machine ejectors during the mold opening stroke or after the mold is
open, without the need for any of these complicated mold features.

Note that in this book, the term (simple) “up and down” molding is used, which
comes from the earlier vertical molding machines, even though, today, most
general-purpose injection molding machines are horizontal, and the mold opens
and closes in a horizontal motion.

@ Example:

To illustrate how different mold features affect the mold cost, let a single-face
mold with air ejection of the products cost X dollars. A similar mold, but with
mechanical ejection, costs about 1.2X. A similar, air-ejected two-level stack
mold will be about 1.8X. An unscrewing mold for a similar-size mold and
product will cost about 2X.
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1.3.1 Elements of an Injection Mold

There are books that show designs of numerous specific molds, but it is virtually
impossible to show every possible configuration that may be required. It is more
important for the designer, and any person requesting a new mold, to understand
that a mold consists essentially of a number of elements, from which the most
appropriate for the purpose is chosen.

The reader is encouraged to read one of the following books for more a more de-
tailed understanding of the engineering of an injection mold:

= Gastrow Injection Molds [1]
= [njection Mold Design Engineering [2].

Striper Ring Core insert @eiva e

Figure 1.4 Parts of an injection mold (Courtesy of Husky Injection Molding Systems Ltd.)

P, Unger (ed.), Gastrow Injection Molds (4th edn), Hanser Publishing, 2006.
21 D. Kazmer, Injection Mold Design Engineering, (2nd edn) Hanser Publishing, 2016.



Every injection mold consists of the following basic elements (see Figure 1.4 and

Figure 1.5):
1. One or more matching cavities and cores, defining the cavity space(s) (today,
there are molds with anywhere between one and 256 cavities).
2. A method, or element, to duct the (hot) plastic from the machine nozzle to the
cavity spaces. There is a choice between:
= Cold runners (two-plate or three-plate systems)
= Hot runners (various systems)
= Insulated runners
= Sprue gating (cold or hot).
3. Provision to evacuate air from the mold (venting). There is a choice between:
= Natural venting
= Vacuum venting.
4. Provision to cool the injected hot plastic sufficiently to allow ejection of the
molded product.
5. Provision to eject the molded product. There is a choice between:
= Manual product removal
= Ejector pins and sleeves
= Strippers (stripper rings or bars)
= Air ejection
= Free-drop ejection onto a conveyer
=  Various methods for in-mold product removal
= Robotic product removal.
6. Provision to attach (interface) the mold to the molding machine. There are
several methods to consider:
= The mold is for one machine only. In this case the mold may be mounted
with bolts to the platen
= The mold is to be used on several, different machines. In this case, clamps
and clamp slots on the mold may be used to bolt the mold to the platen
®=  Quick mold-change methods (various designs). This could involve mag-
netic mounting.
7. Method of alignments of cavities and cores. There are several methods to con-

sider:
= No alignment feature provided in the mold. Also called flat parting line

= Leader pins and bushings (2, 3, or 4)
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= Leader pins and bushings between individual cavities and cores
= Taper fits between individual cavities and cores

= Taper fits between plates. These are also called side locks

= Any combination of the above.

8. Any number of (mold) plates to provide the necessary means for carrying and
providing rigid back-up for the above elements.

In addition to the above parts, molds can have additional features, which will also
be discussed in the following chapters. Each of these features can add (often con-
siderable) costs to the mold, but in many cases they increase the productivity of
the mold and reduce the cost of the product. Not all may be necessary, and each
must be carefully considered when deciding on the type of mold that is most suit-
able (and most economical) for the job on hand.

@ Easy serviceability of the mold is important but often overlooked. It
adds some mold cost, but saves much more in future servicing costs

and downtime.
|

Ease of serviceability of the mold may affect the mold cost up front, but will ulti-
mately reduce the lifecycle cost of the plastic part by reducing the need to remove
the mold for service or repair. One example is the access to the hot runner for
cleaning plugged gates or making minor repairs, such as changing a nozzle, a
burned-out heater, or a faulty thermocouple at a hot runner drop. Building in
functionality to conduct these repairs in the molding machine will cost more in the
initial mold, but this will be easily recouped by reducing the downtime necessary
to accomplish such repairs. By designing easy access to these components in the
machine (without the need to remove the whole mold, or part of it, to the bench),
such repairs can be made in less than an hour, instead of taking several hours. This
work can also be done by the mold setup staff rather than getting the (expensive)
mold makers involved.

Another area where valuable maintenance time can be saved is to design and pro-
vide easy access from the parting line to screws holding modular molding surface
parts to their mounting plates, while the mold is in the machine. Since damage to
the molding surfaces or parting lines can occur, it is advantageous to have the
molding surfaces serviceable in the press. This is particularly valuable in high-
cavitation molds.

@ Even minor changes to the part can dramatically lower or increase mold
costs.



Defining what is really required considering the shape and complexity of the prod-
uct and the required production quantities will enhance mold productivity. Alter-
natives and options should ALWAYS be considered and reviewed with all person-
nel before the mold design is finalized. Each department that interfaces with the
mold will look at the design with a different set of eyes for their needs. It is of the
utmost importance to include them in design reviews to ensure that the mold will
have all the necessary features and functions.

Figure 1.5 shows a schematic of a basic injection mold with the key elements of
the mold labelled with conventional terminology. It should be noted that the termi-
nology used in the figure is used by the author, but there could be other names
used for these components as well.

Mold Shut Height

Core half Cavity Half
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Back plate —8
I By Al .
Guide Bushing ————=—(F= — I|£ J[ Leader pin
T U1
Return pin - _ L = i Cath plat-e
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—t+—— Back plate

Figure 1.5 Mold terminology
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B 1.4 Classification of Molds

SPI has developed a set of standards to classify molds by their design and intended
usage. Table 1.1 explains the different standards.

Table 1.1 SPI Mold Specifications @

Mold base

101

102

103

104

105

> 1,000,000

< 1,000,000

<500,000

< 100,000

<500

Built for extremely high
production. This is the
highest-priced mold and
is made with only the
highest-quality materials.

Medium to high produc-
tion mold, good for
abrasive materials and/or
parts requiring close
tolerances.

Medium production mold.
This is a very popular
mold for low to medium
production needs.

Low production mold.
Used only for limited pro-
duction preferably with
non-abrasive materials.

Prototype only. This mold
will be constructed in the
least expensive manner
possible to produce a
very limited quantity of
prototype parts. It may be
constructed from cast
metal or epoxy or any
other material offering
sufficient strength to pro-
duce minimum prototype
pieces.

Pre-hardened
28Rc steel

Stainless steel
plates

28Rc steel

8Rc steel

Mild steel or Al

Mild steel or Al

All hardened
> 48Rc steel

Cooled inserts

Hardened
steels

Cooled inserts

> 28Rc steel

Mild steel or Al

Mild steel or Al

Guided ejection

Wear plates on
slides

Some guided
components

Some corrosion
protection

Guiding optional

None

None

[a] For more details on mold materials and the use of the Rockwell hardness scale (Rc), please refer to Section 15.2.



B 1.5 Continued Innovation in Molds and
Hot Runners

While the use of molds dates back thousands of years, innovation continues in
mold and hot runner design. There are thousands of patents on injection molding,
and thousands more just on hot runners. The industry continues to innovate to
provide customers with ever better ways to mold plastic products. The reader is
encouraged to keep aware of the emerging trends in injection molding and to learn
about how these new ideas could help to create a better injection mold. Some of the
most recent trends are:

= Conformal cooling of inserts using metal 3D printing: Allows mold designers a
additional level of design freedom in creating the cooling circuit, compared to
drilling and milling multiple complex inserts and materials.

= Direct 3D printing of plastic parts versus injection molding: A potential threat to
injection molding itself, it allows for customized creation of parts for joint re-
placements, running shoes, and other items that require high levels of custom-
ization.

»  Flectrification of molding functions using servo motors and drives: Functions
such as rotations and stroking of pistons are now being electrified.

= [nternet connection of devices to make them “smarter”, called the industrial
internet of things (IloT or Industry 4.0).

®  Multi-material molding: The creation of a part with multiple materials in a
single process, e.g. toothbrushes, parts with integrated sealing, or parts with
multiple colors.

= (Co-injection molding: The creation of a part with multiple layers for extending
shelf life, using recycled materials, and creating new aesthetics.

= Use of gasses and liquids in the process to core-out thick parts or to add/embed
the gasses in the part for light-weighting.

= Continued development of new resins and fillers to create better plastics.

B 1.6 The Injection Molding Machine

The accuracy of molding, and especially when molding products that are difficult
to produce, is very dependent on the quality of the molding machine, its mechani-
cal rigidity, accuracy of alignment, parallelism of platens, the quality of its con-
trols, and the state of maintenance. As mentioned previously, the equipment in a
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molding work cell works together in unison, and the system is only as good as its
weakest link. So a high-quality mold installed in a molding machine that is poorly
set up or engineered will not make a good part. The machine must be able to meet
the requirements of the mold that is being installed. A good machine, poorly
aligned and maintained, can destroy a new mold in a matter of months. It is
imperative that the molder’s machine is in good shape to ensure that the mold will
perform as intended, for the lifetime intended. If this is not the case, the mold may
suffer from continuous problems and issues that cannot be rectified.

@ There is no point in buying a premium-priced mold only to run it in an

out-dated machine.
|

Every good injection molding machine consists of the following basic elements
(see Figure 1.6):

1.
2.

A rigid base that is welded (not bolted) together using stiff box steel members.

A rigid clamping unit, consisting of two cast or machined platens, for the
mounting of the mold halves and provisions for guiding the platens (tie bars or
linear ways). The thickness of the platens is a good indicator of the rigidity and
quality of the machine.

Provision for moving the platens, preferably fast relative to each other, for
opening and closing the mold in an adjustable fashion using a fast micropro-
cessor. Toggle-style machines tend to be the quickest machines, and fully hy-
draulic machines the slowest.

Provision for clamping, i.e., holding the mold shut against the force of the
injection pressures within the mold (in some machines, provisions 3 and 4 are
combined). Clamp force can be built up using hydraulic fluids or electric mo-
tors.

Provision for ejecting the molded product(s) from the mold. The provision can
be within the mold or, more commonly, using an ejection means on the ma-
chine such as an ejector plate behind the moving platen.

Provision to transform the raw plastic pellets into an injectable melt. This part
of the machine is called the plasticizing unit or extruder. This is almost always
done using a barrel and rotating screw. The melting of the plastic is done using
a combination of shear from the rotating screw and heat from the barrel
heaters.

Provision for injecting the melt into the mold (in most machines, provisions 6
and 7 are combined in one unit). Sometimes the creation of the melt and injec-
tion of the melt are split into two separate elements. In this case the injection
unit is normally called a two-stage injection unit. The injection stage is then



10.

11.

12.
13.

normally an injection or shooting pot. The injectable melt is transferred to the
pot by the extruder, and a separate means then injects the melt into the mold
for the shooting pot. The advantage of this more expensive approach is that the
injection is more accurate and the extruder can be creating more melt while
the shooting pot is injecting plastic. This can result in significantly lower cycle
times.

. Cycle controls (sequencing logic, timers, etc.) and an interface for the operator

to make adjustments to the process and to operate the machine in manual or
semi-automatic modes.

. Heat controls for all heaters in machines and molds. Some machines have a

limited number of heat controls, and additional controls could be required for
the molds, especially with larger hot runner systems. This point must be con-
sidered when estimating the mold cost.

Safety gates to protect operators and bystanders from all hazards when operat-
ing the machine.

Mechanical safety elements to prevent closing the machine when gates are
open, in case of failures of the other (electric and hydraulic) safety measures.

Provision for cooling water distribution to the mold.

Provision for compressed air, for auxiliary actions required in the mold.

There are other features available, for example, for the convenience of quick mold
installation, automation, set-up and operation of the mold and machine. These fea-
tures are often offered as options that can be bought with the machine or added on
later.

Feed unit
. 3 Mold Control
Clamping unit unit unit
|

Injection unit

Plastification unit

Pedestal

Figure 1.6 Schematic of an injection molding machine (side view) (Courtesy of Moldex3D)



