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Preface

I have spent the majority of my professional engineering career as an educator and
researcher in the areas of plastic materials, plastic part design and plastic processing.
From the beginning, I have been fascinated by the injection molding process, due in
large part to the versatility of this plastics manufacturing process. The injection mold-
ing process can be used to manufacture plastic parts that range from micro-size, com-
plex geometry parts weighing only milligrams, to large automobile and truck body
panels weighing many kilograms. Unfortunately, it is this incredible versatility that
makes writing such a “how to do” book difficult, because there are few (if any) rules
or guidelines that apply to all injection molding applications. Fortunately, there are
many excellent books dedicated to injection molding technology. While this is true,
I felt that it would be beneficial for me to share some of my experiences and the vari-
ous plastics processing philosophies that I have developed over the years working
with injection molding process. While plastic molding professionals with many years
of experience may derive only limited benefit from this introductory text, it is hoped
that those new to thermoplastic processing and injection molding will benefit more
from reading or referencing the material in this book. For this reason, the text in-
cludes a large number of concept illustrations that should help the reader gain a bet-
ter understanding of the topics being discussed.

The material presented in this book is limited to discussion of the thermoplastic injec-
tion molding process. Even with this limitation, there are literally thousands of com-
mercial injection molding grades of thermoplastic available on the market today.
Having an understanding of the processing requirements for these materials is a pre-
requisite to successful part production. For example, a molder with decades of experi-
ence molding an amorphous material, such as polystyrene, may encounter completely
different processing issues when molding a semi-crystalline, glass fiber reinforced
polypropylene. These materials can both be injection molded, but their processing
characteristics are very different. As a result, the first chapter of this text is dedicated
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to discussing the fundamental issues associated with thermoplastic materials and the
additives they contain. It is my strong opinion that injection molding process techni-
cians and engineers should have a very good understanding of the molding material
properties before starting up a new injection molding process. Chapter 1 has been
written in the hope that it will assist injection molding professionals with material
supplier and customer communications.

The second chapter of the book is dedicated to the discussion of injection molding
machinery and auxiliary equipment. Ideally, the molding machinery and auxiliary
equipment used in manufacturing have been designed and purchased specifically for
a specific molding application. While this is possible in some dedicated manufactur-
ing operations, such as dedicated high-volume packaging applications, this is not al-
ways the case. Much of the injection molding industry is based on custom molding. A
key with custom molding is to insure that all of the molding machinery used is closely
matched to the application. Machinery considerations range from shot and clamp ca-
pacity to plasticating screw and nozzle geometry. The key variables associated with
both molding and auxiliary machinery are given in this second chapter.

Chapter 3 of this book focusses on setting the process variables for the conven-
tional injection molding process. The injection molding process is complex, and in-
volves a large number of both sequential and concurrent process variables. Many
different philosophies have been developed to assist molding professionals in set-
ting these process variables, many of which exhibit complex interactions. These vari-
able set points will influence both production rate and molded part quality. These
two considerations are sometimes in conflict, making some set point decisions diffi-
cult. In this chapter, the effect that each primary process variable has on both produc-
tion rate and part quality are discussed in an effort to provide some rationale or guid-
ance on which process technicians or engineers can base their process set point
decisions.

The fourth and last chapter provides a very basic overview of “other” non-standard
injection molding processes. There are some molding applications where conven-
tional injection molding is not the optimum process. For example, the low-pressure
structural foam molding process may be a more appropriate process option when
molding relatively thick, large thermoplastic parts. While this chapter does provide a
basic description of these modified injection molding processes, the reader is directed
to other sources if a more in-depth coverage of the specific modified molding process
is required.

Lastly, I would like to sincerely thank the editorial staff at Hanser Publications, espe-
cially Rebecca Wehrmann and Mark Smith, for their encouragement and assistance
with this project. I would also like to acknowledge and thank the following individu-
als from Wittmann USA, Inc. for their willingness to provide technical information
that will hopefully benefit the injection molding industry in a broad way. Thanks to
David Preusse, Steve Mussmann, Richard Heckbert, Chris Turnberg, and Crystal Bro-
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cious for hosting my visit to the Wittmann USA facility in Torrington, CT. I also thank
my colleagues at UMass Lowell for the many discussions that have helped me grow
personally and professionally.

July 2025
Robert Malloy
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Injection Molding: Thermoplastic
Material Considerations

1.1 Basic Injection Molding Process Overview

Injection molding is one of many plastic manufacturing processes that can be used to
produce thermoplastic parts. The injection molding process has many variants but
almost all of these injection molding processes have a number of commonalities. Fun-
damentally, the injection molding process involves a number of sequential process
steps beginning with the melting or softening of a thermoplastic material formulation
as shown in Figure 1.1. The charge or shot of plastic melt is then injected into a rela-
tively cool closed mold, through the mold’s flow passages (runners) and into the mold
cavity(ies) where the molded plastic part shape is formed and cooled. The relatively
cool mold will cause the runners and plastic part(s) to cool and solidify to a point
where the mold can be opened, and the parts can be “ejected” or de-molded using a
mechanical ejector system. The mold then closes and the process repeats itself over
and over again for the length of the production run. Once ejected from the mold, the
plastic parts will continue to cool and shrink until they reach the ambient tempera-
ture. The injection molding process description given above is overly simplistic. The
thermoplastic injection molding process and the molding process machinery will be
examined in more detail in subsequent sections of this text.
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Figure 1.1 Fundamentally, the injection molding process involves a number of
sequential steps, beginning with the melting or softening of a thermoplastic material,
and ending with the ejection or de-molding of the cooled and solidified parts.

Figure1.2 shows a simplified cross-sectional schematic of a typical reciprocating
screw injection molding machine. Injection molding machines are typically described
as having two main sections, the “injection unit” and the “clamping unit”. Each unit
must carry out a number of thermal and mechanical actions or functions. The injec-
tion unit is responsible for (i) melting and mixing the thermoplastic material, (ii)
building up a charge of molten material (the shot), (iii) injecting the plastic melt into
the mold, and (iv) applying pressure as the melt solidifies. The molding machine’s
clamping unit (i) holds the mold halves in place, (ii) opens and closes the mold, (iii)
generates clamp force (to counteract the applied melt pressure), and (iv) energizes the
mold’s mechanical ejector system to eject the solidified parts at the end of the injec-
tion molding cycle. It is very important to note that the injection molding process can
be a dangerous process since it involves high temperatures, high pressures and me-
chanical actions. As a result, injection molding machines incorporate a variety of
safety features and guards designed to minimize the potential for injury. A safety first
mindset is essential when injection molding plastic parts.

Molding machines also have very sophisticated control systems that regulate the in-
jection molding process variables, of which there are many. The molding machine’s
mechanical functions can be driven either by hydraulic systems or directly by elec-
tronic servomotors or in some cases by both (in the case of hybrid injection molding
machines). Injection molding processes also involve the use of various types of auxil-
iary equipment. This auxiliary equipment can include material pre-dryers, gravimet-
ric feeders, mold temperature circulators, automation robots, granulators and the
like.

Injection molding machines come in a very wide variety of shapes and sizes, which is
one of the main reasons why this widely utilized process is difficult to describe in a
universal way. Large molded plastic parts, such as automobile bumpers or facia, re-
quire very large injection molding machines featuring injection units with large shot
capacities, and large, high force clamp units. The injection molding process is also
used to produce tiny plastic parts, also known as micro molded plastic parts. Some
plastic parts are so small that a single plastic pellet can produce multiple plastic parts.
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The technical issues a molder may face with an auto bumper are very different than
those for micro-molded parts. Most injection molded parts have a physical size that is
somewhere between these two extremes.

Clamping & Ejection Unit —'— Injection & Plastication Unit
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Figure 1.2 Injection molding machines are typically described as having an injection
unit and a clamping unit, along with machine controls and auxiliary equipment. Each
unit carries out a number of different functions. This simplified schematic shows a
reciprocating screw injection molding machine at the point in the process where the
solidified part is being ejected from the injection mold.

The injection molding process is commonly used for the production of plastic parts
because it offers a large number of advantages and very few limitations. Some of the
key advantages of the injection molding process are listed below.

= Most thermoplastics are available as injection moldable grades.
= The injection molding process can produce parts with a very complex geometry.
= Injection molded parts can have extremely tight dimensional tolerances.

= The process is economical, particularly for high production applications.

The most significant “barrier to entry” for the injection molding process is the injec-
tion mold or tool cost, which is why injection molding is generally limited to higher
production applications. The tool cost must be amortized based on the number of
parts that the mold will produce. The molding machinery itself is more cost effective
because the injection molding machinery can be used for multiple injection molds
and multiple materials. While some injection molding operations, particularly
high-volume applications, utilize dedicated injection molding machinery, there are
also many “custom” injection molding manufacturing businesses. Using custom mold-
ers for part production eliminates the lead times and costs of establishing a dedicated
in-house injection molding facility. Whether molding is “dedicated” or “custom”, the
tool cost is associated only with the part to be molded. There are ways to reduce the
cost of an injection mold for applications where part production volumes are rela-
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tively low and the tooling budget is limited. However, tooling short-cuts will generally
lead to trade-offs with respect to the tool’s durability or ability to maintain tight di-
mensional tolerances (for these low production applications). Note that while tool de-
sign is not the main focus of this text, the reader is directed to a number of helpful
texts on the subject of injection mold design [1-4]. Certain aspects of injection mold
tool design are discussed here, particularly where they involve mold features that
have a significant influence on injection molding process variables.

1.2 Material Considerations for the Injection Molding
Process

The focus of this text is on the injection molding process, beginning with raw material
selection and ending with the production of an in-specification injection molded part.
The overall concept associated with establishing a new injection molding process is
depicted in Figure 1.3. New consumer products that incorporate plastic components
are being developed every day. Many of these products are assemblies made up of
multiple components, some of which may be injection molded plastic parts. The de-
velopment process for new plastic parts can be a very complex task; it was discussed
in an earlier text entitled “Plastics Part Design for Injection Molding” [5]. This plastic
part development process involves defining the part’s end use requirements, engi-
neering design, material selection, prototyping, tool design and construction, and ulti-
mately injection molding (i. e., manufacturing).

The methodology of new product development can be managed in a variety of ways,
including the “over the wall” approach to development or by “concurrent enginee-
ring”. While the silo-like over the wall method of development is known to be ineffi-
cient, it is still relatively common. Concurrent engineering will generally reduce devel-
opment time, and lead to higher quality products because all groups within the
product development team have an opportunity to weigh-in on important design de-
cisions. Consulting with the injection molder is considered to be a very good practice
when developing a new plastic part that will ultimately be produced using the injec-
tion molding process. The molder can provide a perspective on molding issues that
could lead to part performance or cost concerns that may be overlooked by the part
designer.

Regardless of which methodology is used for the development of a new plastic part,
part production by injection molding will begin at some point. Process engineers will
need to develop an economical injection molding process that is capable of producing
the required quantity of high-quality plastic parts. Various aspects of this process en-
gineering task are discussed in this text. It is assumed that at this point of the new part
development process that the process engineer has a number of fixed and variable
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inputs. The fixed inputs are (i) the injection mold that has been built, (ii) the plastic
material formulation that has been selected, and (iii) the molded part specifications
(e.g., dimensional requirements), whichhave all been defined.
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Figure 1.3 Process engineers are routinely given the task establishing a production
injection molding process for a new material and new mold. They must first determine
what type of molding machinery is most suitable for the new application and then
develop a set of molding process parameters that will result in injection molded parts
of acceptable quality.

Given these fixed inputs, the process engineer must then:

= Determine what type of injection molding machinery and auxiliary equipment is
most suitable for production with the specific material formulation and injection
mold to be used. Injection molding machinery is the focus of Chapter 2.

= The process engineer must then procure, acquire or locate suitable production
machinery and schedule time for qualification trials and eventual production
runs. Ideally, new, perfectly matched injection molding equipment would be spec-
ified and purchased for every new molding application. However, in most cases,
process engineers must select from existing and available injection molding ma-
chinery. The key here is to select molding machinery that is the most appropriate
for this new application. Some amount of machinery modification is typically re-
quired when new materials and injection molds are put into production (e.g.,
molding machine nozzle tips, end of arm tooling)
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= The process engineer must also establish a production process for the new appli-
cation. Every injection molding process parameter must be established. The goal is
to establish process conditions that result in the production of high-quality molded
parts (i. e, parts that meet the end use specifications) while keeping the molding
cycle time as short as possible. The methods and concepts used to determine mold-
ing process parameters are discussed in Chapter 3 of this text.

There are many factors to consider when the process engineer is given the task out-
lined above. It is my opinion that learning as much as possible about the plastic mate-
rial to be molded is the logical starting point. There are so many things about the
plastic to be molded that will influence both the machinery selection and the injection
molding process parameter settings. For example, if the plastic material is hygro-
scopic, it will need to be pre-dried. If the plastic material formulation contains abra-
sive or corrosive additives, appropriate injection molding machine metallurgy will be
required. Different types of plastic may require different plasticizing screw geome-
tries or nozzle tip designs. The list of possible material-machine interactions goes on
and on. The sections that follow in this chapter are all plastic material related; they
have been included because they all have the potential to influence some aspects of
the injection molding process or molding equipment requirements. Having a com-
plete understanding of a plastic’s processing characteristics and material behavior
will help guide a process engineer with decisions when establishing a new injection
molding process.

1.3 Thermoplastic Material Nomenclature

Historically, the term “plastic” was used only as an adjective. The term is derived from
the Greek word “plastikos” meaning something (a material) that is capable of being
shaped or molded. As an adjective, the term plastic is essentially the opposite of elastic
in the context of material behavior. Elastic deformation is described as being fully and
instantly recoverable when an applied stress is removed from a deformed object,
while plastic deformation is NOT recoverable. It was not until 1927 that the term plas-
tic first appeared as a noun in that year’s version of the Century Dictionary and Cyclo-
dpedia. In that reference, plastic, as a noun, was defined as “A natural or synthetic
(normally) organic polymer that can be formed into a desired shape when heated and
then set into a solid or a more rigid state.”

Plastic: This noun was and is still used to describe these versatile materials that are
very widely used to manufacture all kinds of consumer products that we use in our
daily lives. Plastics have been described as the most versatile materials on earth. They
can be flexible or rigid. They can be opaque, translucent or transparent. Most plastics
have excellent electrical insulating properties complimenting the electrical conduc-
tivity of metals for the manufacture of electronic devices (that require both electri-
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cally conductive and insulating components). Plastics are available in a variety of
forms including liquids for coatings, paints and adhesives, or as solids for the injec-
tion molded products that are the focus of this text. This text also focuses on the injec-
tion molding of thermoplastics, which are materials that soften when heated and so-
lidify upon cooling. This text does not focus on the molding of thermosetting plastics
(or thermosets), such as a phenolic. Thermosetting plastics are based on polymers
that solidify as a result of an irreversible crosslinking chemical reaction. Most ther-
moplastics are available as grades that can be processed by injection molding. Some
thermosetting plastics can be injection molded, but most thermosetting materials are
processed using other manufacturing processes, such as compression molding or
transfer molding.

The thermoplastics that are used in the injection molding industry are sometimes
sub-categorized as being either:

= Commodity thermoplastics
= Engineering thermoplastics

= High-performance thermoplastics

Commodity thermoplastics, such as polystyrene (PS), are high volume, lower cost ma-
terials with general purpose properties. Engineering thermoplastics, like polycarbon-
ate (PC), are medium volume, higher cost materials that exhibit improved mechanical
performance and temperature capabilities compared to commodity thermoplastics.
High performance thermoplastics, such as polyether imide (PEI), are lower volume,
higher cost special-purpose materials that offer even better performance. High per-
formance thermoplastics are sometimes referred to as “super engineering thermo-
plastics”.

While the term “plastic” is very widely used in general materials engineering prac-
tice, there are a number of other material descriptors, phrases or terms that are
sometimes used instead. These terms may have different meanings to different peo-
ple, but they are listed and described here based on my interpretation and under-
standing of these terms.

Plastic material: The more descriptive term “plastic material” is also commonly used
as synonym for the noun plastic.

Plastics: It is common to see an “s” added to the noun plastic. Some consider the
terms plastic and plastics to be completely interchangeable. Dictionaries state that the
term plastics is the plural of the noun plastic. ABS is a plastic (noun), while ABS and
HDPE are both plastics (plural noun).

Polymer: The term polymer is also very common in material science. A polymer (or
high polymer) is a large, usually chain-like molecule made up of many (poly) parts
(mers). Fundamentally, all plastics are polymers, but not all polymers are plastics. For
example, DNA, proteins, (unmodified) natural rubber; and cellulose are all polymers,
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but are not considered to be “plastics” since they canNOT be formed into a desired
shape when heated and then set into a solid or a more rigid state. Polyethylene is both
a polymer and a plastic. Polyethylene is a polymer because it is a long chain-like mol-
ecule. Polyethylene is considered to be a plastic (noun) since it can be melted, molded
and resolidified. The phrase “polymeric material” is synonymous with “polymer”.

Natural polymers: Polymers that exist as a naturally occurring materials are typi-
cally described as natural polymers. For example, cellulose (from cotton) is a natural
polymer, but it is not moldable and is therefore not considered to be a plastic or plas-
tic material. However, this natural polymer can be “chemically modified” and forti-
fied with additives to produce a moldable plastic material formulation, such as plasti-
cized cellulose nitrate (celluloid) or cellulose acetate. Celluloid is cellulose nitrate (i. e.,
a chemically modified cellulose) that contains camphor as a plasticizing additive.
Such chemically modified natural polymers are sometimes described as “semi-syn-
thetic” plastics.

Fully synthetic polymers: The vast majority of commercial plastic materials are
“fully synthetic” polymers. The first commercially successful fully synthetic plastic,
phenol formaldehyde, was commercialized in 1908. Most of these polymers do not
exist in nature and are synthesized by chemically reacting low molecular weight raw
materials, known as monomers or co-monomers. The monomers themselves, such as
the ethylene glycol co-monomer used to produce PET, can be derived from petro-
chemicals or from more renewable resources, such as agricultural products. While
there are only so many naturally occurring polymers, there are no limits as to the
number of fully synthetic polymer structures that can be produced. In some cases,
synthetic versions of naturally occurring polymers are produced to increase the ma-
terial supply, as in the case of synthetic rubber, since the natural supply is limited.

Organic vs. inorganic plastics: Almost all commercial plastics are organic materials,
having a carbon-based polymer backbone and other elements that determine the ma-
terial’s chemical structure and performance properties. Organic plastics may also
contain elements that include; hydrogen, nitrogen, oxygen, sulfur, chorine, bromine
and fluorine. Plastics that do not have a carbon-based backbone, such as silicone-based
plastic, are inorganic plastics.

Resin: The term resin is often used as a synonym for the noun plastic. For example,
the phrase “resin supplier” would be synonymous with “plastic material supplier” in
the context of the plastics industry. Dictionaries generally define resins as “natural
organic substances that are usually transparent or translucent and yellowish to brown,
that are formed especially in plant secretions” (which is not a definition of plastic ma-
terial). In some respects, the term resin as a synonym for plastic seems to be an older
(perhaps outdated) term that may trace its roots back to the invention of liquid phe-
nolics or other liquid plastics or plastic precursors, such as epoxy resins or unsatu-
rated polyester resins. That said, the term resin is still very widely used as a synonym
for the noun plastic.
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Rubbers and Elastomers: Rubbers and elastomers (or plastomers) are polymers that
exhibit good flexibility, extensibility and recovery. They can be naturally occurring or,
more commonly, fully synthetic. They can be thermosetting, as with vulcanized natu-
ral rubber, or thermoplastic, as in the case of a thermoplastic elastomer (TPE). There
seems to be general agreement that all rubbers and elastomers are flexible polymers.
These materials are considered by some to be flexible plastics, while others consider
that rubbers or elastomers are a separate category of polymers (i. e., they are thermo-
plastic or thermosetting elastomers, not plastics).

Composites: Dictionary definitions state that a composite material is a “combination
of two materials with different physical and chemical properties.” This is a very generic
term that can be used for many material combinations. In the plastics industry, the
term composite is commonly used to describe a material that consists of a polymer or
plastic matrix material strengthened by fibrous or fabric reinforcements. Composites
that are produced using a thermosetting plastics matrix material are often described
as advanced composites. Injection moldable composites, that are produced using a
thermoplastic matrix material and a reinforcement, such as glass fiber-reinforced ny-
lon 66, are more appropriately described as either short fiber, or long fiber-reinforced
thermoplastic composites.

1.4 The Four Plastic Material Pillars

The idea of using “Four Pillars” to describe the underlying dynamics of a subject area
or discipline has been seen in many instances. There are the Four Pillars of Life, the
Four Pillars of Happiness, the Four Pillars of Sustainability. This list goes on and on.
This four-pillar model also provides for a convenient and systematic method of de-
scribing four key attributes that are associated with every plastic material in exis-
tence. The four underlying pillars that are associated with all thermoplastic materials
are:

= Average chain length (i. e., average weight and molecular weight distribution).
= Repeating unit or chain link chemical structure.
= Morphology or chain arrangements.

= Additives that are incorporated into the thermoplastic matrix material.

Once a plastic material has been selected for a particular application, such as for an
injection molded plastic part, it is important that process engineers and molding tech-
nicians gain a thorough and fundamental understanding of how each of these pillars
affects the properties and processability of the plastic material formulation to be
molded. Each of these four pillars will have a significant effect on both the process-
ability and performance of the plastic material. The recommendation here is to re-
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search or learn as much as you possibly can about the selected plastic material prior
to injection molding, especially if the engineers and technicians do not have previous
experience of molding the plastic material. This type of information is available from
a variety of sources, including plastic material textbooks [6-8], but it is typically the
material supplier that can provide the most valuable plastic material information.
The four underlying pillars that influence the properties and processability of ther-
moplastic materials are discussed in more detail in the following sections.

1.4.1 Plastic Material Pillar #1: Average Polymer Chain Length

All thermoplastics are chain-like molecules having a far higher molecular weight
than non-polymeric materials. Most thermoplastics have linear, chain-like structures,
although some do have a branched structure with side chains that are distributed
over the length of the main backbone chain. The average length of these polymeric
chains is one of the four variables that will influence the polymer’s flow and physical
properties. While it can be difficult to generalize when discussing plastics, it is gener-
ally true that higher molecular weight thermoplastics exhibit superior performance
(in terms of, say, mechanical properties or chemical resistance) than their lower mo-
lecular weight counterparts (all other factors being equal).

Higher molecular weight materials exhibit improved performance for at least two
main reasons. First, longer molecular chain molecules have a tendency to exhibit a
greater degree of “entanglement”. A material having more entanglement tends to of-
fer greater resistance to an applied stress. Secondly, the intermolecular forces (the
forces between the chains) will also dictate a plastic’s performance. These electro-
static interactions, known as secondary chemical bonds (e.g., Van der Waals forces)
ensure resistance to applied stresses. The sum of these forces will be greater when the
polymer chains are longer, also helping to improve the material’s performance.

As an example, consider the linear polyethylene thermoplastic material depicted in
Figure 1.4. Material suppliers that produce polyethylene can create different polyeth-
ylene grades that have different chain lengths and branching types by controlling the
polymerization process variables and catalysts used to make the polyethylene. It
should also be noted here that, while material suppliers have a target chain length (or
molecular weight) for each material grade they produce, the result of any polymeriza-
tion process will be a thermoplastic having a statistical distribution of different chain
lengths. This is why it is common to describe a material’s molecular weight as a weight
average molecular weight or number average molecular weight value.

Figure 1.4 shows some examples of polyethylene applications for polyethylene grades
with different molecular weights. The candle is produced from a very short chain,
low molecular weight polyethylene. The candle material can be melted and cooled
and could be injection molded, but candle “wax”, as it is called, has very limited me-



