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The potential of molding markets of various countries depends on their tooling com-
petence and their production volume, and can be separated into what can be colloqui-
ally termed “all-stars”, “established”, “rookies”, and “rising stars”.

Currently China, the USA, Japan, South Korea, and Germany belong to the all-stars. 
These countries are characterized by a high tooling competence and a large produc-
tion volume. China is at the lower competence limit of the all-stars, but has by far the 
largest production volume. The USA is the second largest moldmaking market in the 
world and belongs to the top group for all examined tool categories in terms of pro-
duction as well as export and import volumes. Germany, Japan, and South Korea, and 
also Switzerland, which is not an all-star, have the highest moldmaking competence 
in the world. A large number of organizational and technological innovations in 
moldmaking have their origin here. They all have a very highly developed manufac-
turing industry and are known for their automotive industry. The importance of these 
three markets will continue in the foreseeable future, not just for the respective local 
industries, but also for the global procurement of highly complex tools. In 2020, the 
mold markets of the all-stars had a volume of over €22 billion for injection molds. All 
all-star markets are suitable for the procurement of complex, complete tools, with the 
market sizes allowing tool packages to be handled quickly in large volumes [1].

Just as the quality of injection molds continues to rise, so do the demands on the plas-
tic molded parts produced. In addition to the requirements for the design and surface 
of the plastic molded part, production also plays an essential role in the profile of 
 requirements. For this purpose, the injection molds must withstand more and more 
physical and chemical loads, be it through the use of abrasive or corrosion-promoting 
plastics, fillers, and reinforcing materials or additives, or also through technological 
requirements, such as achieving a certain flow path or the optical lamination of a 
weld line. Within the injection molding process, a wide variety of defects can occur on 
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the molded parts and the molds, which can be solved or minimized by the use of coat-
ings in the molds. 

This book summarizes the current state of science and technology in the field of coat-
ing technology. The selection of suitable coatings is always an interplay between the 
moldmaker, the manufacturer of the plastic molded parts, the customer of the plastic 
molded parts, and the coater, and we reflect this throughout the text.

1.1  Defect Patterns in Injection Molding

Gloss differences and tiger lines
The gloss of a molded part results from the fact that light shining on the molded part 
is reflected. The smoother and more uniform the surface of the molded part, the more 
uniformly the light is reflected and the greater the scattering angle of the reflected 
light. Structured surfaces in the mold, and also different representations of the 
molded part cavity by the plastic, lead to differences in the degree of gloss. In the 
area of cooling channels, ejectors, or wall thickness differences, gloss differences 
 often occur because of differences in the local mold wall temperature, which lead to a 
different representation accuracy of the mold wall compared to the surrounding 
molding cavity. Coatings also influence the gloss level. Due to the different properties 
and modes of action of the coatings, no generally valid statement can be made here 
[2].

“Tiger lines” are a special case in the occurrence of gloss differences. They occur 
mainly when blends or multiphase systems are used. Due to the different impression 
of the molding cavity by the respective phase, alternating gloss impressions occur, 
which lead to an optical stripe formation. The main causes of tiger line formation are 
partial crystallization of the surface layer under high shear stresses and differences 
in melt elasticity. The change of the flow front velocity can also support the occur-
rence of tiger lines [2].

Dull spots in the gate area
In the gate area, the polymer chains of the melt are strongly stretched and oriented. 
Since the melt freezes immediately at the mold wall, these strains and orientations 
cannot be reduced by relaxation. The areas of high orientation therefore have poor 
mechanical properties and are very susceptible to cracking. As the melt flows under 
the solidified layer, the layer cracks, allowing the melt to flow into the cracks and 
 re-solidify on the mold wall. Micro-notches are formed, which lead to a strongly scat-
tered light reflection in the area of the gate [2].
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Weld lines
When several flow fronts meet in the cavity, a weld line is formed. When they meet, 
the flow fronts are flattened, partially intermix, and stick together, forming a notch 
at the mold wall. In the case of structured surfaces, additional gloss differences can 
occur, resulting in optical and mechanical defects [2].

Demolding grooves
Demolding grooves occur during ejection of the molded part. Particularly with struc-
tured surfaces and moldings with large lateral surfaces, the demolding force increases 
sharply. Due to the structuring or the surface roughness, which lies on the side sur-
faces transverse to the direction of demolding, microscopic undercuts are formed, 
which can lead to demolding grooves [2].

Sonic plate effect 
Sonic plate effects occur primarily with high-viscosity plastic melts in combination 
with a low injection speed. During injection, the surface layer behind the flow front 
solidifies. At the same time, the flow front area close to the wall also cools, making it 
more difficult for the melt to flow in the direction of the mold wall. The hot melt flow-
ing towards the mold therefore cannot be conveyed as far as the flow front and con-
tact the mold wall. Instead, it causes expansion within the flow channel. When the 
pressure increases, the flow front comes into contact with the mold wall again. How-
ever, since these areas of the flow front are strongly cooled, no complete contact with 
the mold wall can be formed [2].

Rough surface due to plaque formation 
Plastics such as POM, PP, ABS, PC, PET, and PBT tend to form plaques. In addition, 
 increased plaque formation can be observed when flame retardants, UV absorbers, 
and colorants or lubricants are used. When using additives, the formation of plaque is 
often due to a mixing incompatibility between the polymer and the additive. In some 
cases, the use of additives also promotes chemical reactions within the polymer or 
oxidative degradation of the polymer chains [2].

On the other hand, an unfavorable mold design or process control can support the 
formation of plaque. Especially in case of a long dwell time or high shear of the poly-
mer melt, plaque formation in the mold cavity can occur. Poor mold venting can pre-
vent the air and outgassing from the plastic melt from escaping from the mold cavity. 
The use of lubricants and release agents also leads to the formation of plaque [2].
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Deformation during demolding
During demolding, forces are applied to the plastic part by the demolding system. The 
plastic molded part can be deformed by this demolding force, which is why the 
 demolding force must be kept small. Shrinkage has a direct effect on the demolding 
force and can be favorably influenced by the process. In parallel, various plastics tend 
to adhere to metallic surfaces, which leads to a significant increase in the demolding 
force. The use of variothermal process control can also lead to an increase in the 
 demolding force, especially with semi-crystalline plastics, since the mold cavity can 
be formed in greater detail by the plastic melt [2].

Ejector marks and white cracks 
In addition to gloss differences in the area of ejectors, visible marks can also be caused 
by the ejectors in the molded part. These can have various causes, such as incorrect 
fitting of the length of the ejector pins or an incorrect dimensioning of the demolding 
system. On the process side, high demolding forces or an early demolding, or also 
high temperature differences within the mold or between the mold and the ejector, 
can lead to ejector marks [2].

White cracks occur when a maximum permissible material-dependent deformation 
is exceeded, and arise because they reduce the stresses that have been introduced. 
White cracks frequently occur during demolding under residual pressure or in the 
area of ejectors. In this case, the outer layers of the molded part are stretched by the 
inner layers [2].

Incompletely filled molded parts 
In the case of an incompletely filled molded part, the cavity is not completely filled. 
There can be various reasons for this. In addition to insufficient dosing volume and 
venting difficulties, the injection pressure is often insufficient, or the flow path length 
is too high, so that the plastic melt freezes before it reaches the end of the flow path 
[2].

1.2  Preparation of a Specification Sheet and Functional 
Specification Sheets

In the product development environment, a three-stage development and documen-
tation process consisting of the specification sheet, the functional specification sheet, 
and the requirements list has become widely accepted. Table 1.1 describes the pur-
pose, contents, and boundaries of the documents [3–5].
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The specification sheet is first prepared by the client and describes all requirements 
and constraints from the client’s point of view. It serves as the basis for the invitation 
to tender and the offer. 

The functional specification sheet is prepared by the supplier. It contains the speci-
fication sheet and describes the customer specifications with the corresponding 
 requirements and how they are to be processed and solved. 

The requirements list contains a systematic compilation of all data and information. 
It is written by the developer and is used for exact clarification of the task. After the 
approval by the client, the functional specification and the requirements list are bind-
ing documents [3–5].

Table 1.1 The Various Documents for Task Clarification [4]

Specification sheet Functional  specification 
sheet 

Requirements list

Definition The scope of supply and 
services, based on the 
customer’s requirement

A summary of all 
requirements

A compilation of data 
and information needed 
for product develop-
ment

Author Customer Supplier Designer/Developer

Task Definition of what is to 
be solved, and for what 
purpose

Definition of how this 
is to be done, and the 
corresponding require-
ments

Definition of purpose 
and properties of 
requirements

Remark The specification sheet 
contains all require-
ments and boundary 
conditions

The functional specifica-
tion sheet contains the 
specification sheet with 
the summary of the 
requirements

The requirements list 
corresponds to an 
extended requirements 
specification

This procedure can also be transferred to the development of coatings, whereby the 
questions that arise from the various necessary individual aspects (including the 
molded part to be manufactured later, the component to be coated, and the subse-
quent manufacturing process) must be defined and answered. This results in the 
 basic structure of the specifications for the selection and development of a suitable 
coating process:

 ◾ Requirements for the molded part

 ◾ Part geometry
 ◾ Part surface and relevant surfaces
 ◾ Plastic used.
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 ◾ Requirements for the mold

 ◾ Tool material to be coated
 ◾ Surface to be coated (roughness, texture, etc.)
 ◾ Coating technologies to be considered
 ◾ Principle development of the coating.

 ◾ Requirements for the functionality of the coating

 ◾ Targeted injection molding parameters
 ◾ Methods for mold cleaning
 ◾ System-specific specifications and restrictions.

 ◾ Functional tests

 ◾ Measurement and characterization methods
 ◾ Tests to check the layer quality and layer adhesion
 ◾ Application in the production tool
 ◾ Efficiency tests.

From this basic structure, the methodology for developing the coatings is developed 
according to Figure 1.1. First, possible deposition processes are simulated in order to 
be able to estimate the process window and the position of the component to be 
coated in the reactor. In the second step, the actual coating is carried out. In addition 
to the component to be coated, metal coins are always positioned at various points in 
the reactor. The subsequent tests are carried out on these coins in order not to dam-
age the component. Here, the coating thickness is analyzed. The structure of multi-
layer coatings, the presence of coating defects, and the adhesion of the coating to the 
substrate or the hardness of the coating can also be examined at this point. An evalu-
ation of the coating surface is also possible. Depending on the purpose of the applied 
coating, further investigations are carried out to examine the properties of the coat-
ing and ensure its suitability with regard to the requirements defined in the specifica-
tion sheet and the requirements list. However, the practical suitability of the coating 
must then always be determined in a real application. In this case, the coatings are 
analyzed in their original condition and then again after the coating has been applied, 
in order to be able to characterize any abrasion or damage to the coating.
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Figure 1.1 Procedure for the development of coatings (Image source: Non-profit 
KIMW Forschungs-GmbH)
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2 Tool Steels and Their 
Coatability
Markus Pothmann

2.1  Introduction

2.1.1   Definition of Tool Steels

Tool steels are a group of high-strength, highly wear-resistant steels specifically de-
signed for use in the manufacture of molds, tools, and other components that are 
subject to repeated impact, abrasion, and high loads. These steels typically have high 
hardness, toughness, and resistance to deformation, making them ideal for use in 
 applications that require high precision and long tool life.

The specific properties of tool steels are achieved through careful alloying and heat 
treatment. Alloying elements such as tungsten, molybdenum, chromium, and vana-
dium are added to the steel to improve its strength, wear resistance, and other impor-
tant properties. The exact combination of these elements varies depending on the 
specific requirements of the tool to be produced.

Tool steels are typically divided into several categories based on their specific proper-
ties and intended use. For example, high-speed steels are designed for use in high-
speed machining applications, while cold work steels are designed for use in applica-
tions where the tool is exposed to extremely low temperatures. Other categories of 
tool steels include hot work steels, steels for plastic injection molds, and impact resis-
tant steels.

The high strength and wear resistance of tool steels make them an ideal material 
for use in a variety of industrial applications, including injection molding. However, 
selecting the appropriate tool steel for a particular application can be a complex pro-
cess that requires careful consideration of factors such as the type of plastic to be 
molded, the desired surface finish, and the required tool life.
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2.1.2   Development of Tool Steels

The development of tool steels has been driven by the need to improve the per-
formance and durability of tools used in various industrial applications. Over time, 
advances in metallurgy, heat treatment, and manufacturing techniques have led to 
the creation of a wide range of tool steels with different properties and characteris-
tics.

An important milestone in the development of tool steels was the invention of cruci-
ble steel in the middle of the 19th  century. This new type of steel was produced by 
melting iron and adding various alloying elements to achieve a more homogeneous 
and consistent material. It was also possible to produce larger quantities of crucible 
steel than other types of steel, making it more accessible to manufacturers.

In the late 19th  and early 20th  centuries, new alloying elements were added to tool 
steels, including tungsten, molybdenum, chromium, and vanadium. These elements 
significantly improved the strength, toughness, and wear resistance of tool steels, 
making them more suitable for demanding industrial applications.

During the Second World War, the demand for tool steels increased dramatically, as 
they were used extensively in the manufacture of military equipment. This led to fur-
ther advances in tool steel technology, including the development of high-speed steels 
that could withstand the high temperatures generated by high-speed machining.

Today, tool steels remain an important material for a variety of industrial applica-
tions, including injection molding. Technological advances continue to push the 
boundaries of what is possible with tool steels, and new materials and manufacturing 
techniques are constantly being developed to improve their performance and reli-
ability.

2.1.3   Types of Tool Steels

Tool steels are classified into different types based on their properties and intended 
use. The classification is typically based on the alloying elements and heat treatment 
required to achieve certain properties.

Carbon tool steels
Carbon tool steels such as C75 or C100S are the oldest and simplest type of tool steel. 
They have a carbon content of 0.6% to 1.5%. These steels are inexpensive and easy to 
heat-treat, making them ideal for small tools that do not require high precision. Car-
bon tool steels are commonly used for chisels, knives, and hand tools.
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High-speed steels
High-speed steels are designed for high-speed machining applications where the cut-
ting speed exceeds 50 m/min. They contain tungsten, molybdenum, and vanadium as 
alloying elements. These steels have a high degree of hardness, wear resistance, and 
toughness, making them ideal for cutting and drilling tools. High-speed steels are 
commonly used for cutting tools in the automotive, aerospace, and medical indus-
tries.

Impact-resistant tool steels
Impact-resistant tool steels such as 1.2714 or 1.2355 are designed to withstand impact 
loads. They contain chromium, molybdenum, and vanadium as alloying elements. 
These steels are used for applications that require high toughness and resistance to 
cracking, such as cold chisels, hammers, and other hand-held tools.

Hot-work steels
Hot-work steels such as 1.2343 or 1.2344 are designed for use in high-temperature 
 applications where the tool is exposed to high stress and wear. They contain tungsten, 
molybdenum, and chromium as alloying elements. These steels have a high degree of 
toughness, wear resistance, and thermal stability, making them ideal for use in forg-
ing tools, extrusion dies, and other hot work applications.

Cold-work steels
Cold-work steels such as 1.2379 or 1.2510 are designed for use in cold-work applica-
tions where the tool is exposed to high stress and wear. They contain tungsten, molyb-
denum, and vanadium as alloying elements. These steels have a high degree of hard-
ness, toughness, and wear resistance, which makes them ideal for use in punching 
tools and other cold-work applications.

Plastic mold steels
Plastic mold steels such as 1.2311 or 1.2738 are intended for use in injection molding 
and other plastic molds. They contain chromium, molybdenum, and vanadium as 
 alloying elements. These steels have a high degree of hardness, wear resistance, and 
thermal conductivity, which makes them ideal for use in plastic molding applications.

High-strength low-alloy (HSLA) tool steels
HSLA tool steels such as S700MC are designed for use in high-strength applications 
where the tool is exposed to high stress and wear. They contain molybdenum, chro-
mium, and vanadium as alloying elements. These steels have a high degree of hard-
ness, toughness, and wear resistance, which makes them ideal for use in highly 
stressed applications such as gears and shafts [1].
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Powder metallurgical tool steels
Powder metallurgical tool steels are produced by mixing and pressing fine metal 
powders, which are then sintered at high temperatures. These steels have a high  degree 
of density, toughness, and wear resistance, making them ideal for use in heavy- duty 
applications such as cutting tools, dies, and other precision components.

High-alloy tool steels
High-alloy tool steels such as 1.3247 are designed for use in applications that require 
high strength and wear resistance. They contain a high proportion of alloying ele-
ments such as tungsten and molybdenum.

2.2  Injection Molding Tool Steels

2.2.1  Introduction

Injection molding is a manufacturing process used to produce a wide range of molded 
plastic parts and products. In injection molding, plastic pellets or granules are melted 
and injected into a mold cavity where they cool and solidify to form the desired 
molded part. Injection molding is a highly efficient and cost-effective process, making 
it one of the most popular methods for producing molded plastic parts.

Injection molds are a critical component of the injection molding process. The tools 
must be designed and manufactured to withstand the stresses of the molding process. 
Injection molding tool steels are specifically designed for use in injection molds and 
must have a unique combination of properties to withstand the stresses of the mold-
ing process.

Tool steels are a group of high-strength steels used for cutting, forming, and shaping 
materials. They are known for their high hardness, wear resistance, and toughness. 
Injection molding tool steels must have similar properties to standard tool steels, but 
must also have specific properties to withstand the high pressures, temperatures, and 
abrasion associated with the injection molding process.

The properties of injection molding tool steels are influenced by their composition, 
microstructure, and heat treatment. The composition of the steel is crucial for deter-
mining its mechanical properties, including hardness, toughness, and wear resis-
tance. The microstructure of the steel, which is influenced by the heat treatment pro-
cess, plays a crucial role in determining the mechanical properties of the steel.

Selecting the appropriate injection molding tool steel for a particular application is 
critical to the success of the molding process. Factors to consider when selecting a tool 
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steel include the type of plastic to be molded, the expected production volume, and 
the expected tool life.

In summary, injection molding tool steels are a critical component of the injection 
molding process. They must be carefully selected to ensure that they have the neces-
sary properties to withstand the stresses of the molding process. The specific proper-
ties of injection molding tool steels and their influence on suitability for different 
 applications are discussed in more detail in the next section.

2.2.2   Properties of Injection Molding Tool Steels

Injection molding tool steels are selected for their ability to withstand the stresses of 
the injection molding process. They must have certain properties to ensure that they 
can withstand the high pressure, high temperature, and abrasion associated with the 
injection molding process. This section discusses the important properties of injection 
molding tool steels and how these affect their suitability for use in injection molding.

Hardness
The hardness of injection molding tool steels is an important property that deter-
mines their resistance to wear and deformation. The harder the tool steel, the more 
resistant it is to wear and deformation under high-pressure molding conditions. How-
ever, the toughness of the tool steel decreases with increasing hardness. In order for 
the tool steel to withstand the stresses of the forming process, a balance must be 
found between hardness and toughness.

Toughness
Toughness is the ability of a material to resist cracking or breaking under conditions 
of high stress. During injection molding, tool steels are subjected to high stresses, and 
must have a high toughness to prevent cracks or fractures. Toughness is influenced by 
the microstructure of the tool steel as well as its alloying elements and heat treatment.

Wear resistance
Injection molding tool steels must have a high wear resistance to prevent damage of 
the tool surface. Wear resistance is influenced by the hardness of the tool steel as well 
as its microstructure and alloying elements. Tool steels with high wear resistance are 
typically used in applications where the tool surface is exposed to a high degree of 
abrasion, such as in the production of abrasive materials or parts with rough sur-
faces.
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Corrosion resistance
Corrosion resistance is an important property for tool steels used in injection mold-
ing, as the injection molding process can be corrosive. Tool steels with high corrosion 
resistance are typically used in applications where the tool is exposed to corrosive 
materials or environments. The corrosion resistance of tool steels is influenced by 
their alloying elements, particularly chromium and molybdenum.

Thermal conductivity
The thermal conductivity of injection molding tool steels is important to maintain a 
uniform temperature throughout the mold. Tool steels with high thermal conductiv-
ity are better able to dissipate heat from the molded part surface, reducing the risk of 
hot spots and improving the overall quality of molded parts. The thermal conductivity 
of tool steels is influenced by their alloying elements, particularly copper and nickel.

Machinability
Machinability is an important property for injection molding tool steels, as they need 
to be machined to form the complex shapes required for injection molding. Tool steels 
with good machinability are easier to machine and result in less wear on the cutting 
tools. Machinability is influenced by the microstructure of the tool steel as well as its 
alloying elements and heat treatment [2].

In summary, the properties of injection molding tool steels play a critical role in deter-
mining their suitability for various applications. The properties discussed in this sec-
tion, including hardness, toughness, wear resistance, corrosion resistance, thermal 
conductivity and machinability, must be carefully considered when selecting a tool 
steel for injection molding. The next section will introduce the different types of tool 
steels and their specific properties that are commonly used in injection molding.

2.2.3   Composition of Injection Molding Tool Steels

Injection molding tool steels such as 1.2344 or 1.2311 are high-performance materials 
that can withstand the extreme conditions of the injection molding process. These 
steels are specially formulated to provide excellent strength, toughness, wear resis-
tance, and thermal stability, to ensure a long life and consistent performance of the 
injection mold. The composition of injection molding tool steels plays a crucial role in 
determining their properties and suitability for various applications. This chapter 
presents the different types of tool steels used in injection molding, and their compo-
sitions.
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Low-alloy tool steels
Low-alloy tool steels are often used in the manufacture of injection molds due to their 
excellent combination of toughness and wear resistance. These tool steels contain a 
low percentage of alloying elements, typically less than 5%, including chromium, 
 molybdenum, and vanadium. The carbon content in these tool steels is between 0.3% 
and 0.6%, and they are often heat-treated to achieve the desired properties.

High-alloy tool steels
High-alloy tool steels are designed to provide exceptional wear resistance, toughness, 
and corrosion resistance. These tool steels contain a higher proportion of alloying ele-
ments than low-alloy tool steels, often over 5%. Chromium, molybdenum, vanadium, 
and tungsten are commonly used alloying elements in high-alloy tool steels. The car-
bon content in high-alloy tool steels is between 0.7% and 1.5%, and they are typically 
heat-treated to achieve the desired properties.

High-speed steels
High-speed steels are used to manufacture injection molds that require high cutting 
speeds and temperatures, such as those used for processing thermoset plastics. These 
tool steels typically contain high levels of carbon, tungsten, molybdenum, and chro-
mium. The high carbon content in high-speed steels ranges from 0.8% to 1.5%, while 
the alloying elements are typically present in quantities of 7% to 20%. High-speed 
steels are heat-treated to achieve the desired properties, including high hardness, 
wear resistance, and toughness.

Hot-work tool steels
Hot-work tool steels are designed to withstand the high temperatures and pressures 
of injection molding. These tool steels typically contain a high percentage of chro-
mium, molybdenum, and vanadium, as well as other alloying elements such as tung-
sten, cobalt, and nickel. The carbon content in hot work tool steels is between 0.4% 
and 1.4%, and they are heat-treated to achieve the desired properties, including high 
hardness, toughness, and thermal stability.

Cold-work steels
Cold-work tool steels are used to manufacture injection molds that require high wear 
resistance, toughness, and dimensional stability. These tool steels typically contain a 
small percentage of alloying elements, including chromium, molybdenum, vanadium, 
and tungsten. The carbon content in cold work tool steels is between 0.5% and 1.5%, 
and they are often heat treated to achieve their desired properties.
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Maraging tool steels
Maraging tool steels are high-strength, low-alloy steels that are commonly used in the 
manufacture of injection molds. These tool steels contain a small percentage of car-
bon, typically less than 0.03%, and a high percentage of nickel, cobalt, and molybde-
num. Maraging tool steels are heat-treated to achieve their desired properties, which 
include high strength, toughness, and wear resistance.

Powder metallurgical tool steels
Powder metallurgical tool steels are produced by a process in which powdered tool 
steel is mixed with a binder and the mixture is then compacted into a desired shape. 
These tool steels offer excellent wear resistance, toughness, and dimensional stability, 
making them ideal for use in injection molds. Powder metallurgical tool steels typi-
cally contain high levels of alloying elements such as chromium, molybdenum, and 
vanadium, and their carbon content ranges from 0.4% to 2.5%. They are heat-treated 
to achieve their desired properties.

Stainless steels
Stainless steels are a group of corrosion-resistant steels that are commonly used in 
the manufacture of injection molds. These tool steels contain at least 10.5%  chro-
mium, which provides excellent corrosion resistance. They also contain varying 
amounts of other alloying elements such as nickel and molybdenum, which can im-
prove their mechanical properties. Stainless steels are available in several different 
grades, each with their own unique combination of properties, and they are often 
heat-treated to improve their strength and toughness.

Specialized tool steels
In addition to the tool steels already discussed, there are also several specialized 
tool steels that are used in injection molding. These include high-strength tool steels, 
impact-resistant tool steels, and wear-resistant tool steels. These tool steels are formu-
lated to meet specific requirements of the injection molding process, such as the abil-
ity to withstand high impact forces, or resist wear and abrasion.

In summary, the composition of injection molding tool steels plays a decisive role in 
determining their properties and suitability for various applications. Tool steels can 
vary greatly in terms of their alloying elements, carbon content, and heat treatment. 
Therefore, it is important to select the right tool steel for the specific requirements of 
the injection molding process. In the next section, the heat treatment process used to 
improve the properties of injection molding tool steels is presented [3].
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2.2.4   Heat Treatment of Injection Molding Tool Steels

Heat treatment (see Figure 2.1) is a crucial step in the manufacturing process of injec-
tion molding tool steels. Proper heat treatment can significantly improve the mechan-
ical properties of the tool steel, including its hardness, toughness, and wear resis-
tance. The heat treatment process typically includes the following steps:

Figure 2.1 Heat treatment of steels (Image based on [4])

Annealing
During annealing, the tool steel is heated to a certain temperature and held there for 
a certain period of time before it is slowly cooled down. This process is used to relieve 
internal stresses in the tool steel and improve its machinability. Annealing also makes 
the tool steel softer and more ductile, which can be an advantage in certain applica-
tions.

Hardening
During hardening, the tool steel is heated to a high temperature and then quickly 
cooled to room temperature. This process forms a hard, wear-resistant surface layer 
on the tool steel while retaining a relatively soft and tough interior. Hardening can be 
carried out using various techniques, such as oil quenching, water quenching, or air 
cooling, depending on the composition and desired properties of the tool steel.

Tempering
Tempering is the reheating of the hardened tool steel to a certain temperature and 
subsequent cooling to room temperature. This process reduces the hardness and brit-
tleness of the tool steel, and at the same time improves its toughness and ductility. 
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Symbols
3D capability 54 
3D conformity 92 
3-omega 209 

A
abrasion 240, 246, 259 
 – comparison value 240 
 – comparison values 259 

abrasion resistance 242 
absorption 152, 153 
 – intrinsic 157 

absorption bands 157 
absorption coefficients 167 
absorption pattern 157 
acceleration voltage 112, 116 
AC circuit 177 
acetone equivalents 229 
acetylacetonate 51 
adatom 40, 42 
additives 309 
adhesion 256, 305 
 – assessment 249, 258 
 – mechanical 305 
 – of coatings 250 
 – specific 305 

adhesion forces
 – physical 306 

adhesion mechanisms 42 
adhesion torque 308 
adhesive bond 332 
adhesive forces 304 
adhesive strength 274 
admittance 180 
adsorption 224 
alternating current 175 
angle of inclination 304 
anions 175 
annealing 17 
anode 29, 66, 168, 270 
 – sacrificial 272 

aperture
 – numerical 110 

areas
 – flat 59 
 – internal 58 

aspect ratio 54, 255 
atomic force microscopy 172 
atomic number 115 
ATR crystal 162 
ATR-FTIR-spectroscopy 161 
attenuated total reflection 161 
Avogadro constant 167 
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chemical strategies in material 
 synthesis 72 

chemical vapor deposition 48 
 – metalorganische 48 
 – plasma-based 65 
 – solid-based 58 

chemosynthesis 58 
chromatogram 232 
cleaning pinion 63 
clumping 62 
coatable materials 35 
coating
 – adhesion 48 
 – combination of individual layers 46 
 – galvanic 273 
 – graded 46 
 – growth 38 
 – guidelines 36 
 – hardness 256 
 – nanolayer 46 
 – protective 175 
 – single-layer 46 
 – structure 58 
 – suitability of the component 35 
 – thickness 55, 256 

coating adhesion 252, 258 
coating characterization 103 
coating-compatible design 35 
coating components 170 
coating failure 277, 278 
coating growth 49 
coatings 262 
 – corrosion-protective 270 
 – dispersion 265 
 – DLC 67 
 – functional 256 
 – galvanic 263 
 – hard 67 
 – heating 330 
 – hybrid 267 
 – individual 200 
 – thermal diffusivity 206 
 – tribological 261 
 – wear protection 261 

B
background spectrum 162 
Beer–Lambert law 166 
binding energy 167, 306
blue embrittlement 301 
Bode diagram 181, 183 
bonds
 – covalent 45, 163 
 – ionic 45 
 – metallic 45, 163 
 – physical 45 

bonds in polymers 156, 159 
breakaway force 215 
Brinell 189 
BSE 112 
BSE sensor 120 
bubbler 60 
bubbling temperature 60 
bulging 201 
bulk material synthese 80 
by-products 70 
 – corrosive 82 

C
calibration 323 
calibration standards 170 
calotte diameter 105 
capacitance 179 
capacitor 178, 181 
carrier gas 225, 226 
carrier gas stream 49 
catalyst 58 
cathode 29, 168, 270 
cations 175 
cavity pressure 313 
cavity pressure curve 314 
cavity surfaces 308 
cavity temperature curve 317 
cavity wall temperature 285 
center burst 148 
chalking 296 
charge build-up 119 
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 – tendency 272 
 – wet 270 

corrosion behavior 279 
corrosion products 273 
corrosion resistance 14, 175, 267,  

276 
corrosive waste products 273 
Coulomb’s law 228 
crack network 137 
cracks 252, 278 
crack structure 263 
crater grinding 258 
crater grinding method 103, 139 
creep properties 191 
cross-cut 249 
cross-cut test 250 
cross-section method 249, 252 
crystalline structures 43 
cube-corner-pyramide 192 
current density potential 

 measurement 274 
current response 177 
CVD 276, 279, 288, 308 
 – thermal 48 

CVD characteristics 58 
CVD reactor 93 
cycle time 206 

D
DC magnetron sputtering 323 
DC voltage 179 
de-Broglie wavelength 110 
decomposition 51 
decomposition temperature 82 
deformation 192, 252, 307
 – permanent 195 
 – plastic 199, 200 

deformation during demolding 4 
delamination 45 
delamination effects 249 
demands on materials 241 
demolding 304, 308, 316 
demolding angles 304 

coating structure 278, 288 
coating system 256, 275
 – multilayer 45 

coating thickness 38, 104, 171, 172, 184, 
273, 276, 279, 289 

coating time 61 
coefficient of friction 307 
coefficient of thermal expansion 287 
column 224 
 – chromatographic 224 

complexity 71 
composite values 202 
composition 165, 169 
Compton scattering 165 
concentration 171 
confocal measuring principle 130 
conicity 304 
constant-phase element 179 
contact depth 195, 197 
contact force 103 
contact surface 304 
contact temperature 207, 285 
contamination 308 
convection 49 
conveying rates 63 
conveying solids 62 
cooling system
 – of the mold 328 

corrosion 246, 270, 301, 308 
 – aqueous 174, 279 
 – cause of 272 
 – chemical 270 
 – crevice 271 
 – dry 270 
 – hot gas 271, 276, 301 
 – non-aqueous 273 
 – pitting 271 
 – problems 239 
 – process 175, 179 
 – protection 184, 272 
 – protection coatings 273 
 – resistance 181 
 – surface 271 
 – susceptibility to 276 
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electrochemical double layer 179, 181 
electrochemical impedance 

 spectroscopy 186, 275 
electrode 186 
electroless nickel 265, 273 
electroless nickel coatings 32 
electroless nickel plating 31 
 – principle 32 

electrolysis 29 
electrolyte 186, 270 
electrolytic deposition 29 
electromagnetic radiation 152 
electron beams 169 
electron impact 115 
electron reflectivity 115 
electrons 65, 167 
 – backscattered 112, 115, 120 
 – excess of 270 
 – lack of 270 
 – primary 113 
 – secondary 112, 113, 118 

electron shells 167 
electron transfer 174 
electron transitions 167 
electroplating 29 
elemental analyses 128 
element-by-element breakdown  

125 
emission measurement 236, 238 
emission molding tool 238 
emissions 223, 233, 234, 295 
 – recording 235 
 – recording tool 235 

energy distribution 114 
energy efficiency 330 
energy transfer 153 
enetration depth 105 
equations of state 93 
equivalent circuit diagram 182, 275
 – electrical 184 

etraethyl orthosilicate 52 
evaporation 39 
 – electron beam 39 
 – laser beam 39 

demolding behavior 302, 308 
demolding force 214, 215, 307 
 – during injection molding 214 

demolding process 216 
demolding temperature 309 
density 207 
deposition process 42 
deposition rate 59, 60 
deposition temperature 54, 275 
deposition time 59 
depth of field 113 
desorption 224 
dielectric strength 332 
diesel effect 301 
diffusion 49, 175, 271 
diffusion processes 180 
dispersion forces 306 
dispersion layers 33 
dispersoids 33 
disproportionation 58 
DLC coating 19 
dosing device 63 
double layer capacitance 181, 183
dull spots 2 
dynamic (sliding) friction 216 
dynamic temperature control 

 techniques 333 
dynamic temperature control 

 technology 283 
dynamic tempering processes 330 

E
EDX 116 
EDX sensor 123 
EDX spectrum 123, 126 
ejector marks 4 
ejectors 216, 308 
ejector system 214 
elastic deformation 190 
elastic work 199 
electrical heating conductors 331 
electrical passivation 323 
electrical resistance 175, 183, 209 
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friction behavior 33 
friction-increasing layers 33 
friction partners 215, 219 
friction reduction 262 
FTIR spectrometer 161 
FTIR spectroscopy 152 
FTIR spectrum 160 
functional groups 156 

G
galvanic element 270 
galvanic half-cell 270 
galvanic layers 28 
galvanizing 19 
galvanostat 186 
gap
 – inner wall 55 

gap mobility 54, 275 
gas chromatography 223, 234 
gas mixture 229 
gas velocity 96 
glass fibers 255 
glass transition temperature 207,  

287, 333 
gloss differences 2, 295, 302 
gloss level 240, 283, 289 
glow discharge 65 
gradual removal 240 
grain boundaries 271 
grain size 252 
grid pattern 250 
growth rates 38 

H
hard chrome plating 263 
hard coatings 255 
hardening 17 
hardness 13, 255, 259 
hardness impression 252 
hardness indentation test 259 
hardness measurement 259 
hardness test methods 189 

 – pressure 60 
 – temperature 39 

evaporator 49 
excitation potential 176 

F
Faraday cage 187 
fatigue 191 
fatigue processes 241 
file test 249, 252 
fillers
 – abrasive 255 

filling study 315 
filter elements 234 
finite elemente analysis 89 
flange temperature 299 
flow behavior 90, 290 
flow path 97, 206, 230 
flow path end 316 
flow path length 290 
fluorescence
 – exit depth 171 

fluorescence radiation 165 
foaming 300 
focal planes 131 
force-penetration depth 

 measurement 192 
force recovery curve 195 
force transducer 315 
Fourier transform technique 160 
fragment mass 227 
fragments 227 
Frank–van der Merwe model 43 
free-jet test rig 242 
freezing effects 299 
frequency 153 
frequency range 175, 184 
frequency response analyzer  

186 
friction 262 
 – behavior 266 
 – reduction of 262 

frictional force 307 
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inductors 178 
infrared range
 – mid 152 
 – near 152 
 – spectral 152 

infrared spectroscopy 152 
injection speed 282 
inlet temperature 206, 317, 327 
inorganic retrosynthesis 72 
insulation capacity 320 
intensity 168, 171 
intensity distribution 133, 138 
intensity pattern 148 
interaction
 – cross-section 166 

interactions 165 
interfaces 194 
interference
 – constructive 149 

interference pattern 148 
interferometer 147 
intermediate layers 46 
internal coating 54 
ionization process 228 
ion plating 42 
ions 65 
 – introduction of 42 

IR beam 161 
IR spectroscopy 155, 163 
IR spectrum
 – comparing 156 

K
kinetic energy 43 

L
laminar flow 94 
laser 148 
laser beam 130, 208 
laser microscopy 130 
lattice defects 44 
layer boundaries 46 

heat dissipation 325 
heat generation 332 
heating
 – close to the surface 331 

heating conductors 330 
heating elements 330 
heat penetration capacity 285 
heat penetration coefficient 207, 212 
heat supply 317 
heat transfer analysis 101 
heat treatment 17 
height differences 131, 144 
height mapping 150 
height profile 123 
Helmholtz layer 181 
high-frequency range 178 
high-gloss polishes 304 
high-gloss surface 309 
hydrogen bonds 306 
hydrogen embrittlement 30 

I
identifying the polymer 156 
imaging artifacts 113 
imaging fidelity 150 
impedance 177 
impedance spectroscopy 174 
 – electrochemical 174 

impedance spectrum 186 
imperfections 321 
impermeability
 – of the coating 272 

increment 132 
indentation
 – area 197 
 – modulus 197 

indentation hardness 195 
indentation size effect 194 
indentation work 199 
indenter 191, 203 
indenter geometry 196 
indicator elements 33 
indicator layers 33 
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metal corrosion 180 
metal lattice 45 
metal sample 187 
Michelson interferometer 147, 160 
micro-chipping 241 
micro-fracturing 241 
microphysical effects 194 
micro-plowing 241 
microstructure 194, 241, 274
microwave 66 
micro X-ray fluorescence analysis  

172 
mirror finish 217 
mixing elements 62 
mixtures of substances 223 
MOCVD 49, 275, 279, 288 
 – system 53 

modeling 89 
mold coatings 310 
molded parts
 – incompletely filled 4 

molding tool surfaces 260 
mold surface 216, 310, 330 
mold temperature 330 
mold wall 317, 325, 327 
mold wall temperature 206, 282, 309, 

313, 324, 327 
molecular properties 70 
molecular vibrations 153 
momentum transfer 40 
morphology 69 
MS signal intensities 237 
multi-component systems 72 
multi-layer 288 

N
nanoindentation 189 
nanotechnology 149 
Navier-Stokes equations 94 
nickel plating 264 
nitriding 18 
nucleus growth 43 
Nyquist diagram 181, 183 

layer deposition 48 
 – simulation 89 

layer growth 42 
layer growth rates 95 
layer thickness 166, 168, 277 
layer zone models 44 
LFC 52 
ligand fragments 73 
light intensity distribution 135 
light source 148 
light waves 147 
line measurement 146 
line spectrum 167 
liquid flow controllers 52 
loading rate 191 
low frequencies 186 
lubricants 297 

M
machinability 14 
maintenance 19 
mass attenuation coefficients 167 
mass flow controllers 52 
mass spectrometer 226 
mass spectrometry 223 
mass spectrum 226, 228, 229 
mass temperature 282, 298 
mass-to-charge ratio 228 
material
 – drying 231 
 – preparation 231 

material degradation 230 
material failure 247 
material hardness 241 
material identification 155 
material transport
 – within the reactor 59 

matrix material 33 
mean free path length 40 
measurement speed 151 
measuring section 144 
melt front 315 
melting temperature 287 
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plastic deformation 190 
plasticizing 231 
plasticizing parameters 299 
plastic properties 201 
plate-out effect 296 
plating bath 28 
polarization resistance 174, 184 
pop-in behavior 194 
pore filling 175 
pore resistance 184 
post-processor 89 
potentiostat 186 
powder
 – swirl of the 62 

powder particles 58 
precipitate 230 
precipitation process 296 
precursor 48, 52, 56, 58, 258, 287 
 – commercially available 74 
 – liquid 52 
 – molecular 68 
 – single-source 73 
 – solid 63 

pre-drying 231 
preparation 110 
preparation of the sample 117 
pre-processor 89 
pressure sensor 313 
pressure transducer 315 
pre-treatment
 – of the substrate 45 

primary intensity 167 
process emissions 232 
processing 231 
process parameters 77 
process pressure 54 
process temperature 59, 66 
product identification 33 
profile
 – topological 120 

pull-off or shear strength test 250 
purity 165 
PVD 38, 266, 276, 280, 288, 308 
 – process variants 38 

O

organic compounds 227 
organic molecules 163 
organic solvent 51 
overall image 132 
oxidation 332 
 – high-temperature 174 

oxidation reaction 175 
oxide layer 272 
oxygen content 272 

P

PACVD 66, 266 
pair formation 165 
part surface 282 
pendulum oscillations 154 
penetration creep 198 
penetration depth 189, 190, 195,  

198, 201, 202 
penetration hardness
 – of the coating 203 

penetration modulus
 – of the coating 202 

penetration relaxation 198 
penetration test 201 
permittivity 184 
phase shift 175, 178 
phase transformation 274, 284 
photoelectric effect 165 
photon 116, 166 
physical vapor deposition 38 
piezoelectric effect 315 
pinhole 320 
pinhole diaphragm 130 
plaque 163, 277, 295, 301 
 – direct reduction of 301 
 – formation 230, 237, 298, 309 
 – problems 237 

plaque formation 3, 296, 303 
plaque reduction 302 
plasma 65 
plasma nitriding 268 
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resonance frequency 153 
response dynamics 324 
retention time 225, 226, 232 
Rockwell 189 
Rockwell test 249, 251, 258 
roughness 144, 146, 150, 289 
 – of the substrate 44 

roughness change 246 
roughness depth 145 
roughness depth profile 252 
roughness measurement 140 
roughness value
 – average 145 

rough surface 3 
running test 249 

S
sample feeding 224 
sample preparation 156, 169 
sample surface 210 
sample thickness 169 
saturation
 – of the carrier gas 59 

scanning electron microscopy 110,  
276

scratching stick 250 
scratch test 249, 250, 251 
scratch tester 259 
screw feed 62 
screw size 299 
SE 112 
sealing point 315 
Seebeck effect 318 
selectivity 225 
SEM
 – low-vacuum 113 

sensitivity 151 
sensor characterization 323 
sensor inertia 314 
sensor layers 33 
separation behavior 225 
service life 262 
SE sensor 117 

PVD coating 18 
PVD coatings 332 
PVD technology 320 
pyrolysis 58 

Q
quality
 – of molded parts 333 

quantification of components  
159 

R
Randles circuit 181 
Rayleigh scattering 165 
reactants 68 
reaction
 – chemical 50 
 – products 58 
 – side 50 

reaction products 229, 273 
reactivity 70 
reactor 48 
 – cold-wall 48 
 – hot-wall 48, 53 

reactor temperature 58 
reactor type 52 
reference electrode 186 
reference point 319 
reflection of light 143 
reflective properties 149 
refractive index 110 
relaxation process 198 
release agents 297, 308 
REM 112 
removal rate 241 
requirements list 5 
residual moisture 297 
residual stress 256 
resistance
 – individual 176 
 – total 176 

resolution capacity 110, 144, 146 
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surface
 – resistively heated 331 
 – uniform coating 257 

surface condition 174 
surface defects 330 
surface disintegration 241 
surface energy 305 
surface geometry 273 
surface layer
 – frozen 290 

surface normal
 – of the coating 252 

surface profile 147 
surface quality 243, 316 
surface roughness 104, 120, 122, 194, 

201, 220, 245, 305, 307 
surface structure 136, 214, 255, 310 

T
target 40 
tear-off force 305 
temperature
 – increased 291 

temperature amplitude 210 
temperature change 211 
temperature curve 318 
temperature drop 211 
temperature equalization 211 
temperature fluctuations 252 
temperature measurements 328 
temperature sensor 313, 316, 319 
tempering 17, 231 
test force 190, 202 
thermal barrier coatings 38, 282, 284, 

289
thermal conductivity 14, 207, 209, 211, 

282, 289 
 – detectors 226 
 – of thin layers 208 

thermal desorption tubes 234, 235, 238 
thermal expansion 284 
thermal insulation coating 211 
thermally insulating materials 206 

shadow masks 321 
shape deviation 144 
shear force 215 
shear stress
 – main 201 

shrinkage 216 
sinking 201 
sliding integral 308 
small load Vickers tester 252 
softening temperature 283 
solid material 200 
solid particles 61 
solid precursor
 – transport 61 

solid-state laser 131 
solubility 43 
solution pressure 270 
solvent 52, 224, 233
solver 89 
solvothermal reactions 81 
sonic plate effect 3 
specification sheet 4, 5 
 – functional 4, 5 

specific heat capacity 207 
spectral range 152 
spectrometers 161 
spectrum
 – evaluation 163 

split ratios 224 
sputtering 40 
 – direct current 41 
 – high-frequency 41 
 – magnetron 41 

standard hydrogen electrode 186 
start-up behavior 327 
static friction 216 
strain modulus 197 
Stranski–Krastanov model 44 
stress profile 246 
structured surfaces 289 
sublimation pressure 43 
sublimation temperatures 77 
substrate 38, 106, 256 
substrate surface 49, 58, 67 
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trace analysis 160 
tribological conditions 219 
tribooxidation 261 

U
ull-off shear strength test 249 
ultra-variable pressure detector 118 
undercuts 54, 214, 255, 304, 307 
unevenness 144 
unloading rate 191 
UVD Sensor 118 

V
vacancy 167 
vacuum pump 50 
vapor deposition
 – chemical 255 
 – physical 255 

vaporization
 – by means of an arc 39 

vapor pressure 51, 70, 82 
 – equilibrium 61 
 – saturation 61 

ventilation 297 
venting 300 
 – options 301 

venting channel 235 
venting paths 300 
vibrational modes in the molecules  

154 
vibrational spectrum 158 
vibrations
 – deformation 154 
 – normal 154 
 – spreading 154 
 – tilting 154 
 – torsional 154 
 – valence 154, 157 

Vickers 189 
volatility 75, 76, 78 
Volmer-Weber model 44 
voltage excitation 275 

thermal properties 274 
thermal shock 249 
thermal shock resistance 284 
thermal shock test 252 
thermocouples 314, 317, 319, 321, 324 
thermodynamic adhesion theory 306 
thermoplastics
 – amorphous 314 
 – semi-crystalline 314 
 – thermocouple 320 

thin films
 – temperature-sensitive 318 

thin-film sensor 320, 327 
thin-film sensor technology 313 
three-electrode arrangement 186 
through-flow simulations 89 
tiger lines 2 
time-domain thermoreflectance 208 
time shift 176 
tip rounding 201 
tool steels 9 
 – carbon 10 
 – cold-work 11, 15 
 – high-alloy 12, 15 
 – high-speed 11, 15 
 – high-strength low-alloy (HSLA) 11 
 – hot-work 11, 15 
 – impact-resistant 11 
 – low-alloy 15 
 – maraging 16 
 – plastic mold 11 
 – powder metallurgical 12, 16 
 – specialized 16 
 – stainless 16 

topcoats 264 
topographical representation 134 
topography 137 
torque
 – adhesion 219 
 – adhesive 309 
 – friction 219 
 – frictional 309 
 – maximum 220 

toughness 13 



346 Index

weld lines 3, 282, 292, 330 
 – notches 283, 291 
 – strength 292 

white cracks 4 
white-light interferometer 245 
white light interferometry 143, 147 
working electrode 186, 187 

X
X-ray
 – analysis 165 
 – fluorescence analysis 165 

X-ray diffraction 172 
X-ray radiation 167, 168 
X-rays 112, 115, 165 
 – generating of 117 

XRF 165 
 – energy-dispersive 168 
 – wavelength-dispersive 168 

Z
Z levels 132 

W
wall thickness 245, 290 
Warburg impedance 180 
water absorption 180 
wavelength 153 
wavelength of the laser light 131 
waviness 144 
wear 246, 255, 260 
 – abrasive 261 
 – adhesive 261 
 – definition 240 
 – determination 245 
 – fatigue 261 

wear behavior 244 
wear inserts 244 
wear pot test rig 242 
wear protection coatings 38 
wear rate 108 
wear resistance 13, 107, 258, 263, 266 
wear signs 150 
wear test 141 
wear tests 240 
wear volume 107 


