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Process Industry = medium to large size production of chemical goods (oil refining, bulk chemical, 

pharmaceutical intermediates), metals and alloys or food products. 

Characteristics: produced in large volumes, mostly intermediate products made by using unit 

operations. 

Product Technology: 
 Product: result of an activity or of a number of activities 
 Technology: science concerning the methods used in the 

Manufacture of products. 
 

Product Engineering: 
 Engineering: the use of physics and mathematics to predict and 
              Quantify the size, shape and performance of a product. 
 
Product Design: 
 Design: creating an image (shaping) of an artifact (product) for  
              Esthetics and/or function (in this process function is described by specifications)  
 

Definition of Product Technology:  3M4F or DEM 
 
 -Methodology:   New Product Design 
 -Materials:  Properties and Engineering 
 -Manufacturing: Production & Manufacturing Technology  
  -Market: market estimation, product economics 
 -Functinality:  Final product Properties 
 
Most of the bulk-produced products from the processing industry have to be converted into 
“structured products” and there is quiet a large industrial sector that manufactures the goods that we 
like to buy and use in our daily doings.  
 
The processing industry (the conversion industry) can be divided in two distinct sectors: 

1. The first part is involved in separation, conversion and purification of intermediate (most 
single) products that are sold on the basis of quality specifications. (gasoline, diesel, motoroil, 
solvents, pharmaceutical intermediates, starch derivatives, steel, table-salt, nylon, poly-
ethylene, etc.) 

2. The second sector is involved in combining (formulating) and shaping the intermediate 
(specified) products to produce structured products that fulfill the product requirements that 
end-users demand and perceive as an indication of “quality” for the products they buy. 

 

  



2 Ways of looking at a product: 

Traditional: 

 Petro-chemicals          (the origin in the petrochemical industry) 

 Commodities                (large volumes of the products and their low added value) 

 Industrial products      (the movement of these products between industries) 

 Specialties and Molecules   (high value, low volume and special applications) 

 Formulated products   (the fact that different chemicals have been put together) 

 Configured products    (the shaping of a formulated product)  

 Structured products     (the category of configured and assembled products ) 

 Consumer products      (the fact that the products are used by consumers) 
 
New (chemical): 

 Specified products  (the fact that the products have been designed to fulfill a specified 
function) 
Molecules or simple formulations in which the chemical and physical properties of the main 
ingredient is designed and specified to fulfill a particular pupose for the user     molecular 
structure is the main driver for function (nano-scale !!) 
 

 Formulated products    (manufacture to make the mixture for a purpose) 
Different chemicals are mixed for their specified chemical and physical properties, and due to 
the applied technology, a structure is obtained   molecular structure of the components, 
and, the micro-structure of the whole are the main drivers for function (nano- and micro-
scale) 
 

 Final and Configured products   (the fact that a formulated product is shaped) 
Specified and or formulated products that are assembled or processed to obtain a structure 
that usually also has a function  molecular structure of the (modified) components and the 
macro-structure are the drivers for function  (nano- and meso-scale) 
 

 Devices – Engineered systems  (can be any of the three above) 
Make use of any of the above 

Chemical products: 

Structured) single or multi-component molecular matter and/or devices of which the primary 

functions or properties are determined by: 

 molecular compostion and chemical + physical  
properties of the components 

 the applied processing during manufacture and  
end-use application 

 morphology of  the final product 
 

  



Product Substance Matrix: 

Dispersion medium  
continuous phase 

Solids Liquids Gases 

Solids 

 metals 

 polymers 

 ceramics 

 non-polymers 

Blends 
Alloys 
Composites 
Powders 

Solutions 
Colloids 
Sols 
Suspensions 
Pastes 

Dust 

Liquids 

 metals 

 polymers 

 non-polymers 

Absorbents 
Blends 
Compounds 

Solutions 
Emulsions 
Gels 

Aerosols 
Mist 

Gases Absorbents 
Hard Foams 
Aerogels 

“Foams” 
Solutions 

Mixtures 

 

Methodology 
Product innovation Stages: Idea, design, development, manufacturing, launch. 

   Design: collect needs, generate options, selects options, prototype &test 

Product lifecycle:  Spring: untested product, introduction 

   Summer: youthful product, innovations 

   Autumn: mature product, improvements 

   Winter:  declining product, maintenance, need rejuvenation 

Market:   

New Moderate value 
Moderate risk 
 
Product developement 

High value 
High Risk 
 
Product innovation 

Existing Low value 
Low Risk 
 
Current products 

Moderate value 
Moderate risk 
 
Product development 

Technology  Existing New 

 

Tools: 

Objective Tree: helps to define what the objective is. 

 In going down: every next lower level should indicate how the current level can be 
accomplished (or the next lower level should state what can be done to accomplish what 
is needed or desired)  

 In going up: the current level should contain the action and explain why the next upper 
level is accomplished by this action 

 If this is not correct, the statement at the higher level is wrong  



Product function (flow) analysis: identifies product requirements by analyzing every step or 

action a product will undergo from cradle to grave. (Or Cradle to Cradle) 

 do this in big steps that subsequently can be analyzed in more detail per step 
 

QFD: helps to translate qualitative customer attributes into quantifiable engineering criteria. 
 

 identifies the most important criteria 

 identifies the connections between criteria 

 compares competitor material technically and in consumer satisfaction measurement 

 same criteria can be used in option selection and evaluation 
 

  

 

Options collection tools: 

Brainstorming:  

 Create a group with mixed backgrounds 
o include layman that understand the problem 
o exclude hierarchy but have a leader 

 Generate ideas (individual basis) 

 State ideas (with time to reflect) 

 Group ideas 
 

   



Synectics: 

 Based on analogical thinking 
o Natural analogies (velcro) 
o Personal analogies  

 “how would it feel to be used as...” 
o Symbolic analogies (imaging) 
o Fantasy 

 Group activity – no criticism 

 Collective activity 
 
 
Product Technology / Unit Operation Matrix: 
 
Combine with  Solids Liquids Gases 

Solids 

 metals 

 polymers 

 ceramics 

 non-polymers 

Mixing  
Extrusion 
Composites 
Molding 
Casting 
Compressing 

Mixing 
Coating  
Brushing  
Deposition  

Coating 
Spraying 

Liquids 

 metals 

 polymers 

 non-polymers 

Absorbents 
Mixing 
Extrusion 

Mixing 
Coating 
Spraying 
Deposition 

Spraying 

Gases Absorbents 
Molding 
Extrusion 

“Foams” 
Spraying 
Mixing 

Mixtures 

 

Methodology Summary 

 Define the design problem as objective 

 Define the product requirements using objective tree, product function analysis, house of 
quality and process-product-processing relationships 

 Define options in broad terms: product category and matrix position  (shape/structure, 
composition, processing) 

 Select option(s): use morphology maps and analytical hierarchy process 

 Make detailed design; model the system (if possible); select materials and select 
technologies 

 Make proto-type and prepare for development,  i.e. pilot tests (production and marketing)  

 

Materials 
 
All Materials: 

 Simple Liquids 

 Gases 

 Simple Solids 

 Complex Solids 

 Metals 

 Ceramics  



 Polymers (plastics) 

 Synthetic Polymers 
o Synthetic Polymers 
o Synthetic natural Polymers 
o Modified natural polymers 

 Natural Polymers 
 
 
Needs for selection:  

 
Other complicating factors: 

o inter-action between substances when mixed 
  different ones 
  same ones  

o response of substances when exposed to 
 temperature changes 
 shear or other forces 
 pressure 
 potential  
 chemicals (oxygen, others) 
 radiation (UV) 

 
Some designers claim that all products can be produced with just 3 types of products: metals, 
ceramics (inorganic materials) and polymers.  
 

 Metals 
o  ferrous 
o  non-ferrous 
o  alloys 

 Ceramics 
o  classic 
o  modern 

 Polymers 
o  thermoplastics 
o  thermosets 
o  Elastomers 

 
Other designers include composites as a fourth class: Composites 

 metal – polymer 

 polymer – ceramic 

 ceramic – metal  
 
(A fifth:) 

 Organics and in-organics 
 
Material Structure 

 Material properties depend on 
o the interaction between atoms and molecules at nano- and micro-scale   
o the way atoms and molecules are arranged in in a structure and or the way they 

move within a system 
o related to functional groups present 



o related to the size of the structures 
 

At the Supra-atomic or molecular level, atoms and molecules can combine to form crystalline. 
 

 crystalline 
o mono-crystalline 
o poly-crystalline 

 amorphous 

 imperfections 
o  incorporation of other atoms 
o  crystal boundaries 
o  vacancies (Schottky defects) 
o  atom displacements (Frenkel defects) 

 
 
Material Bonding 

  Primary bonds 
o  ionic (hetero-polar) 
o  covalent (homo-polar)  
o  Metallic; special case of covalent bonding: electrons are shared by several atoms 

(usually found for atoms with low electro-negativity) 
Examples: metals like Na, Cu, Fe, etc.  
 

 Secondary bonds: interaction between molecules due to differences in electro-negativity 
of the atoms 
 

o  van der Waals  
 dipole-dipole  
 London forces (induced dipole) 

o Hydrogen bonding; Intermolecular bonding due to polarization of molecules 
containing hydrogen. 
Examples: water, alcohols, ammonia, carbohydrates 

 
Structures 
 
 Metals: 

 mono-atomic metals can be packed very closely 
o  density higher for crystals  (exception: water) 

 results in regular geometric structures  
o  body-centered cubic (BCC) (Fe) 
o  face centered cubic (FCC)  (Fe) 
o  hexagonal close packed (HCP) (Mg, Zn) 
o allotropic metals: conversion from one to another occurs due to temperature 

treatment (Fe) 
 

Ceramics: 

 the largest class of solids in the world 
o classic : clay, silicates, Si carbides 
o modern : aluminum oxides, Ti and W carbides, Ti and B 

 nitrides 
 



  inorganic materials  
o  metal oxides, nitrides and carbides 
o  diamond 
o  many crystal structures known 

  silicates as a special class 
o  amorphous  (glass) 
o  crystalline  (quartz)  

 
 

Polymers: 

 Synthetic;  
o Thermoplastics 

  carbon-carbon chain polymers (poly-olefins) 

 Poly-olefins: obtained by polymerisation and after-treatment of 
unsaturated chemicals 

o familiar ones are polyethylene (LDPE, HDPE) 
polypropylene (PP), polystyrene (PS), 
polyvinylchloride(PVC), polyvinylacetates (PVAc), 
polyacrylates (PMA, PMMA), polyvinylalkohol (PVOH) 

 hetero-chain polymers 

 Thermoplastic engineering polymers: often contain hetero-
atoms in the backbone and produced by condensation 
polymerisation; have in general better mechanical properties 
than poly-olefins 

o polyamides (Nylon types, Kevlar), polyesters (PET, PPT, 
PBT, PC), polyphenylenesulfides (PPS), 
polypheyleneoxide (PPO) 

o thermosets 
 In contrast to the high molecular weight thermoplastics, another class is 

formed by the thermosets. These polymers need to be cross-linked in 
order to obtain sufficient mechanical properties. They cannot be recycled 
and decompose upon heating to high temperatures: 
 Epoxy resins (mostly reacted via amine addition to the epoxy 

ether function) 
 Unsaturated polyesters (cross-linked via radical polymerisation) 
 Formaldehyde resins: adducts of formaldehyde to urea, 

melamine or phenol 
 Urethane resins: based on isocyanate systems reacted with 

proton-donors like (poly)alcohols and water 
o Elastomers 

 A special class of thermoplastics are the rubbers: characterised by 
flexible long chain molecules that are (in general) not crystalline and soft 
at room-temperature  

 In most applications, elastomers have to be cross-linked in order 
to obtain good mechanical properties. (As ever, there are 
exceptions called thermoplastic elastomers) 

o combinations 

 and natural; carbohydrates,  proteins 

 combinations of:    H,    B,  C,  N,  O,  F, Al, Si, P,  S,  Cl, Br 

 multitude of functional groups 



 long molecules held together by intermolecular forces (vd Waals, hydrogen bonding, 
entanglement and cross-links) 

 
Co-polymer architecture: Alternating, random, block & grafted 
 
Three categories: Linear, branched & networked. 
 
Tacticity: a. isobatic b. syndiotactic c. atactic 
 
Temperature response of polymers: 
 

A main reason for using synthetics is the thermal performance of polymers. At low 
temperatures they usually are solid and have acceptable mechanical properties depending 
on the use temperature. Compared to metals and ceramics, polymer properties vary 
significantly at changes in temperature, in particular, low temperatures, but also at elevated 
temperatures at which they can be processed. Amorphous (non-crystalline) polymers exist in 
a glassy (frozen) state at very low temperatures. Depending on the chemical structure and 
the degree of crystallinity they transfer from the glassy state into a rubbery state (which for 
some polymers) still may contain crystalline fractions to molten viscous liquids. At high 
temperatures, polymers decompose in some way. Some decompose to the monomers, 
others simply crack into small undefined molecules 

 
 
Polymer Crystallinity 
 
 At supra-molecular level, polymers can occur at varying crystallinity levels.  

Symmetric polymers tend to crystallize, whereas asymmetric ones remain amorphous. In 
going from simple highly regular molecules to ones that are more irregularly substituted or 
have higher molecular weights, the tendency to crystallize reduces.  The same temperature 
effect as for metals, can be used to “freeze” polymers in an amorphous state. (This is for 
example applied in the production of PET bottles)The degree of crystallinity has a significant 
effect on transparency, stiffness, density and diffusion properties of polymers.  

 
Basic properties Polymers!!: 
 

 in general low density (compared to metals and ceramics) 

 electrical non-conductive  

 low thermal conductivity 

 strength, stiffness and hardness depend on structure of the building blocks and the 
application temperature 

 processability depends on structure and mol. wt.  

 chemical sensitivity depends on structure 
 
Polymer Molecular weight: 
 

 poly-dispersity  :    Mw / Mn  > 1 

 degree of polymerization(DP) =  
Mn / m 
 

 
  



Mechanical Properties 
 
Most important properties:  

 Elastic modulus : stress / strain behavior 
o tensile 
o compression 
o shear 

 Ductility vs brittleness 

 Hardness 

 Strength 
 

Engineering stress: σe = F/A0 (MPa)  (Force/Area) 

Engineering strain: e = (L-L0)/ L0 

Hooke’s Law: σe = E (elasticity modulus) * e 

TRUE STRESS: ε = ln(1+e) 
  σ = σe (1+e) 
  σ = K * e^n  (K=Strength coefficient, n=strain hardening) 
 

Stress / strain relationship: 

 Perfectly elastic:  materials do not yield; no plastic flow 
o brittle materials like ceramics, cast iron and thermosets 
o materials cannot be processed by forming operations 

 Elastic and perfectly plastic: stiffness defined by E; after yield  point materials flow  (K=Y; n=0) 
o metals that crystallize during stretch  
o lead at room temperature 

 Elastic and strain hardening:  (K>Y; 1>n>0) 
o obey Hooke’s Law in elastic region 
o need increasing force to deform: most metals  

 

Shear Properties: Tensile forces generate forces in the material which are perpendicular to the tensile 
stress, or, they result in shear forces in the material.  
Like the elastic modulus, shear forces are related to shear rate by a similar relation and provides the 
so-called shear modulus G. 
 
G = E / 2*(1+v) 
 
v = Poisson ratio = -(∆d/d0) / (∆L/L0) 
 
G = 0,34 E = Shear modulus 
S = 0,7 (TS) = Shear strength 
 
Compression Properties: Instead of tensile load, materials may be under compression load.  The 
material will respond to this force, as expected, by deformation. The response of  the test specimen 
is similar though opposite of tensile loading. The compression modulus (K) is related the elasticity (E) 
and shear modulus (G). 



σc = F / A0 

c = (h-h0) / h0 

Kc = E / 3*(1-2v) 

E = 9*G*K / (3*K+G) 

Transverse rupture strength, TRS (also called modulus of rupture:  MOR): 
 
TRS = 1,5 FL / bt2 (Measured as deflection / load relationship or deflection at given load) 

(F=Force, L=length, b=width, t=height) 

Other important mechanicals:  

 Tear strength: closely related to tensile strength 

 Impact strength: notched (Izod) and un-notched (Charpy) 

 Peel strength and creep 

 Abrasion  and scratch resistance 
o Testing scratch: Brinell, Rockwell, Vickers, Knoop testing  

 
 
Effect of temperature on mechanical properties: 

 Tensile and yield strength drop with increasing temperature; ductility increases 

 “Hot hardness” is retention of hardness at elevated temperatures: ceramics perform best 

 Metals can be heat-treated to obtain better strain properties. This occurs through re-
crystallization. Re-crystallization temp. = ~0.5 * Tm  ( ‘K) 

 

Non-mechanical Properties (kinetics or time related properties) 
 

 Visco-elasticity 
o Stress-strain behavior for most (amorphous and semi-crystalline) polymer systems is 

time and temperature dependent 
 

 Tg /Tm for polymers 
o At the glass transition temperature the amorphous part of polymers transforms into 

a rubbery elastic and more easily deformable mass. Totally non-crystalline polymers 
are very brittle below their Tg, whereas semi-crystalline polymers are very tough 
above their Tg.   
 

 Thermal expansion 
 

 Diffusion – permeation 
o permeability is function of solubility and diffusion 
can lead to swelling of polymers or chemical reactions 

  



o diffusion rates are greater in amorphous materials than in crystalline ones  
o smaller molecules diffuse faster than large ones 
o membranes make use of diffusion rate differences 
 
 

 Thermal decomposition 
o Some polymer systems will change structure when heated, so take care in the 

material selection phase 
 de-polymerization 
 degrade or transform 

 

 Hydrolysis 
o Polymer systems that contain ester, amide or urea functions in the main chain or as 

side groups tend to decompose during 
 heating in acidic or basic environment  (food contact) 
 exposure to acid weather conditions 
 Hydrolysis can be controlled by: use of acid scavengers, constructing or 

selecting the right structures 
 

 Solvent resistance (chemical resistance) 
o The solubility of polymeric materials in a solvent can be estimated from solubility 

parameter d 
o d  is related to the polarity of a solvent, or, to the heat of vaporisation / volume 
o d   =  [(DHvap – RT)/  V ]0.5       (cal / cm3)0.5 

 miscibility when solubility parameters match (D d ~1) 
 small molecules mix more easily 
 cross-linked polymers are (almost) insoluble 

 

 UV resistance and stabilisation 
o Light, in particular sunlight, contains a significant quantity of UV light, which is 

capable of decomposing polymeric materials.  Sometimes this occurs in combination 
with oxidation by oxygen, but also can happen independently when the structure of 
the substrate is suited for UV attack.  

o Certainly systems that can form stabilized radicals are prone to UV decomposition. 
o When polymers contain isolated carbonyl functions, their UV resistance will be 

limited.  
 

 Oxidation and stabilisation 
o Fully saturated polymers are “stable” 

  poly-olefins  (PP and PE) 
  EPDM rubbers 

o Others can be protected (for some time) using 
 UV stabilisers (hydroxy-benzophenone, benzotriazines) 
 Additives: pigments, carbon black, not TiO2 ! 
 Polymers that lack benzylic or allylic positions 

o Corrosion: In this process peroxides are formed which will decompose to radicals 
who either take up more oxygen or lead to cross-linking and/or decomposition. 
 

To prevent the negative effects of oxidation, several techniques can be applied: 
 Metals usually will be coated 

 



 Polymers also may be coated, but more often they are formulated with 
radical scavengers, usually hindered phenols.  Other systems are known and 
selection of the best stabilizer depends on temperature and potential 
contamination risks in the end-use of the product.  

 Many polymers are made using organo-metallic catalysts of which some 
residues stay behind in the polymer. These metal residues can also act as 
oxidation promoters and can be complexed. 

 As for UV stabilization, the proper selection of stable polymers should be 
considered but the ultimate choice not only depends on chemical stability.  

 

 Flame retardance 
o Extreme case of oxidation: 

 Nearly all polymers burn via radical formation, decomposition, 
depolymerization, etc.  

 LOI = limiting oxygen index; minimum amount of O2 in O2/N2 mix to  maintain 
flame 

 Flame retardents work by  
o scavenging radicals: Sb(III)oxide, halogen systems,  HALS 
o building protectice core around polymer (charring) 
o generation of inert gases that exclude oxygen (PC) 

 

 Bio-degradation 
o Biodegradability requires 

 chemical structure with possibility to reduce molecular weight  
 presence of oxygen 
 works in combination with oxidation and UV  

 

 Conductivity 
o Polymers are by nature not very conductive for electricity or heat, unless specific 

polymeric structures are built.  
o Polymers can however be made conductive through the addition of conduction 

improvers like carbon-black, metal powder or organo-metallic additives. 
o Metals conduct both heat and electricity through the sharing of bonding electrons 

 

 Optical properties polymers: 
o Rules of thumb:  

 crystalline polymers are opaque or non-transparent  (depends in level of 
crystallinity and size of crystallites) 

 PET is exception due to small crystallites 
 amorphous polymers are transparent 

 

“Intrinsic” and “added” properties: 
 

In formulation we can split the group of additives that are used in types that fundamentally change 

the mechanical properties of the basic matrix and additives that just are added at low levels to create 

“extra” properties.  It should be clear that the latter are used in small amounts. At high dose-levels, 

they also would influence mechanical properties. 

 



Examples: 
 

 Additives needed to obtain or to modify basic mechanical properties “intrinsic” properties 
(examples) 

o catalysts 
o curing agents  
o reinforcements (fiber, fillers) 
o impact modifiers 
o plasticisers 
o coupling agents 

 Additives to obtain additional properties but used  at levels that do “not” influence 
mechanical properties (examples) 

o pigments 
o anti-oxidants 
o flame retardents 
o anti-statics 

 

Food Additives are E-Numbers 

 taste  -  flavourings, sweeteners, acids  

 stability against oxidation - antioxidants 

 texture - thickeners, stabilisers (gums,poly-saccharides) 

 emulsifiers (lipids to make oil/water mixtures) 

 colour (natural and synthetic) 

 preservation (sugar, anti-biotics, acids) 

 anti-caking (silicates) 
 

When formulators speak about additives, they frequently focus on additives that are used in polymer 

based systems. Besides such, mostly solid polymer systems, there is a large class of solid/liquid or 

liquid/liquid product systems that we usually know as emulsion, colloids, sols or suspensions. These 

are also formulated systems but mostly use different additives. 

 

Plasticizers = Additive to make materials softer and flexible; to lower Tg of polymer 

 Structure: primary and secondary 
o esters of multi-functional acids 

 phtalic, adipic, trimellitic, sebacic, azalaic 
o polyesters 
o phosphate esters 
o chlorinated parafins 

 
The selection of suitable plasticizers depends on many factors like costs and toxicity (think of 
phthalates in toys and automotive applications).The most important selection criteria are related to 
the properties that one wants to obtain. Aliphatic types are good for low temperature flexibility 
whereas aromatic ones give higher hardness. At high temperature applications, high molecular 
weight ones and polyesters are preferred because of the migration characteristics of the chemicals.  
  



The way plasticizers work is often explained as a sequence of several steps: 
1. Blending of polymer powder and plasticizer 
2. Penetration of plasticizer in the pores of the polymer particles 
3. Interaction of the polar groups of the plasticizer with the polar groups of the polymer, which 

breaks up the vd Waals forces in the polymer. (Note: it is difficult to make plasticizers 
penetrate crystalline polymers. When it is done by, say high temperature treatment, re-
crystallization often results in “bleeding” or “sweating” of the plasticizer; that is, push out to 
the surface of the polymer). 

4. Additional loading of plasticizer in the polymer, just filling free volume between polymer 
chains.  

 

PVC Polymer: 

o without produces hard polymer: pipes / window frames 

o with produces soft material: film, cable coating, floor-tiles 

o uses base polymer that is produced via different commercial processes 

 water suspension production: large porous particles 

 emulsion production: small dense particles containing surfactant - “plastisol 

PVC”  

Lubrication:  

Is a technique that is mostly applied to prevent friction and wear in metal-metal contact. It also 

works for polymers at, for example, the contact surface between polymer melts and processing 

equipment.  An important condition is here that the additive has to migrate from the bulk polymer 

mass to the surface of the melt. For that reason, the structures of the materials usually are such that 

they mix poorly with the polymer matrix.   

Pigments: 

Additives give colors to the product. Many different types of coloring agents are available. Inorganic 
and organic types are used. Some dissolve in polymers, some do not. Very often, the pigments are 
used as “master batches” where the pigment is pre-mixed with a low molecular weight polymer that 
mixes more easily with the polymer. 
 
Impact modifiers and flexibilizers: 
 
Impact modifiers and flexibilizers are materials that really can affect the mechanical properties of 
polymers and in fact are needed to do so. When a polymer, both thermoplastic and thermoset, has 
to be made less brittle (more tough), these additives are used. They usually have rather different 
solubility parameters and therefore need coupling agents or compatibilisers to deliver the desired 
result. 
 
  



Fillers: 
 
Fillers are generally used to obtain specific mechanical properties and to lower the costs of the 
system.  
Several different types are known. And, they are used in different shapes. The final products very 
often are called composites, although the name composite should be reserved for higher quality 
materials. 
 
Anti-statics and Conductives: 
 

 Anti-statics: hydrophilic substances that reduce the surface resistivity of plastics 
o must be capable of hydrogen bonding: amino-compounds or poly-

ethyleneglycolesters 

 Conductives: make plastics slightly conductive 
o carbon blacks 
o silver or nickel coated short fibres 
o aluminum flakes 
o metal powders 

 
Dispersion: 
 
Dispersion is the mixing of one component (dispersed phase) into another (the dispersion medium). 

When dispersion are made, it concerns mostly the dispersion of solids, liquids or gas in liquids. 

 When miscible >  solutions 

 When immiscible > dispersions: colloids, sols, emulsions, foam, and suspensions  
o colloids: small particles (1 – 1000 nm) dispersed in a continuous phase 

 particles can be solid, liquid or gas 
 when particles are non-polymeric: sols (gold, inorganic salts, AgI, blood) 

 continuous phase is water: hydrosols 

 continuous phase is organic: organosols 
 when particles are polymeric: latex 
 when particles are gas: foam 
 when particles liquid: emulsions 

o suspensions: particles > 1000 nm (1 micron) 
 

Stabilization of dispersions, i.e. prevent them against settling and phase separation is an important 

research area  electrostatic, polymeric, electrosteric. 

Stokes law: Vs~ (D r * R2 * g) / m 

In many structured (dispersed) product systems, the viscosity of the dispersing medium is too low for 

practical application purposes. To steer the viscosity, additives that dissolve in the dispersing 

medium are used.  

  



Composites 
Composites constitute a large class of products and in principle can be produced through 

combinations of metals, ceramics and polymers. The most important products are alloys of metals, 

metal ceramic blends, ceramic -ceramic alloys and plastic based composites. 

 Primary phase 
(continuous) 
     Metal 

Primary phase 
(continuous) 
    Ceramic 

Primary phase 
(continuous) 
    Polymer 

Metal Infiltrated 
powder 
mixtures 

Cermets Plastic moulding 
compounds;  
Steel belted tires 

Ceramic Cermets SiC reinforced 
alumina 

Plastic moulding 
compounds; 
Fiberglass 
reinforced plastic 

Polymer / 
elastomers 

Fiber reinforced 
metals;  
Powder metal 
infiltrated with 
polymer 

Not available Plastic moulding 
blends; 
Kevlar reinforced 
polymer 

 

 consist of two or more phases: usually processed separately as specified products and 
combined  during the formulation step to obtain better properties than the separate parts 

 usually particles or fibres in second (matrix) phase 

 natural (wood or natural fibre) and synthetic (Kevlar / epoxy ; W-carbide in cobalt based 
cutting tool) 

 

Properties 

 Properties depend upon 
o intrinsic properties of the components 
o shape and alignment of the components 
o interaction between the phases 

 Designed for 
o strength / weight combination (aerospace) 
o hardness and temperature performance 
o ease and flexibility of production 

 

Structure: Familiar composite structures are available and can be classified as particle filled ones, 

random fiber materials, oriented fiber based ones, and laminated types. The fiber length and 

orientation (2 and 3-dimensionally) have a significant impact of product performance properties.  

 Shape : fiber, particle, flake 

 Fiber:   
o difference in length (continuous – centimeters), geometry (round, rectangular)  and 

thickness (0.0025 – 0.13 mm) 
o continuous fibers or short (chopped; L/D ~100 ) 

 Tensile strength reduces with fiber diameter 



 Orientation: 
o one dimensional 
o planar – cross, angular, woven 
o 3-dimensional or random 

 
In general, the properties can be modeled by “addition rules” applied to the properties of the base 
materials by taking the property of the base material and its volume fraction.  This certainly applies 
for volume and density. Tensile properties depend on the direction of measurement in relation the 
orientation of the reinforcing materials. (In particular fiber orientation).  
 
A significant difference in properties is observed when properties are measured in the direction of 
the fibers compared to directions perpendicular to the reinforcing fibers. The moduli can be 
estimated using the formulas using moduli from the reinforcement and the matrix in combination 
with the volume-fraction of the ingredients.  
 

Adhesives 
 

Adhesives are polymer molecules that form a bond between two surfaces (the substrate). Two 

important bonding forces are those due to van der Waals-forces, and those due to ion bridges. 

Polymers tend to have multiple bonds with the surface. As a result, the force can be quite high. This 

does of course require that the surface and the polymer attract each other.  

In general, adhesion is considered to result from ionic or dipolar type bonding (dipole- dipole, 

induced dipole and hydrogen bonding). 

 considerable discussion on type of bonding 
o some claims for covalent bonding 
o polar bonding – vd Waals and ionic bonding 

 can be improved by 
o penetration and network building 
o increasing adhesion surface 

 bonding force is very short range and drops quickly with increasing distance  
o best at distance of ~4 Angstrom 
o drops ~(distance)6 
o best performance with highly flexible molecules 

 

Requirements 

1. It should wet the surface of the substrate and exclude air from the adhesive layer 
2. The (center) adhesive layer itself must be as strong as the contact (interfacial) layers 

between the adhesive and the substrates.  
3. Molecular weights have to be low enough to enable wetting but must be high enough to 

develop strength. Therefore very often combinations are used of high mol. wt. polymers (as 
the base polymers) with low mol. wt. additives. (tackifiers) 

 



 Different application techniques can be applied. To have sufficient wetting of a surface, 
adhesives usually start from a liquid base. Either molten plastic, water or solvent dispersion 
or solution, or, as a liquid polymerisable thermoset.  

 
Much better adhesion properties can however be obtained with synthetic polymers and the different 
available chemistries allow for the selection and manufacture of most suitable adhesives for the 
substrates that have to be bonded.  
 

 natural: carbohydrates, asphalt, proteines and natural rubber 

 semi-synthetic: cellulose nitrate, fat-based polyamides 

 synthetics  
o vinyl type: acrylics, UPE, rubbers, PVA 
o condensation and addition: polyesters, epoxy, PU, urea – melamine – phenol 

formaldehydes 
 
Classifying Adhesives: 
  

 solubility based 
o  thermoplastics and natural types 

  cross-linkables  
o  thermo-sets 

  low and high temperature curing 
  two component systems 
  single component systems 
  water curable types  
  radiation cure 

  hybrid systems of thermoplastic and thermosets 
 
Adhesive Failure: 
  

•  lack of adherence 
•  lack of coherence 
•  shrink  

 
Remedies: 

•  low-shrink thermosets 
•  adhesive softer than substrate 
•  thin glue lines 
•  incorporate fillers 
•  dry glue lines before fastening (solvent types) 

 
One of the tricks is to select an adhesive that fits well with substrate characteristics. Solubility 
parameters and critical surface tension work very well. 

 matching solubility parameters 

 matching critical surface tension 

 consider external influences (UV, oxidation, hydrolysis, bio-stability) 
 
Adhesive formulation 
As other products, also adhesives are formulated. Fillers are used for gap-filling and cost reduction; 
tackifiers are used to obtain the correct balance of wetting and adhesion at the substrate surface 



(the low molecular weight polymer)  and cohesive strength in the matrix (the high molecular weight 
polymer). 
 
Adhesive application 
 
Adhesives usually have to undergo two application steps.  

1. they need to be deposited on a substrate surface 
2. and they need to be solidified. 

 

 Deposition       
o spraying 
o rib-coating  
o roller coating 
o knife coating 
o curtain coating 

 

 Curing  
o  hot pressing 
o  radiation  
o  water cure 
o  RT cure 
o  microwave cure 

 
Testing Adhesives 
 
Testing of adhesive bonding is very much related to product type. 

 various methods have been developed for specific end-use products 
o  peel tests – creep testing 
o  holding power  
o  tack testing  

  rolling ball 
  pull-up test 

o  pull-out test  
o  tensile test 

  hydrolysis and heat testing 
 
Adhesives summary 
 

 strong bonding can be achieved through polar and covalent bonding 

 almost any polymeric material can be used 

 selection principles based on surface tension and solubility parameter 

 viscosity and structure must be such that close contact between substrate and adhesive is 
achieved 

 formulation is limited to gap-filling and interface adhesion improvement 
 
 
  



Shaping technology 

 Mixing 

 
Before final product shaping can take place, the chosen components for the ultimate product have to 
be blended (mixed). Some products reach their final state during the mixing operation and from 
there-on only have to be packed. (Examples are pastes, paint suspensions and detergents). 
 

 Compounding 
o  tumblers 
o  mills 
o  extruders 

  single screw 
  double screw  

o  high shear mixers  (pastes, gels, liquids) 
  internal mixers 
  planetary mixers 
  Z – blade mixers 

o  low viscosity blending  
  static mixing 
  vessels 

 
Extrusion 

Extruders in principle transport and mix ingredients through a thermal operation and produce so-

called extrudates (pipes, cable coating, film) which can be used as such or are shopped into smaller 

particles that subsequently are used in, for example, injection molding operations to make bottles or 

other solid shaped parts.  

Rubber processing 

Vulcanizable rubbers are typically processed on mills (calanders) and in high shear internal mixers. 

Heating of rubber-formulations usually is a critical step in rubber compounding and has to be 

controlled by heating parts of the mill or controlling the temperature of the internal mixer. Pre-

vulcanization of the rubber-compound has to prevented. 

 Shaping 

 
After the mixing process, the formulations can be shaped by a large number of different 
technologies: 

 Extrusion and calandering 
o  film – mono & multilayer 
o  film blowing 
o  die plating (cable coating) 
o  fiber spinning 

 Injection molding – open parts 

 Injection blow molding – bottles 

 Casting  - metals, thermosets 

 Press forming – metals, plastics (mono/multi layer) 

 Vacuum forming 
  



Shaping Thermosets 
Thermosets, which usually have to be cross-linked after the mixing operation, are processed by a 
large number of techniques. 
 

 
 
An important area of thermoset composites is known as sheet molding compounds (SMC). The 
manufacturing process is rather complex using formulations of thermosets (usually unsaturated 
polyesters) containing fillers and reinforcing fibers. These are fixed between two layers of paper or 
plastic film. After a certain time required for the compound to reach the correct viscosity for molding 
operations, parts of the film covered material is weighed into a mold and hot press forming is applied 
to obtain the cross-linked shaped part. 
 
Old Fashion way: Hand Lay-up 
 
Filament winding: Filament winding is used when continuous fiber reinforcement is required. The 
fibers are pulled through a bath containing the thermoset resin formulation and the wetted fiber is 
rolled onto a mold of specified shape. 
 
Pultrusion: Pultrusion works similar to filament winding and is used to make long-fiber reinforced 
parts with a particular shape. The shape is obtained by pulling the wetted fiber through a heated die 
 

Foams 
Foaming is a rather complex process. A (polymer) matrix has to low in viscosity to enable expansion 
and gas has to be introduced or generated.  
 
To make a foam, at least two phase are required: a gas and a solid. The solid usually is a polymer, but 
also can be metal (metal cleaning sponge) or ceramic (cellular concrete).  Other additives may be 
present for reasons we discussed during formulation.  
When we focus on polymers, there are three different approaches possible: 

1. The formation of a solid foamy matrix based on a thermosetting material that solidifies 
during the foaming process. Usually cold foaming with temperature development only due to 
exothermic polymer cross-linking processes.  



2. The formation of thermoplastic based foams that are foamed in a molten phase and cooled 
to solidify the foam. Usually hot foaming processes to enable polymer melts to become less 
viscous.  

3. Rubber foam is a special case of high molecular weight thermoplastics and is usually 
produced form the rubber emulsions.  

 
Foam can have different characteristics and is known as flexible and rigid. The nature depends, as 
expected, on the chemical structure of the polymers used, its crystallinity, degree of cross linking and  
the use of additives.  
 

 Flexible and rigid 
o  Tg, depends on chemical structure 
o  crystallinity level 
o  degree of crosslinking 
o  additives 

 Low and high density:  1.5 – 960 kg/m3 
o  rigid / high density: load bearing applications 
o  rigid / low density: thermal insulation 

  usually closed cell 
o  flexible / high density: energy absorption, carpet backing 
o  flexible / low density: comfort applications (beds, furniture) 

   usually open cell 
 

Producing foam 

 
Techniques:  

 continuous slab-stock 

  compression molding 

  reaction injection molding 

  in-place foaming 

  spraying 

  extrusion 

  lamination 
  

The second phase, i.e. the gas that is responsible for the foaming, can be added in different 

ways; as listed.  

 thermal decomposition of chemical blowing agents, generating N2 or CO2 

 whipping gas (air) into polymer (melt, solution, suspension) and hardening the polymer 

 volatilization of low-boiling gases (solvents) dissolved in polymer 
o expansion of dissolved gas by pressure reduction or temperature change 

 gas formation as result of polymerisation chemistry 

 removal of solvent from stabilised matrix 

 incorporation of hollow microspheres 
o fusion of gas containing small particles 

 expansion of gas-filled beads 

 leaching soluble salts from polymer 
 

  



Blowing agents are added to generate gas in-situ (chemical ones) or low boiling agents are 

added (physical ones). 

 Chemical blowing agents produce gas as result of chemical reactions 
o reversible systems 

     AB   n   C  +  Gh 
  ammoniumsalts, carbonates, bi-carbonates 

o irreversible systems 
     AB   g   C  +  Gh 
  azo and diazo compounds 

o mixtures 
     A   +  BG   g   AB  +  Gh 
     acids + carbonates 

 

 Physical blowing agents produce gas as a result of evaporation or desorption caused by heat 
or pressure-drop 

o low boiling liquids: alcohols, ketones, ethers 
o sorbents saturated with gases under pressure: clays + DCM 

 
Blowing agent requirements: 

 Decomposition temperature close to melting point  or hardening point of polymer 

 Gas liberation in narrow temperature range 

 High gas liberation rate  
o known kinetics 
o known gas generation cm3 / gram  
o pressure development 

 Gas and residue not corrosive nor toxic 

 Gas soluble in matrix, but with low diffusion rate 

 No destruction of the polymer by exothermic decomposition 
 
Other Foam Types: 

 Iso-cyanurates  
o   3 –R-N=C=O    cyclic isocyanurate 
o  in particular used for flame retardant system 

 Polystyrene, plastics and rubber foam 
o  densities from 100 – 900 kg/m3 
o  tensile strength 350 to > 30000 kPa 

 

Coatings 
 

 Definition: polymer systems adhering to a surface with the aim to   
o protect the surface to external influences 

 protection against UV, oxidation,    hydrolysis, bio-degradation 
o protect other materials against the influence of the substrates 

 food and beverage contact 
o to provide decoration 

 color 
 surface appearence 



 

Chemistry: The chemistry used in the coatings area is almost as divers as the field of organic 
chemistry.  Anything that will form a solid matrix and that offers protection and appearance, has 
been tested and developed into coating systems. 
 

 in principle any type of organic chemistry that will deliver a cured polymeric system with the 
correct balance of 

o  protection against external influences 
 UV, oxidation, bio-attack, hydrolysis, other chemicals 

o  adhesion to the substrate 
o  protection against mechanical influences 

  impact, bending and scratching 
 
Properties of coatings: 

1. The time required between deposition and formation of final coating layer preferably has to 
be short. This for production speed reasons but also to protect the wet coating against 
unwanted flow and picking-up dust.  

2. Coatings have to adhere well to substrates and to other layers of paint. 
3. Coatings preferably have to be resistant to oxidation, UV degradation and hydrolysis 

including resistance to any type of chemical.  
4. In many applications, coatings may undergo impact. To prevent damage from impact (and 

bending) frequently chemicals are build-in into the coating polymers that provide flexibility. 
(Hydrocarbon chains usually improve flexibility, but also softness. Developers need to find a 
balance between these properties). 

5. A similar story applies to hardness and scratch resistance. Aromatic units are build-in to 
obtain better hardness.  

6. Gloss very much depends on the smoothness of a coating-surface and its ability to reflect 
light. Rough surfaces will scatter light and therefore look dull. So to obtain good gloss 
properties, it is important to use extreme low particle size fillers, to have excellent wetting 
and coverage of the fillers by the coating resins and, to retain gloss, to prevent oxidation, 
hydrolysis and UV degradation of a coating.  

 
Coatings are, like adhesives, frequently used in two-step operations: deposition and curing.  
 

Commercial types:  

 solution based paints 
o  solvent based – high solids trend 
o  water based emulsions 

 difficult to produce from high mol. wt. resins 
 electro-deposition paints 

  powder based 
o  solid powders 
o  water dispersed powders – new technology 

 
Coating techniques: 

 brushing 

  spray coating: paint and powder 

  dip coating 

  roller coating 

  curtain coating 



  electrodeposition: paint and powder 
 
Testing techniques coats: 

 adhesion:  cross-hatch testing 

 flexibility: impact and bend testing 

 corrosion protection: salt-spray 

 UV protection: Q-UV-A/B; Florida testing 

 solvent resistance: MEK rub testing 

 hardness: pencil hardness test 

 gloss: reflection methods 

 barrier: density measurements 

 drying rate: tack testing 

 hydrolysis: lactic acid boil 
 

Mathematics  
 
Fluid flow:   

 Laminar or turbulent 

 Average velocity of laminar flow in horizontal tube:  
R = radius 
L = length 

P = pressure drop 
h = viscosity 

 
Sedimentation: 

 Particles in fluid : Stokes law  
                                                                                      R = radius particle 

  g = gravity acc.  
  r =  density  
  h = viscosity 

 
 

Rheology 
 

This booklet is an introduction to the flow behaviour (rheology) of ‘non-Newtonian’ liquids. Examples 
of such liquids are: 

 polymer glues such as ‘Bisonkit’, and glue used to repair bicycle tires: these are elastic solids 
when they are stretched quickly,  

 liquids like sauces and custard, which become less viscous (‘thinner’) when stirred, but then 
can thicken again, 

 peanut butter and mud, which are solid when the stresses are below a certain minimum 
value (the ‘yield stress’). 

 

  



Definitions: 

 

 Rheology: deformation and flow characteristics of materials under the influence of external 
forces 

 Viscosity (h) describes the tendency of a fluid to resist the “mutually non-accelerated 
displacement of two adjacent layers” 
 

 Systems:  
o (polymer) melts 
o (polymer) solutions 
o suspensions (incl. emulsions) 

 

The flow of gases and simple liquids can be described by a single property: the shear viscosity (or 

viscosity for short). You can measure the viscosity by shearing the liquid between two parallel 

plates (as in the figure above). This causes a velocity gradient normal to the direction of the 

motion (also known as the shear rate). The viscosity is the ratio of the shear stress to the shear 

rate. 

In a Newtonian liquid, the shear stress t is proportional to the shear rate  . The viscosity does not 

depend on the shear rate. Many substances are roughly described as Bingham fluids. These have 

a yield stress t0. Below this stress they do not flow, and they behave as solids. At higher stresses, 

the stress and shear rate again show a linear relation. For low shear rates a Bingham fluid has a 

high ‘effective viscosity’.Paint is better described as a Casson fluid. Here there is no sharp yield 

stress: the shear required to move the paint does rise very sharply at low shear rates.  

Flow Profiles: 

Shear thinning and thickening have substantial effects on flow. Here we show what you can 

expect in pressure driven flow in a tube or slit. The middle diagram shows the Newtonian case 

with which you will be familiar. The velocity profile is parabolic, both in slits (Couette flow) and in 

tubes (Poiseuille flow). Shear thinning liquids have a low viscosity near the wall (where the shear 

rate is high), but a high viscosity in the middle. As a result, the velocity profile is flat, and the 

liquid flows like a plug. The opposite is true for shear thickening fluids. 

Newtonian Liquids: 

In non-Newtonian liquids, you will often encounter a second viscosity parameter: the 

‘elongational viscosity’. Elongational viscosity plays a role when a fluid is stretched, such as when 

a filament is drawn out of a viscous liquid. It causes a stress in the same direction of the 

stretching, proportional to the elongation rate. For a Newtonian fluid, the elongational viscosity 

has a value of three times the shear viscosity, so it is not an independent parameter. 

 

  



Cost estimation: 
 

Cost of:  materials, energy, space, personnel, overhead (research, management, 
administration) 

 
Once you have built and are operating a manufacturing installation, certain costs are more or less 
fixed. These are the cost of equipment, of space and of personnel. (You need a fixed number of 
personnel to operate a plant continuously: the number hardly depends on production.) If you know 
the production, you can calculate the fixed cost per ton of product.  
 
Variable costs depend on the production level of the plant. When no product is made, machines can 

be shut down and there will be no costs for energy or corn-starch.  This picture assumes full scale 

production.  

 

 

 

 

 If ROI < interest rate, bring money to the bank 

 If ROI < IRR, focus on other products 

 If ROI > IRR then go for it !! 
 

Overall Summary 
 
Product design phases: 
 

 problem description  

 orientation 

 requirement definition 

 option generation 

 option selection and evaluation 

 development 

 manufacturing  

 marketing  
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