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Preliminaries of research 

The application of polymers is more and more extensive in the third millennium. This 

is also proven by the fact that the usage of plastics in the world was almost 245 Mt, and 

polyurethanes (PUR) had a ratio of 5% of the whole production, namely 11.7 Mt [VENACKER, 

2007]. This way it is the sixth most frequently applied plastic after the commodity plastics – 

polyethylene (PE), polypropylene (PP), poly(vinyl-chloride) (PVC), polystyrene (PS), 

polyethylene-terephthalate (PET). Polyurethanes are the most versatile family of polymers: 

soft polyurethane foam is the insert of our chairs, sofas, beds; hard polyurethane is the 

insulation of our household devices; several inner and outer elements of our cars, the soles of 

our shoes are made of integral skin foam. Our highly elastic garments include polyurethane 

elastomer silk. Polyurethane elastomers, coatings, glues are all important engineering 

materials. Almost 80% of polyurethanes are utilized in the form of different foams. Around 

half of the foams are so called molded foams in case of which the product obtains its final 

shape in a mold. 

Reaction injection molding (RIM) is the most versatile and most dynamically 

developing method to produce foamed products although polyurethane foaming is an 

empirical technology mostly based on experience. There is little information available on the 

real foaming process of the product, the arising reaction pressure and reaction heat and their 

distribution, hence design of foaming molds, their optimization for several factors – such as 

cost, shape deformation, pressure resistance etc. – is mainly based on experience and 

estimation. This is also true for product properties – e.g. surface hardness, shrinkage, modulus 

– and the relation of the different technological parameters. 

The shrinkage parameters of the product are of key importance in case of mold design, 

furthermore technical development as well as ordinary life requires better dimension accuracy 

in case of foamed products, and that the item can maintain its properties as time passes. The 

surface hardness of the product is a mechanical, while density – both average density and 

density distribution – is a physical characteristic of the product, and these values are 

determinant considering the function of the product. 

An essential condition of the reliable production of foamed products is the more 

accurate knowledge of the relations among processing technology and the physical and 

mechanical properties of the product. All these are also important as the processing 

technologies of polymers develop dynamically, and due to continuous development better and 

more economical technical solutions are born. Reactive processing technologies are behind 
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the similar fields in this sense. The main reason for that is the great difference between 

reactive injection molding and conventional plastics processing. Hence, it is especially 

important to get to know the process better, and to gather as much information as possible. 

Polyurethane foam products – similarly to other polymer products – have time-

dependent properties. These properties are time-dependent mainly due to the manufacturing 

method of polyurethanes: complete cross-linking requires more time than what the products 

spend in the mold, hence most properties such as surface hardness and dimensions can only 

be considered as constant after a certain time. The examination of these properties is 

emphasized in this work since the standard does not provide any guideline for the 

measurement duration of these properties. 

The aims are the deeper and more accurate knowledge of the foaming process from 

the engineering point of view, the selection and numerical description of the most important 

production technological parameters (factors) that influence the process and the determination 

of the relation between the technological parameters and product properties. 

Critical analysis of the literature 

Based on the literature it can be stated that although several researchers have dealt 

with the examination of polyurethanes, a lot of questions remained without answer mainly in 

the field of technology. The main fields of research are chemical investigation and simulation. 

The main reason is that researchers want to know more about the physical chemistry of the 

foaming process and continuously work on the production of polyurethanes with newer and 

newer properties. While simulations are important as there are a lot of excellent simulation 

software available on the market (such as Moldflow) but unfortunately these do not model the 

foaming process well although a good simulation would be of great help both in case of mold 

and product design. 

Only a few publications deal with the technological parameters of industrial size 

foaming and the relation between the product properties and technological parameters [e.g. 

LO(1-2), 1994; MOHAMMED, 1994; ABDUL-RANI, 2005]. The main reason for that is 

supposedly that foaming technology is mostly based on experience even nowadays, and 

polyurethane producer companies are not willing to share these empirical relations, 

experience with the public.  

It is also important to mention that the results revealed in the publications are mostly 

based on laboratory tests, and in case of chemical reactions are only valid among industrial 

circumstances if strict rules and conditions are met. Furthermore, results revealed in the 

literature show only a very simplified view of the real process as the impact of only a few 
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technological parameters is considered. Ideal conditions were provided for the reactions in the 

laboratory, hence the interaction of environmental effects and parameters were excluded. The 

prepared specimens were kept in adequately conditioned rooms and this is also not a typical 

industrial circumstance. 

That is why it is emphasized in this work that the measurements are carried out under 

industrial conditions on industrial equipment and in industrial size molds and hence fields that 

have not been researched yet can be studied this way. 

A field like that is the maximum pressure, the pressure distribution and its behavior in 

time in the foaming mold. Several researchers have already dealt with pressure measurement 

but the aim of these measurements was the validation of different viscosity and density 

functions, hence pressure was only measured at one point in the mold [e.g. CLARKE, 1985; 

YOKONO, 1985; VESPOLI,1986; KODAMA, 1997; KIM, 1998]. The relation between pressure 

and the production technological parameters are also not known, and the same is true for 

product properties: the connection among surface hardness, shrinkages, average density and 

the technological factors is also not unambiguous. 

Owing to the production technology of polyurethane foams the surface hardness and 

final dimensions of products are only achieved after a certain time. No relevant information 

has been found in the literature, and the relevant and valid standards do not provide a clear 

guideline for the measurement period of these properties either. Hence if products are 

qualified based on these standards, then the results are not sufficient.  

It can also be concluded based on the literature that experimental design – including 

Taguchi method – is extensively used in several fields of technical sciences [e.g. CHEN, 1997; 

SYRCOS, 2003; SRIVASTAVA, 2008]. The method can be used for the time and cost efficient 

selection of significant factors that influence the process. 

Aims 
Based on the above mentioned, the following technological research and development 

aims were set in my PhD dissertation: determination of quantitative and qualitative relations 

between the production technological parameters and physical-mechanical properties of semi-

rigid polyurethane integral skin foam products in order to provide real data for the optimization 

of process, mold and product design. 
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In order to reach this aim, the following tasks are to be carried out: 

- Determination of production technological parameters – factors – that influence the 

foaming process of polyurethane. 

- Qualitative characterization of production technological parameters, based on what a 

sequence can be set for the aimed quantities. 

- Quantitative revelation of the relations between the essential factors and the target 

quantities. 

- Examination of the time dependency of surface hardness and volumetric shrinkage of 

polyurethane products. 

- Investigation of pressure distribution in the foaming mold. 

The examined target quantities: 

- Pressure that arises in the mold during the reaction is essential from the aspect of 

mold design and dimensioning. The strength and deformation dimensioning of 

foaming molds is executed for this pressure value. 

- The surface hardness of the product is also a characteristic of the polyurethane foam 

product. Its examination is important since surface hardness is usually a requirement. 

- The study of shrinkage is of key importance from the aspect of both product and mold 

design. It is important information how much the mold cavity has to be increased in 

order to obtain a product with the desired dimensions in the end. 

Examination methods 
 It was  considered important that the results of my investigations are applicable and 

also valuable in the industry, hence the measurements were to be carried out under industrial 

conditions. The first step of that was the design and manufacturing of a test mold. The target 

quantities to be measured and the requirements against the foaming molds have all been 

considered during mold design. Hence measurement points where pressure gauge sensors can 

be built in were created in the mold. The 3D image of the two cavities (upper and lower part) 

of the test mold is shown in Fig. 1. The points in the upper part of the mold denote the 

measurement places. Heat and pressure sensors type 4079A of company KISTLER that operate 

based on piezoresistive principle were placed in the measurement points. 
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Fig. 1. 3D image of the test mold 

 
When the specimen was prepared (Fig.2.), the simpler shape was taken, and places where 

inserts can be put in later were created so that the shape of the specimen can be changed later. 

The dimensions were determined based on the sizes used in the industry. 

 
 

Fig. 2. Shape and dimensions of the specimen 
 

  The mathematical statistical methods of experimental design, mainly Taguchi 

method, variance and regression analysis were used to reveal the relations. With the help of 

the Taguchi method the number of measurements to be carried out could be decreased 

significantly, hence the examinations were carried out in a cost and time efficient way. 

Preliminary measurements had to be completed in order to apply this method: as the first step 

a list of factors that influence the process of foaming and the properties of foamed products 

was created based on information found in the literature and discussions with the producer of 

the foam system and the company that carries out foaming; then a reproducibility analysis 
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was done through which it was revealed that preparing one specimen for one measurement 

setting is already enough for gaining sufficient information. Variance analysis was used for 

professional data processing and for revealing interactions while regression analysis was the aid 

for describing quantitative relations. 

 A so called primary measurement plan was created in order to choose the factors 

important in terms of pressure within the mold cavity and some product characteristics – surface 

hardness, linear and volumetric shrinkage – from the several production technological factors. 

The essence of this plan is that the selected, controllable production parameters are combined at 

two levels in the framework of a 25-1 plan that contains 32 measurements and also examines the 

probable interactions among the factors. The result is the qualitative selection of factors. My 

aim during the secondary measurement plan – in which the three most significant factors were 

examined at four levels in 16 measurements – was to describe the quantitative relations between 

the essential factors and pressure as well as surface hardness. Then regression relations were 

created for the results.  

 
New scientific results 
Thesis 1 – Pressure distribution in the mold [1,6] 

I have proven with measurements in a test mold that pressure distribution in the cavity of the 

mold is even and is not influenced by the geometrical shape of the mold cavity in case of 

semi-rigid polyurethane skin foams – measured on the example of a foam type Elastofoam 

I 4703/100/schw. 
 

Thesis 2 – Pressure estimation [1,6] 

I have revealed that the empirical pressure-average density formula used in the industry for 

the calculation of pressure generated in the mold cavity gives a higher value compared to the 

real pressure in case of semi-rigid polyurethane skin foams – measured on the example of a 

foam type Elastofoam I 4703/100/schw; hence molds designed for this pressure value are 

overdimensioned for loading. I have proven that a more accurate and cost efficient 

dimensioning can be achieved if equation 0,004 0,373p ρ= −  that describes the relation 

between pressure and average density is used. 
 

Thesis 3 – Time-dependent examination of product properties [2,6] 

In case of semi-rigid polyurethane skin foams – examined on the example of foam type 

Elastofoam I 4703/100/schw – two characteristic properties, namely surface hardness and 

shrinkage are time-dependent. It can be concluded in case of the examined foam material that 
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the value of surface hardness can be considered constant 39 hours after production, and no 

further significant changes are expected afterwards. The time dependency of surface hardness 

can be described with equation 0,2 8,580,9 24,1 28,8
t t

Surface hardness e e
− −⎛ ⎞ ⎛ ⎞

⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠= − ⋅ − ⋅ . Concerning 

volumetric shrinkage the product reaches its final dimensions 148 hours after production. No 

further significant changes in product size are expected afterwards. The following equation 

describes the time dependency of volumetric shrinkage: 

5,399 49,2310,046 0,024 0,022
t t

Volumetric shrinkage e e
− −⎛ ⎞ ⎛

⎜ ⎟ ⎜
⎝ ⎠ ⎝= − ⋅ − ⋅

⎞
⎟
⎠ . 

 
Thesis 4 – Selection of important production technological parameters [3, 4, 6]  

I have found that in case of semi-rigid polyurethane integral skin foams from the aspect of 

pressure generated in the mold cavity and surface hardness injection time (IT), injection mass 

flow rate (MF) and volume (VO) are decisive among production technological parameters. 

Furthermore, I have revealed that there are no factors that influence linear or volumetric 

shrinkage significantly. 

Thesis 5 – Quantitative description of pressure and surface hardness [5,6] 

I have determined qualitative relations for the estimation of pressure – based on the example 

of foam type Elastofoam I 4703/100/schw. I have proven that the value of pressure generated 

in the mold cavity can be determined from the injection time using equation 

or from injection mass flow rate: 0,33( ) 0,37p IT= − 0,01( ) 0,30p MF= −  or from the 

volume of the product: . I have shown that the surface hardness of semi-

rigid polyurethane integral skin foams can be estimated from the injection 

time: , from injection mass flow rate: 

or from the volume of the product: 

.  

0,42( ) 2,31p VO= +

211,39 21,00( ) 1,43( )ShA IT IT= + −

219,82 0,53( ) 0,001( )ShA MF MF= + −

291,54 3,60( ) 3,78( )ShA VO VO= + −

 

Thesis 6 – Relation of average density and target quantities [6] 

I have revealed quantitative relations among the target functions – surface hardness and linear 

and volumetric shrinkage of semi-rigid polyurethane skin foams – and average density, as an 

important product characteristic polyurethane foam products. In case of a given average 

density value the value of surface hardness can be estimated with the following equation: 

116,5289,99 178,06ShA e
ρ−⎛ ⎞

⎜
⎝= − ⋅

⎟
⎠ . In case of a given average density the value of volumetric 

shrinkage can be estimated with the following equation: 
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40,113 (1,4 10 ) (8,1 10 )Volumetric shrinkage 8 2ρ ρ−= − ⋅ − ⋅ − , while linear shrinkage can be 

described by equation 6 22,606 0,003 (7,360 10 )Linear shrinkage ρ ρ−= − − ⋅ .  

 
Utilization of results 

The results can be useful for those who produce or develop polyurethane products. 

With the help of the relations for the maximum pressure generated in the mold, the pressure 

that arises during foaming can be estimated well; hence the design and optimization of the 

mold for loading can be done in a more reliable way. The same can be stated in case of 

shrinkage: its value can be calculated from the average density, hence during mold design a 

mold cavity of sufficient size can be created, and the optimal setting parameters can be 

selected for reaching the desired shrinkage value. Furthermore, the shrinkage of the product 

after manufacturing can also be considered during product design. 

In case of polyurethane products the value of surface hardness is of key importance. If 

the desired surface hardness is known, the density that belongs to it as well as the optimal 

production conditions can be calculated. 

Time-dependent properties provide a basis for quality controllers for the date of final 

checking, and with the help of the equations the expected value of the product properties can 

be estimated – measured at a given time. 
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