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1. Introduction 

Lightweight constructions are increasingly used in automotive, aerospace and construction 

sectors, because using the low density materials allows reducing the structural weight of 

products. That may result in substantial fuel savings and a lower carbon footprint in 

transportation and facilitates manipulation of details in the house construction applications. 

Moreover, the low material density leads to conservation of natural resources, since less 

material is required for manufacturing consumer goods.  

In polymer engineering the lightweight solutions include: 

- selection of polymers with a density lower than their counterparts of comparable 
properties,  

- using composites filled with natural fibers instead of glass fibers,  
- composite sandwich panels with cellular/honeycomb structure,  
- hollow components manufactured by the gas or water assisted injection molding, 
- polymer foaming.  

Cellular and hollow structure polymeric materials offer additional advantages resulting 

from their thermal insulating properties, thus allowing additionally energy savings.  

Preference given to low density materials belong to the factors deciding on a success of 

polypropylene (PP) in the automotive sector. Being lighter than other plastics for 15-20% PP 

allows substantial fuel savings – it is assumed that a weight reduction in a car body of 100 

kg brings about 0.3-0.5 litres of fuel savings per 100 km.  

2. Biocomposites 

Polymer composites constitute a broad group of materials, composed of the macromolecular 

matrix and various fillers. Currently the filler market for plastic composites is dominated by 

calcium carbonate (40%) and glass fiber (31%) and some other inorganic fillers such as talc, 

mica and clay. Although the conventional fillers offer property changes in the composites, 

their high density is not beneficial to fuel savings in automotive applications. Polymer 

composites with cellulose fillers are growing rapidly, mainly in the construction and 

automotive industry. The main advantage of such composites is lower density in 

comparison to that of glass fiber reinforced plastics. In Fig. 1 the density of polypropylene 

and PP filled with wood flour (WF), without or with of a compatibilizer (PP/WF/comp) has 
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been compared to that of PP composites with glass fibers (GF). One can observe an increase 

in density with the filler content for all composites, however markedly higher density is that 

of PP/GF materials. 
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Fig. 1. Density of polypropylene and PP composites with wood flour 

Low density of polymer composites filled with natural fibers was received due to a specific 

hollow structure of the fibers (Fig. 2), which is totally different from a bulky structure of 

glass fibers. Cellulose fibers do not exist in nature as separate items, but they form bundles. 

Each bundle contains 10-60 fibers diameter of 10-17 microns, linked together with pectines. 

 

Fig. 2. Flax fibers bundle cross-section 
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Natural fillers are biodegradable and derive from renewable resources, which is higly 

advantageous for sustainable development (Ellison et al., 2004; Bledzki et al., 2008; Oksman 

Niska & Sain, 2008; Klesov, 2007; Kozlowski & Kozlowska, 2005). Apart from the ecological 

reasons, natural fillers offer possibility of reinforcing thermoplastic matrices (Figs. 3 and 4) 

and provide weight savings in comparison to glass fibers (Table 1).  
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Fig. 3. Young modulus of LDPE and LDPE composites with hemp fibers 

Increase in the stiffness of thermoplastic composites filled with cellulose fibers depends on a 

matrix polymer nature – it is particularly significant to composites based on the low density 

polyethylene (LDPE). In case of LDPE filled with 30wt.% of hemp fibers Young modulus 

increased for 300%, whereas at 50% loading it is for 5-times higher (Fig. 3). 
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Fig. 4. Tensile strength of LDPE and LDPE composites with hemp fibers 
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Tensile strength of LDPE composites filled with natural fibers also enhances as a function of 
the filler content – at 30wt.% an increase for 60% was observed in comparison to neat LDPE, 
while at 50wt.% of hemp fibers the improvement reached 100% (Fig. 4). 

Looking at the data presented in Table 1 and considering that the glass-fibre reinforced 

polypropylene composites are widely used in automotive components (front/end carriers, 

door panel supports, dashboards, consoles, seat backs, headliners, package trays, under-

body shields etc.) one should expect significant environmental profits from replacing glass 

fibers with natural fibers (NF). 

 PP Natural fibers Glass fibers 

Price [€ / kg] 1.4 2.2-3.0 1.5-2.2 

Density [g/cm3]  0.92 1.2-1.5 2.5-2.8 

Energy [MJ/kg] 101.1 3.4 48.3 

CO2 [kg/kg] 3.11 0.64 2.04 

SOx [g/kg] 22.2 1.2 8.8 

NOx [g/kg] 2.9 0.95 2.9 

BOD [mg/kg] 38.37 0.265 1.75 

PM [g/kg] 4.37 0.2 1.03 

COD [g/kg] 1.14 3.23 0.02 

Table 1. Comparison of data related to materials used for manufacturing modern 
composites 

The fibers used most frequently for reinforcement of polymer composites are the bast fibers 

grown in the climate of Europe (flax and hemp) and sub-tropical fibers (kenaf, jute and sisal) 

imported mainly from Asia. Composites filled with wood/natural fibers are called 

biocomposites or wood polymer composites (WPC), sometimes also a term “artificial wood” 

is applied. Their properties combine higher stiffness, hardness and better dimensional 

stability in comparison to plastics and lower density in comparison to mineral fillers. 

Currently biocomposites are being used by Fiat, Ford, Opel, Daimler Chrysler, Saturn, 

BMW, Audi, Peugeot, Renault, Mercedes Benz and Volvo. 

Different polymers can be used as a matrix for biocomposites, and the loading of cellulose 

fillers usually vary within a range of 10 to 70%. Although thermosets were used first as a 

matrix for wood composites, currently thermoplastics use to be applied for manufacturing 

of biocomposites. Most frequently used matrices are polypropylene, polyethylene, 

polyvinylchloride and polystyrene. Depending on a chemical structure of the matrix the 

interaction at the polymer-filler interface is of different strength. This is crucial for the 

mechanical properties and melt viscosity of composites. High adhesion is expected if both 

components have polar groups. Unfortunately, this is not a case of the most popular 

biocomposites, which are composed of hydrophobic polyolefines and hydrofilic cellulose 

fibers (-OH groups). Therefore, extensive research has been performed to enhance interfacial 

adhesion and improve dispersion of cellulosic fibers in polyolefines. Frequently used 

solution is addition of compatibilizers composed of blocks interacting on a physical or 

chemical way with each component of the composite. Good results are reported on using 

maleated polypropylene (PP-g-MAH) for compatibilization of PP-based composites with 
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natural fillers (Fig. 1). Another approach might be hydrophobisation of cellulose fibers 

(esterification). Although polymer composites with natural fillers have been 

commercialized, their industrial applications are in some sectors limited because of their 

low impact strength and high density compared to natural wood and polyolefines. 

The original processing technology of biocomposites was nonwoven technology, which is a 

normal production precursor to compression moulding. Further developments extended the 

processing technology to extrusion or injection molding of composites reinforced with short 

cellulose fibers. What should be considered at processing of thermoplastic composites is the 

melt viscosity, which increases after addition of fillers. Melt flow rate (MFR) of LDPE and 

composites with hemp fibers has been presented in Fig. 5. Flowability of composite filled with 

30wt.% of fibers is for 2.5 times lower than that of neat LDPE, droping down at 50wt.% of 

hemp for 6 times in comparison to MFR of polyethylene. For that reason either higher pressure 

or higher processing temperature has to be used in order to shape high quality products. 
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Fig. 5. Melt flow rate of LDPE and LDPE composites with hemp fibers 

Particular type of biocomposite is the particle board, which is a composite material made 

from small pieces of wood or other lignocellulosic material (branches, stem, saw dust, straw 

or bagasses) that are mechanically pressed into sheets being bonded with a resin. Similar 

sandwich structure have composites which external skin layers are made of a bulky plastic, 

whereas a core is lightweight (density of 40-70 kg/m3), made either as a foam or 

honeycomb structure. Such sandwich materials (Panelplus panels) while used in the 

manufacture of truck bodies weigh 60% less than the equivalent plywood panels (Institute 

of Materials, Minerals and Mining, 2004).  

Hollow, lightweight plastic components may be manufactured also by the gas or water 

assisted injection molding. In this technology the mould is only partially filled with a 

polymer melt, afterwards a gas or water is injected to pack the mould completely. After 

mold cooling and solidification of a polymer the gas or water is evacuated from the cavity 

and the hollow part is ejected (Fig. 6).  
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Fig. 6. Principle of gas-assisted injection molding (acc. to www.cinpres.net) 

3. Polymer foaming 

In parallel with other technologies a fast development in foaming technology of plastic parts 

is observed, driven primarily by the transportation sector demands. The main reason is that 

porous components allow to reduce the amount of raw materials and fuel consumption at 

the same time. Another characteristic of foams is thermal insulation, therefore an important 

application field is insulation of buildings and industrial constructions. A typical example is 

polystyrene foam, which is used in the construction industry for over 50 years. Polyurethane 

and polyethylene foams have been used for insulations of pipelines, air ducts, containers, 

solar collectors etc. (Fig. 7). Plastic foams are used extensively for thermal insulation of 

refrigerators and freezers. 

 

Fig. 7. Foam insulation made of synthetic rubber ARMAFLEX HT (www.azflex.pl) 
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Cellular structure of foams allows also sound and vibration damping, which has been used 
in sound insulating panels, upholstery in furniture, car seats, protective pads etc. 

Cellular plastics may be manufactured either by the periodic or continuous technology, 

using chemical or physical foaming agents. The conventional foams have cells of large size 

(0.1-1 mm) and broad size distribution (Fig. 8), therefore their mechanical properties are 

inferior to that of bulky polymers. The cell density of conventional foams is in a range of 104 

- 106 cells/cm3.  

The microfoams contain much higher number of cells (>109/cm3), which size is markedly 

smaller (ca. 10 ┤m). Such materials exhibit better performance than the conventional foams, 

with higher mechanical properties and better thermal insulating characteristics. 

 

Fig. 8. Polystyrene foams – conventional (left) and microfoam (www.trexel.com) 

3.1 Methods of foaming 

Foaming techniques can be divided into several groups. Similar to the plastics processing 

technology, they can be divided on continuous (extrusion foaming) and periodic (injection 

molding or press foaming) processes. Periodic technology requires a long time and 

excluding manufacturing of expanded polystyrene (EPS), they are rarely applied. 

Other method of rather seldom use is manufacturing of polymer composites filled with 

easily soluble compounds, like salt or sugar. After the filler is eluted with an appropriate 

solvent, the empty holes form cells of the resulted foam. 

Cellular structure can be also formed by sintering of polymer powders at high temperature. 
Soft surfaces of neighboring spheres stick each other, whereas the free volumes between 
them create foam cells. 

Akzo Nobel offers a foaming method based on mixing of a matrix polymer with 

thermoplastic spheres filled with volatile hydrocarbons (Expancel). At heating the polymer 

becomes soft, while the hydrocarbon evaporates, expanding the material. Initial sphere 

diameter is 12 ┤m, which after expansion increases to 40 ┤m. The material of spheres should 

be compatible with the matrix polymer, whereas a hydrocarbon is selected depending on a 

required decomposition temperature. The spheres of Expancel are added to a polymer in an 
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amount of 2 - 8% and such mixture is processed by extrusion or injection molding 

technology. Decrease in a density for 30% was reported after addition of 3% microspheres, 

however the cells were of diverse size (Fig. 9). 

 

Fig. 9. Structure of foam manufactured with Expancel technology (www.akzonobel.com)  

Undoubtedly the principal polymer foaming technology is that involving a gas delivered to 

a polymer by means of the chemical (CFA) or physical foaming agent (PFA). Low density 

foams (2 - 500 kg/m3) are manufactured with physical blowing agents, whereas chemical 

blowing agents produce foams density of 500 - 750 kg/m3. 

3.2 Foaming agents 

Physical blowing agents comprise of gases and low boiling hydrocarbons or their 

halogenated derivatives. Initially used blowing agents (pentane, butane, chlorofluoro 

hydrocarbons) are withdrawn because of ecological reasons (the Montreal Protocol 

Agreement) and fire hazard and replaced by noble gases (argone, nitrogen, carbon dioxide). 

Interesting properties have also hydrofluoro olefines, which have been used for 

manufacturing of polyurethane and EPS foams (Rosato, 2010). 

Unfortunately several safe blowing agents exhibit either too low solubility in polymers or 

too high heat coefficient, which deteriorates thermo-insulating properties of foams. Thermal 

insulation expressed with the heat transfer coefficient ┣ depend on the cell size and density 

(Schellenberg & Wallis, 2010), but also on a nature of gas in the cells. Nitrogen and oxygen 

have comparable ┣ values (at 0°C respectively 22,7 and 23,2 mW/m K), however that of 

carbon dioxide equals to 13,7 mW/m K. Thus, the foams filled with CO2 exhibit much better 

thermo-insulating properties than others.  
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Foaming with gases results mostly in foams of large cell size, however using supercritical 

liquids bring about manufacturing of microfoams (Cooper, 2000). At critical conditions 

(temperature and pressure) the density of a liquid and a gas equals. Above the critical 

temperature condensation of a gas is impossible, independing on a pressure applied. From 

that reason carbon dioxide is most appropriate for transportation, storage and dosing 

conditions, since its critical temperature is +31.1, whereas that for nitrogen is –146,9ºC and 

argone –122,3ºC.  

Chemical blowing agents decompose within a specific temperature range, emiting a 

stechiometric amount of gases (usually nitrogen or carbon dioxide). Chemical blowing 

agents are classified as egzo- or endothermic, depending on the effect of a decomposition 

process. Due to a vigorous character of the decompositin reaction, egzothermic CBAs 

produce large size cells (>100 ┤m) of a non-uniform size distribution and cause a high 

overall expansion of the material (Fig. 10).  

 

Fig. 10. Stucture of polypropylene foam produced with egzothermic CBA 

The most popular egzothermic chemical blowing agent is azodikarbonamide (ADC) H2N-

NH-(CO)-N=N-(CO)-NH2. ADC decomposes at 200-220ºC with emission of gases in the 

amount of 220 cm3/g. The mixture of gases comprises of nitrogen (65%), carbon monoxide 

(24%), carbon dioxide (5%) and ammonia (5%). 

Endothermic chemical blowing agents need heat to continue decomposition, therefore it is 

easier to control the process just by changing its temperature. For that reason one can produce 

with endothermic CBA foams of lower cell size. Most popular endothermic blowing agent is a 

mixture of sodium hydrogen carbonate and citric acid. It decomposes to carbon dioxide and 

water in a two-stage reaction: first at 130-140ºC, second at 180-200ºC (Fig. 11).  

www.intechopen.com



 
Thermoplastic Elastomers 

 

300 

75

80

85

90

95

100

0 25 50 75 100 125 150 175 200 225 250

temperature [0C]

m
a

s
s

 l
o

s
s

 [
%

]

CF - 40

PLC - 742

  

Fig. 11. TG analysis of endothermic chemical blowing agents 

Decomposition takes place according to a reaction:  

  6 8 7 3 6 5 3 7 2 2 2C H O  3 NaHCO  C H Na O  ·  2 H O  3 CO  H O     (1) 

Total amount of gases emitted in the above reaction equals to 120 cm3/g. 

Solubility of gases in polymers is a crucial factor for foaming. If it is high, the saturation time 
of a polymer with a gas is shorter and lower pressure level is required to keep the gas in the 
melt. Solubility of carbon dioxide in several polymers is higher than that of nitrogen, 
therefore it generates more cell nuclei, which is essential for the foam structure. The size of a 
foaming gas particle is also important for the foaming technology. Since CO2 particle is 
small, it diffuses fastly through a polymer, which means that the cell growth rate should be 
high. However, from the other side, carbon dioxide may escape more easily to atmosphere, 
thus causing a collapse of the foamed material. 

3.3 Technology of polymer foaming 

Foaming process consists of four stages: 

1. dissolving of a gas in a polymer under high pressure (if polymer is in a solid state) or at 
high temperature and high pressure (e.g. in a molten polymer); 

2. cell nucleation due to a sudden change in the thermodynamic state of a material 
resulting from its decompression or temperature change; 

3. cell growth – their size and density depend on the blowing agent content, process 
parameters and properties of the polymer; 

4. morphology fixation by polymer solidification, e.g. cooling below the glass temperature 
or crosslinking. 
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Cellular polymers may be manufactured by saturation of a solid polymer with gas in a high 
pressure vessel at elevated temperature. First trials concerned foaming of polystyrene with 
carbon dioxide. It was evidenced that the equilibrium amount of CO2 adsorbed by PS at 

80ºC under 240 bar pressure equals to 11.8%. The foam density varied within 0.05-0.85 
g/cm3 depending on the applied temperature, pressure and pressure drop rate. The cell size 
amounted to 1-70 µm (Arora et al., 1998). 

The foam morphology is related to a structure of polymers – the most important are 

branchings in the polymer chain and crystallinity (Huang et al., 2008; Rachtanpun et al., 
2004; Su & Huang, 2010; Li et al., 2007). It is well established that foaming is easier with 
amorphous polymers like PS than with crystalline ones like polyolefines. Amorphous 
polymers usually have higher melt strength and are more viscous, therefore cell growth is 

more difficult, but they hold gas pores better. Crystalline resins are less viscous but difficult 
to foam due to their chain entanglement and crystals formation at cooling, which disturbs 
the cell growth process. Foaming of semicrystalline polymers is more complicated than the 

amorphous polymer foaming, because the gas dissolves exclusively in amorphous regions. 
That causes a non uniform cell nucleation and irregular foam morphology.  

Temperature range of the efficient foaming is limited from above by the polymer 
degradation temperature and from a bottom by the polymer melt viscosity, which allows for 

a cell growth. Because it takes place only in the amorphous regions, fast increase in a 
viscosity of the semi-crystalline polymers upon cooling makes the available temperature 
range small in comparison to that of amorphous polymers.  

Technology of a direct polymer saturation with a gas is useful rather for niche products due 
to a long time required for saturation because diffusivity of a gas in a solid polymer is low. 
Nevertheless, it may be used a. o. for scaffold manufacturing. Mooney et al. (1996) have 
shown that after treating copolymer of D,L lactic acid and glycolic acid with carbon dioxide 

under pressure of 5.5 MPa for 72 hours followed by fast decompression one observes cells in 
a polymeric material. Their size equals to ca. 100 ┤m, while the cell density depends on the 
process parameters and crystallinity of a polymer, reaching 93%.  

Cell nucleation in a polymer starts spontaneously after a sudden change of a 
thermodynamic state of the system (homogeneous nucleation) or may be induced with 
addition of small amount of a filler (heterogeneous nucleation) (Lee, 2000; Lee et al., 2006).  

Technology of foaming by means of extrusion or injection molding is more widely used, 

because a gas diffusion in molten polymers is faster and it is facilitated by mixing. These 
technologies were applied at late nineties at Massachussetts Institute of Technology (MIT) 
after the successful research on manufacturing PS microfoams by a solid state saturation 

with supercritical CO2. Since then the foaming injection molding received an industrial 
maturity, providing remarkable material savings. Chen et al. (2006) presented an example of 
polypropylene foaming, showing that the material savings for thin wall (0.5 mm) items 
equals to 4-9% and for the thick wall (15 mm) samples reached 50%. Unfortunately, in 

parallel a deterioration of mechanical properties was reported. Similar findings were 
presented by Bielinski (2004), who tested foaming of polypropylene and polyvinyl chloride 
using chemical blowing agents. He has found that depending on the CBA content (0,5–2 

wt.%) and injection molding parameters the cell size varied in a range of 10-350 µm.  
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The material savings and lower amount of waste cause that the chemical blowing agents are 

widely used. In Fig. 12 a yogurt cup made of PS foamed with CBA has been presented. The 

mass of a cup was decreased for 15-20% in comparison to the non-foamed item. Even if a 

foam structure is not uniform, the economical and ecological advantages are obvious.  

  

Fig. 12. Foamed polystyrene cup and its wall structure (acc. to www.adeka-palmarole.com) 

Technology of microcellular foam extrusion has been extensively studied a.o. by Park and 

co-workers (Park, 2000; Lee & Park, 2006). After injection of a gas into the polymer melt its 

diffusion is intensified by mixing, which results in a complete gas dissolution. The 

equilibrium reached in the extruder is lost after the melt exits the die (Fig. 13). Sudden 

pressure decrease causes also decrease in a gas solubility, which has to evolve from a 

polymer in a form of microcells. These sites form nuclei, of which the larger cells grow as 

more gas appears in the system as the polymer melt-gas solution decompression proceeds. 

That process is continued until the new equilibrium state is reached or the polymer 

solidifies.  

 

Fig. 13. Polymer foaming extrusion principle 

Since foaming involves several processes occuring in a fluid state, therefore knowledge of 
the viscoelastic characteristics of a molten polymer is very important. Because the 
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dominating stresses are related with shearing and elongational forces, therefore a 
knowledge of a dependence of the polymer melt viscosity on temperature and on the shear 
rate is essential. In Figs. 14 and 15 the basic characteristics for three different LDPE grades 
have been presented. 

 

Fig. 14. Viscoelastic characteristics of different LDPE grades (130ºC) 
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Fig. 15. Melt strength and elongation for different LDPE grades (130ºC)  

The examples show that different grades of the same polymer differ in pseudoplasticity, 

therefore they should exhibit diverse melt reaction at low and high deformation rates. That 

means a different mixing efficiency of the melt with a gas (torque level and gas diffusion 
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rate) and easy or more difficult cell grow (melt viscosity) and resistance to rupture (melt 

strength). One can expect that significant differences in viscoelastic properties should have 

an impact on morphology of cellular plastics.  

 

Fig. 16. Schematic representation of extrusion foaming stages 

(b)

(c)

(a)
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The most important stages of the foaming process (e.g. cell nucleation and growth) have 
been presented schematically in Fig. 16. 

 

Fig. 17. Cell size and amount in LDPE foamed at different melt pressure  

0

50000

100000

150000

200000

250000

300000

350000

30 rpm 40 rpm 50 rpm

C
e
ll 

d
e
n
s
it
y
, 
1
/c

m
3

no screen

1 screen

 

Fig. 18. Cell density in LDPE foam at different processing parameters 

Critical factor for foaming is the cell nucleation rate, which is related to a change in the 
thermodynamic state of a system and phase separation. The gas dissolved formerly in a 
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molten polymer is evolving simultaneously at several sites of the material (a). Since the 
nucleation rate is much higher than the diffusion rate, the cell nuclei arise first, and only 
after some time they start growing due to a diffusion of next gas particles which appear as 
the gas solubility in a polymer melt falls due to the pressure and temperature decrease in a 
material after it exits the extrusion die. 

Number of cells nucleated in the polymer depend on the pressure difference in the melt and 
atmospheric pressure. High difference developed by a change in the processing parameters 
or equipment configuration facilitates generation of higher cell density and their smaller size 
(Figs. 17 and 18). 

Cell growth process (b) and (c) depends on several parameters, a.o. on the melt viscosity, 

melt strength and dynamics of cooling. For lower viscous melts the cells grow faster and are 
larger than these in a more viscous system (Fig. 19). 

 

Fig. 19. Cell size and population for different LDPE grades (130ºC) 

One should consider that the gas dissolved in a polymer causes its plasticization, therefore 
the melt viscosity decreases markedly, thus modifying the foaming progress. In Fig. 20 a 
drop in the torque measured at kneading of the polymer melt after addition of an 
endothermic chemical blowing agent has been presented. 

Total amount of cells and their size are related to the polymer melt strength. In case it is 
high the neighbouring cells may grow individually, however if it is low, the cell walls 
may disrupt due to an internal gas pressure and coalescence of cells occurs (Fig. 21). 
Another issue is a gas escape from the polymer melt to atmosphere and a resulting surface 
warpage. 
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Fig. 20. Mixing torque and temperature change after addition of endothermic CBA to 
polymer 

 

Fig. 21. Foam morphology generated in LDPE of different melt strength (130ºC) – foam 
density 0.576 g/cm3 (left) and 0.447 g/cm3 (right) 

The process of cell growth outlined in Fig. 16 stops as soon as the polymer glass temperature 

reaches the lower foaming limit. It may proceed fastly, because Tg increases with decreasing 
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concentration of a gas in the polymer. At that stage a cooling dynamics is essential for the foam 

morphology (Fig. 22). Provided the cooling is fast in the cooled calibrator, cells remain at the 

size generated shortly after exiting a die. However, if cooling proceeds slowly, the cells 

continue growing until the material solidifies by heat exchange with the ambient atmosphere. 

 

Fig. 22. LDPE foam morphology after cooling in calibrator and cooled freely (bottom) 

Research on extrusion microfoaming of polystyrene with supercritical carbon dioxide has 
shown high influence of the extrusion die temperature and the dynamics of cooling on the 
resulting foam density and structure. The foaming level amounted to 15-25% (Sauceau et al., 
2007).  

Extruded microfoams have small cell size and exhibit low cell size distribution (Fig. 23). 

 

Fig. 23. Structure of microfoam manufactured by extrusion foaming (Park, 2000) 
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Cell size depend on the pressure within the cells, the melt strength and interfacial tension. 

The higher is the pressure, the smaller is the melt strength and interfacial tension, the larger 

cells are generated. As the cell grow and they wall thickness decreases, the coalescence 

probability of neighbouring cells increases. Behravesh at al. (1998) have found that a 

coalescence is facilitated with a high shear stress during processing, however its probability 

decreases with lower melt temperature. Therefore cooling of the gas-polymer solution in a 

heat exchanger or within a die is advantageous. 

Polymer foaming may be performed with single screw extruders of high L/D ratio equiped 

with mixing elements at a last section of the screw, or with the twin screw or tandem 

extruders. In any case very important is a precise dosing of a gas, since its surplus causes 

large cells formation.  

In a tandem system (Fig. 24) the first extruder serves for polymer melting and mixing it with 

the injected gas. In the second extruder further homogenisation of the temperature and gas 

distribution within a polymer melt should be performed.  

 

Fig. 24. Tandem extruder system for foaming (acc. to Lee & Park, 2006) 

Proper design of every detail of the extrusion foaming set, the processing parameters and 

composition of the foamed material are crucial factors for the final morphology of a foam. 

The die geometry is of high importance, because the cell nucleation takes place there. 

Extensive discussion of the die role for generation of a high cell density has been presented 

by Xu et al. (2003) at the example of PS foaming with carbon dioxide.  

Pressure in a die depends on the temperature and shear forces in the molten polymer. 

Provided the die temperature is high, the melt viscosity is low, which causes a low pressure 

drop in the melt after it exits the die and a low number of nuclei. However, at the low die 

temperature the melt pressure becomes high and the cell density is also high.  
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Shear stress level in the melt also influences pressure in the die. High pressure is beneficial 

to the cell density, however its too high level may cause the melt instabilities and cells 

rupture.  

The nuclei number in a foamed polymer melt may be increased by means of fillers addition 

(Antunes et al., 2009; Khorasani et al., 2010). Foaming of polypropylene with carbon dioxide 

and addition of talc has shown that the cell density depends on both the filler and foaming 

agent content, however the nucleating effect of talc was observed only at low talc loading. 

Similarly, the positive effect of talc on the cell nucleation process and total cell density has been 

noted at foaming of PP with isopentane. It has been concluded that the nucleation mechanism 

depends on a size of the gas particles used for foaming. Recently also nanofillers have been 

reported as efficient cell nucleants for PP and HDPE foams (Khorasani et al., 2010). 

Interesting properties exhibit cellular plastics manufactured from polymer blends. Basing on 

a knowledge on polymer melt rheology and blends morphology one can generate bi-modal 

distribution of cells located in different polymer domains. That idea has been presented for 

PPE/SAN blend foaming with carbon dioxide (Ruckdaeschel et al., 2007). 

Another modification of foaming technology presents mixing of polymer with CBA, partial 

crosslinking of the polymer and than decomposition of the blowing agent with evolution of 

a gas. Cell structure can be limited by means of the crosslinking level, thus microfoams can 

be manufactured with such technology (Rodriguez-Perez et al., 2008). Microcellular 

polyethylene is used a.o. for pipe insulations, gaskets and in a healthcare as the wound 

dressing or sensitive skin protection. 

4. Foaming devices 

Extensive research on polymer foaming which was performed at MIT, Massachusetts 

(USA) received commercialisation of obtained results. For that purpose Trexel Inc. 

company was established, which has developed MuCell® technology of microfoams 

manufacturing by means of a supercritical gas [9]. Its main advantage is low consumption 

of polymer, high mechanical properties (including the impact strength), good 

thermoinsulating properties, as well as high surface quality of manufactured details. Such 

characteristics have been received due to the low cell size (5 - 50 ┤m), their regular shape 

and high cell density (108 cells/cm3).  

Applying MuCell® technology for injection molding requires mounting the gas injector in a 

proper place of the cylinder (Fig. 25), selecting a screw geometry enabling thorough mixing 

of a gas with molten polymer and adjusting the gas injection with the overall injection cycle 

time. Decompression of the gas-melt solution should take place just in a mould. MuCell® 

allows for a shorter cycle time (15-35%), lower density of details (6-12%), reduction of 

internal stresses and high dimension stability.  

While applying MuCell® technology for extrusion foaming one should consider also the gas 
injector, proper screw design and well selected die geometry. Proper matching of all 
parameters should result in a high pressure in the melt, which is crucial for efficient foaming. 
Foaming extrusion by MuCell® allows a.o. manufacturing HDPE pipes with cell size of 15 µm 
and material density of 0,54 g/cm3, EPDM gaskets for automotive applications etc. 
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Fig. 25. Gas injection system in MuCell® technology (acc. to www.trexel.com)  

1. die closure  
2. control ring  
3. screw mixing section 
4. gas injector  
5. valves 

Another technology of cellular profiles extrusion offers Sulzer Chemtech (Switzerland). 

OptifoamTM technology anticipates a gas injector between the screw and extruder head 

(www.sulzerchemtech.com). Gas (CO2 or N2) is injected into the gas melt through a fluid 

injection nozzle made of sintered metal. The mixture of a gas and a polymer is next 

thoroughly homogenized in the static mixer section (Fig. 26).  

 

Fig. 26. Extrusion foaming set for OptifoamTM technology (www.sulzerchemtech.com) 
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Fig. 27. Mixing unit of the ErgoCell® foaming injection molding (Sauthof, 2003) 

 

Fig. 28. Core Back Expansion Molding principle (www.mazda.com) 

 

Fig. 29. Mazda2 door panel by Core Back Expansion Molding ((www.mazda.com) 
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ErgoCell® foaming technology developed by Demag Ergotech GmbH (Mapleston, 2002) 

assumes two stage process, with injection of a gas into mixing device located between the 

stationary screw and a melt accumulator equiped with an injection plunger (Fig. 27). 

ErgoCell® allows for a shorter cycle time, lower weight details (6-25%), reduction of internal 

stresses and surface defects.  

Car manufacturer Mazda also applied solution of the supercritical gas (CO2 or N2) in the 

polymer melt. According to the Core Back Expansion Molding technology the material is 

injected into a mold and once the foamed polymer has filled up the mould, its volume is 

increased by moving the back of the mould (Fig. 28). Weight of the door panel for Mazda2 

(Fig. 29) made with such technology is lower for 20%, while its stiffness is for 16% higher.  

5. Foaming of biocomposites 

Biocomposites used in the construction and automotive sector are frequently called 

„artificial wood” because their many properties and appearance are like wood (Matuana et 

al., 1998; Migneault et al., 2008; Bledzki et al., 2008). Unfortunately, the density of 

biocomposites, even if markedly lower than that of glass fiber reinforced composites, is still 

twice as high as the natural wood density. That drawback can be reduced by foaming of 

biocomposites that are lighter and feel more like real wood (Rodrigue et al., 2006; Guo et al., 

2004, Bledzki & Faruk, 2006, Kozlowski et al., 2010). The earliest known foamed and wood-

filled thermoplastics were based on polystyrene (PS) - this amorphous polymer is a perfect 

bubble catcher. Wood flour itself has been proved as an efficient nucleating filler in 

polyethylene foamed with azodicarbonamide (Rodrigue et al. 2006). As far as length of 

natural fibers is concerned, short fibers (75-125 ┤m) are favorable for foaming, since they do 

not disturb the cell growth process, like do the long fibers (4-25 mm).  

 

 

Fig. 30. Cross section of foamed PP filled with 30 wt.% of wood flour - injection molded 
(left) and extruded profile (right) 

Selection of the polymer matrix is very important for properties of biocomposites. Because 

cellulose fibers are polar, the hydrophobic matrices (like polyolefines) need addition of 

adhesion promoters in order to facilitate regular fiber distribution and efficient stress transfer 

across the composite during deformation in a molten state and during/after solidification.  

Cellular biocomposites can be manufactured both by the extrusion or injection molding 

technology, however the extrusion foaming provides better results (Fig. 30), as it allows for 

a more precise process control.  
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Fig. 31. Dependence of foam morphology on melt pressure for LDPE/wood flour composite 

 

Fig. 32. Dependence of foam morphology on melt pressure for PP/wood flour composite 
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The study on foaming of biocomposites confirmed the findings formulated for non-filled 
polymers. High drop in the melt pressure between that in a die and ambient is favourable 
for manufacturing foams of fine, regular cells (Fig. 31), however if it is too high, that causes 
a cell damage and foam collapse (Fig. 32). 

In general foaming is more difficult due to the high melt viscosity of biocomposites and low 
melt strength, however the results of research reported in recent years for foaming of wood 
composites with the chemical or physical blowing agents are promising. The technology of 
extrusion foaming seems to be fully controled and the profiles manufactured looks like 
wood outside (Fig. 33) and in a cross-section (Fig. 34). The possibility of foaming composites 
filled with cellulose fibers make them ideal candidates for the low weight and thermal 
insulating engineering materials in all transport modes (Fig. 35). 

 

Fig. 33. Extrusion foaming of PP filled with 30 wt.% of wood flour 

  

Fig. 34. Cross-section of PP/woof flour composite 
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Fig. 35. Properties of PP, PP biocomposite and their foams 
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