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DEVELOPMENT OF EXTRUDED HIGH IMPACT POLYSTYRENE FOAMS 

SUMMARY 

The use of polymers has been increaseed significantly since the second world war. 
Currently, hundreds of millions of polymeric products are being manufactured. This 
is due to the advantages that polymers could provide compared to other metallic or 
ceramic counterparts. Firstly, polymers possess low density and their manufacturing 
is cheaper and easier. In addition, polymers are corrosion resistant materials.  

Polystyrene (PS) is an amorphous polymer that has glass transition temperature of 
around 105 oC. It is cheap and one of the mostly used polymers in commodity 
applications. There are many areas for the use of PS such as plastic cutlery, pots, 
toys, automotive industry, whitegoods industry, electronics etc. General purpose PS 
(GPPS) and High impact PS (HIPS) are the types of PS that are widerly being used 
in various areas. GPPS is a transparent and brittle material and it is known as crystal 
in plastic industry. HIPS is also a blend of PS which contains around 5-15 wt % 
polybutadiene (PB) rubber. These two polymers form an immiscible blend of PS and 
PB.  

Foamed polymers can be defined as polymers include bubbles and pores. Foamed 
polymers are very light weight and cost-effective materials. In addition, they have 
comparable mechanical properties and very high strength to weight ratios as it is 
compared to conventional neat polymers. Because of such advantages, the polymeric 
foams are used in many applications such as automobile parts, packaging industry, 
sandwich caps, insulators in construction industry, sport industry etc. 

The use of blowing agents are required  in order to obtain foamed structure in 
foaming process. Blowing agents are classified into two groups as physical blowing 
agents (PBAs) and chemical blowing agents (CBAs). PBAs are directly injected into 
the polymer matrix melt during processing and they are in the form of gas, liquid or 
supercritical phase. On the other hand, CBAs decompose and generate gases during 
processing and they are in the form of solid granules or powder. 

Polymeric foams can be classified as open or closed cell foams based on the 
morphology; microcellular, fine celled and conventional foams as the cell density; 
high density, medium density and low density based on void fraction or expansion 
ratio. Many of traditional polymer processing methods can be performed in order to 
produce polymeric foams. Batch process and continuous process are the two 
techniques for foam production. Continious process also classified into two groups as 
foam extrusion and foam injection molding (semi-continuous). 

In foam extrusion process, polymer/gas mixture starts to be generated by the directly 
injection of PBA or decomposition of CBA under higher pressure during processing. 
The gas dissolve in to polymer matrix when the pressure is under the solubility limit 
of polymer. When the polymer/gas mixture flew through the extruder die, the sudden 
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pressure drop at the die nozzle creates thermodynamic instability and causes cell 
nucleation and growth during the foaming step.  

This thesis studies the extrusion foaming behavior of HIPS through a twin-screw 
extruder using two various types of CBAs. The filamentary die having 4 mm length 
and 2 mm diameter was used in order to obtain foamed filament samples for each 
experiment. The CBAs differences is about their decomposition temperatures. These 
CBAs were named as CBA-1 and CBA-2 and they were thermally analyzed in order 
to observe the thermal properties and decomposition temperatures by using 
differantial scanning calorimetry (DSC) and thermal gravimetric analysis (TGA).  

Three and five different extruder barrel temperature profiles were determined in 
order to observe the effect of processing temperature for CBA-1 and CBA-2, 
respectively. After the determination of optimum processing temperature profile for 
both CBAs, the five different die temperature profiles (from the highest to the lowest 
temperature) were tailored during the foaming of HIPS for two different CBAs. The 
effect of the die temperature on the foaming behavior of HIPS was observed, and the 
optimum die temperature profile was determined. 

The next step is to verify the CBA content effect on the foamed HIPS for both CBAs. 
Three different contents (i.e., low, moderate and high content) of chemical blowing 
agents were used for each CBAs and content of CBA on foamig was investigated. 
After the determination of optimum CBA content for both CBAs, effect of screw 
RPM (revolution per minute) on the foaming behavior of HIPS was, subsequently, 
illustrated for both CBAs. Four different screw RPM (low, moderate, high, very high 
RPM) were tailored during the foaming of HIPS for two different CBAs and the 
most proper RPM conditions were selected for CBA-1 and CBA-2. 

The HIPS extrusion foaming behavior was further investigated via blending it with 
GPPS at the various blending cotents (neat HIPS, HIPS with low content GPPS, 
HIPS with high content GPPS). The effect of GPPS and its blending content was 
investigated for both CBAs. After that, foaming behavior was also examined via 
compounding HIPS with three different inorganic fillers (i.e., microlamellar talc, 
talc, and calcium carbonate) at three different contents (i.e., low, moderate and high 
content). The effect of the inorganic fillers as a nucleating agent and the effect of 
inorganic filler type and content were investigated with this study. 

The foamed HIPS samples were characterized  in two aspects.  Firstly, the density of 
foamed  samples  were measured in pure water and calculated by using archimedes 
equation.  After the determination of the density of foamed HIPS samples, the void 
fractions of  each sample was calculated. On the other hand,  the  morphology of  
cellular structure in foamed   samples were observed by using scanning electron 
microscope (SEM). Firstly the foamed HIPS filaments were broken under liquid 
nitrogen and the samples were coated  with gold. After the observation of cellular 
morphology; cell distributions and cell dimensions were examined and the cell 
density of each of filamentary samples were calculated.  
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EKSTRÜZYON PROSESİNDE YÜKSEK DARBE DAYANIMLI 
POLİSTİREN KÖPÜK MALZEMESİNİN GELİŞTİRİLMESİ 

ÖZET 

İkinci dünya savaşından günümüze kadar, polimer endüstrisi yıldan yıla gelişerek 
büyümüştür. Günümüzde, kullanılan polimer malzeme miktarları oldukça fazla olup, 
yılda yüzlerce milyon polimer ürün üretilmektedir. Polimer sektörünün bu denli 
büyümesinin ana nedeni, polimer malzemelerin özelliklerinin diğer metalik ve 
seramik malzemeler ile kıyaslandığında avantajlarının oldukça fazla olmasıdır. 
Öncelikle, polimerler pek çok malzemeye oranla daha hafif materyeller olup, 
üretimleri oldukça kolaydır. Ayrıca polimerler metaller gibi korozyona uğrayarak 
aşınmazlar.  

Polistiren (PS) amorf kimyasal yapıdaki polimerlerden olup, 105 oC camsı geçiş 
sıcaklığına sahiptir. Fiyat olarak pahalı değildir ve en çok kullanım alanına sahip 
olan polimer malzemelerden biridir. Kullanım alanlarına örnek olarak ise: plastik 
çatal, bıçak ve tabak parçaları, oyuncaklar, otomotiv endüstrisi, beyazeşya endüstrisi 
ve elektronik olarak gösterilebilir. Genel amaçlı polistiren (GPPS) ve yüksek darbe 
dayanımlı polistiren (HIPS) polistiren malzeme türlerindendir. GPPS, şeffaf ve 
kırılgan yapıda bir malzeme olup, polimer sektöründe daha çok kristal adıyla 
bilinmektedir. HIPS ise, içeriğinde % 5-15 aralığında polibütadien (PB) kauçuğu 
bulundurmaktadır. Darbeyi daha iyi sönümleme özelliği, yapısındaki kauçuktan 
gelmektedir. HIPS, PS ve PB malzemelerinin birbiri içerisinde karışmayan harman 
yapısından oluşmaktadır.  

Köpürtülmüş polimerler, polimer matriksin içerisinde gaz boşlukları (hücre) ve 
porlar içeren polimerler olarak tanımlanabilir. Köprtülmüş polimerler oldukça hafif 
ve düşük maliyetli ürünlerdir. Ayrıca, geleneksel köpürtülmemiş polimerlerle 
kıyaslandığında, karşılaştırılabilir mekanik özelliklere ve ağırlıklarına oranla oldukça 
yüsek mukavemet değerlerine sahiptirler. Bu gibi avantajlarından dolayı, polimer 
köpük malzemeler otomobil parçaları, paketleme sektörü, sandviç kapları, inşaat 
yalıtım sektörü, spor ekipmanları endüstrisi gibi bir çok uygulama alanında 
kullanılmaktadır. 

Köpürtülmüş ürünler elde edebilmek için, polimer malzemenin yanı sıra köpürtücü 
ajanların da kullanılması gerekmektedir. Köpürtücü ajanlar, fiziksel köpürtücü 
ajanlar (PBAs) ve kimyasal köpürtücü ajanlar (CBAs) olmak üzere iki sınıfa 
ayrılmaktadırlar. Fiziksel köpürtücü ajanlar; gaz, sıvı veya süper-kritik faz formunda 
olup, proses esnasında polimer matriksin içerisine direkt olarak enjekte edilmektedir. 
Kimyasal köpürtücü ajanlar ise katı granül veya toz formunda malzemeler olup, 
proses esnasında sıcaklıkla beraber dekompoze olarak gaz açığa çıkarmakta, bu 
sayede polimer malzemede köpürtme sağlanmaktadır.  

Polimer köpük malzemeler hücre morfolojisine göre açık veya kapalı hücreli; şişme 
oranına göre yüksek yoğunluklu, orta yoğunluklu ve düşük yoğunluklu, hücre 
yoğunluğu ve hücre boyutuna göre mikro hücreli, ince hücreli ve geleneksel 
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köpükler olmak üzere sınıflandırılırlar. Polimer köpük malzemeler üretebilmek için 
pek çok geleneksel polimer proses etme yöntemi kullanılabilir. Sürekli prosesler ve 
batch prosesi, iki farklı polimer köpük üretim yöntemine örnektir. Sürekli prosesler 
de kendi içerisinde ekstrüzyon köpürtme ve emjeksiyon köpürtme (yarı-sürekli) 
prosesleri olarak iki farklı grupta incelenebilir. 

Ekstrüzyon köpürtme prosesinde, proses esnasında direkt olarak fiziksel köpürtücü 
ajan enjeksiyonu veya kimyasal köpürtücü ajanın dekompozisyonu ile polimer/gaz 
karışımı yüksek basınç altında oluşturulur. Proses içerisindeki basınç, polimerin gaz 
çözünürlük limitinin altındayken gaz, polimer içerisinde çözünür. Polimer/gaz 
karışımı ekstrüderin kalıp bölgesine geldiğinde ise, burada oluşan ani basınç düşüşü 
termodinamik bir kararsızlık yaratır. Bu sayede, bu bölgede hücre çekirdeklenmesi 
ve büyümesi başlar. 

Bu tez çalışmasında, çift vidalı ekstrüderde, iki farklı kimyasal köpürtücü ajan 
kullanılarak, HIPS polimerinin köpürtme davranışı incelenmiştir. Köpürtülmüş 
numuneleri elde etmek için, 4 mm uzunluğunda ve 2 mm çapında filament kalıbı 
kullanılmıştır. Kimyasal köpürtücü ajanların birbirinden farklı tarafı ajanların 
dekompozisyon sıcaklıklarıdır. CBA-1 ve CBA-2 olarak adlandırılan bu iki kimyasal 
köpürtücü ajanın, diferansiyel taramalı kalorimetri (DSC) ve termal gravimetrik 
analiz (TGA) cihazları kullanılarak termal özellikleri ve dekompozisyon sıcaklıkları 
belirlenmiştir.  

Proses sıcaklıklarının köpürtme davranışı üzerindeki etkisinin görülmesi amacıyla, 
CBA-1 için üç, CBA-2 için ise beş farklı ekstrüder kovan sıcaklık profili 
belirlenmiştir. Her iki köpürtücü ajan için de optimum proses sıcaklık profili 
belirlendikten sonra, beş farklı kalıp sıcaklığı kullanılarak (en düşük sıcaklıktan en 
yüksek sıcaklığa kadar), her iki köpürtücü ajan için de denemeler yapılmıştır. Bu 
deneyler ile, kalıp sıcaklığının HIPS polimerinin köpürtme davranışı üzerindeki 
etkisi incelenmiş, her iki köpürütücü ajan için de en uygun kalıp sıcaklıkları 
belirlenmiştir. 

Bir sonraki adımda, köpürtücü ajan oranının köpürtme üzerindeki etkisi 
incelenmiştir. Her iki köpürtücü ajandan da üç farklı oranda (düşük, ortalama ve 
yüksek oran) kullanılarak deneyler gerçekleştirilmiştir. En uygun köpürtücü ajan 
oranları belirlendikten sonra, ekstrüder vida dönüş hızının (RPM) HIPS polimerinin 
köpürtme davranışına etkisi incelenmiştir. Dört farklı vida dönüş hızı (düşük, 
ortalama, yüksek ve çok yüksek RPM) uygulanmış, ve her iki köpürtücü ajan için de 
en uygun RPM belirlenmiştir. 
Bu tez çalışmasında, HIPS polimerinin köpürtme davranışının incelenmesine, GPPS 
ve HIPS polimerlerinin farklı oranlarda harmanlanmasıyla devam edilmiştir. 
Ağırlıkça farklı oranlarında (sadece HIPS, HIPS ve düşük oranda GPPS harmanı, 
HIPS ve yüksek oranda GPPS harmanı)  harmanlar hazırlanarak, GPPS’in köpürtme 
üzerindeki etkisi, her iki köpürtücü ajan için de incelenmiştir. Sonrasında, 
çekirdeklendirici ajan olarak farklı oranlarda, üç farklı inorganik katkı kullanılmış ve 
farklı oranlardaki farklı çekirdeklendirici ajanların, HIPS polimerinin köpürtme 
davranışı üzerindeki etkisi incelenmiştir. Çekirdeklendirici ajan olarak; düşük, 
ortalama ve yüksek oranlarda talk, kalsiyum karbonat ve mikro lamel yapılı talk 
kullanılmıştır. 

Köpürtülmüş HIPS filament numuneleri iki farklı açıdan karakterize edilmiştir. 
Öncelikle, köpürtülmüş numunelerin yoğunlukları saf su içerisinde ölçülüp, Arşimed 
eşitliği kullanılarak hesaplanmıştır. Sonrasında, her bir numunenin içerisindeki 



xxv 

 

boşluk oranları hesaplanmışır. Ayrıca, taramalı elektron mikroskobu (SEM) 
kullanılarak, köpürtülmüş numunelerin hücresel yapıları incelenmiştir. İlk olarak, 
köpürtülmüş HIPS filamentleri sıvı azot altında kırılmış ve her bir numune altın ile 
kaplanmıştır. Elektron mikroskobunda hücresel yapı tayini yapıldıktan sonra ise, tüm 
numunelerin hücre boyutları, hücrelerin polimer matriks içerisindeki dağılımları 
incelenmiş, hücre yoğunlukları hesaplanmıştır.       

 
 
 
  



xxvi 

 

 
  



1 

  

1.  INTRODUCTION  

Polystyrene (PS) is an amorphous thermoplastic with a glass transition temperature 

around 105oC and is widely being used in commodity applications due to its low-cost 

and reasonable physical and mechanical properties. Among the PS products, the use 

of PS foams is also of a great interest in variety of commodity applications, such as 

packaging, cushioning, construction, and food application. This is due to the reduced 

weight and cost benefit of the foamed samples while not a high mechanical 

properties are expected in most of the noted applications. PS foams are currently 

being manufactured in various structures such as extruded PS sheets (XPS), 

expanded bead foams (EPS), and three-dimensional complex geometries via such 

manufacturing technologies as extrusion foaming, bead foaming, and foam injection 

molding, respectively [1].  

Extrusion foaming is widely being used in manufacturing continuous simple two-

dimensional profiles through which various foam densities could be obtained. The 

foam morphology in extrusion foaming could be controlled via controlling several 

parameters such as die temperature profile, die geometry (i.e., L/D ratio), die 

pressure and pressure drop rate, melt rheological properties, crystallization kinetics 

of the polymer/gas mixture, and the type and content of blowing agents. Among the 

blowing agents, despite their high solubility in polymer melts, the use of 

hydrofluorocarbons (HFCs), hydrochlorofluorocarbon (HCFCs) and hydrocarbons is 

banned due to their toxic and flammable features. Therefore, the attempts are being 

made to use green blowing agents such as gas and supercritical CO2 and N2 in 

manufacturing of plastic foams. Among these, however, CO2 reveals high solubility 

than N2 which causes the achievement of lower density foams when using CO2 [2]. 

On the other hand, N2 possesses higher cell nucleation power due to its high 

diffusivity . During the extrusion foaming, the decrease in barrel temperature 

increases the solubility of the CO2 inside the polymer melts whereas the solubility of 

N2 increase with barrel temperature increase [3]. In this context, to manufacture 

continuous foam products, the use of CO2 or N2 as PBAs are highly preferred than 
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CBAs due to the achievements of foams with more uniform structure and the lower 

cost of the blowing agents. On the other hand, CBAs do not require much of side 

accessories and equipment such as a continuous syringe pump and extruder 

modifications required when using PBAs. Therefore, a lot of industries might be 

interested in using CBAs in order to avoid the modification of their production line.  

When the polymer melts along the extruder, with the addition of CBA or injecting 

the PBA into the melt, polymer/gas mixture starts to be generated under higher 

pressure and the mixture will be flowing along the extruder. However, the generated 

pressure must stay beyond the solubility limit of polymer/gas in order to avoid 

having undissolved gas within the melt along the extruder. The die pressure and the 

pressure drop rate could be controlled by the die temperature, die geometry, and melt 

viscosity of the polymer/gas mixture. The sudden pressure drop at the die nozzle 

creates thermodynamic instability and causes cell nucleation and growth during the 

foaming step [4]. When the die temperature is too high, the die pressure drops and 

the gas loss through the hot skin layer of the polymer foam is more likely. Due to the 

increased gas loss and the low melt strength of the polymer, the cell coalescence 

would also be more probable. On the other hand, if the die temperature is too low, 

the polymer melt becomes too stiff to be expanded although the cell nucleation could 

be promoted with the increased die pressure and pressure drop rate.  

Moreover, in order to improve the cell nucleation and to control the growth, and 

hence the final foams properties, inorganic fillers could be used as cell nucleating 

agents during foaming. The stress variations around the rigid fillers will generate 

pressure variation which causes heterogeneous cell nucleation around these solid 

particles. In the case of low melt strength polymers, the existence of these fillers 

could also improve the melt strength during the foaming and thereby the cell 

coalescence could be hindered while more expansion could be obtained.  

In 1993, it is [5] illustrated the microcellular foaming of HIPS through extrusion 

foaming using CO2 as PBA. They showed that the cell size reduction is highly 

dependent on the pressure drop rate and the L/D ratio of the filamentary die. They 

also observed that increasing the die pressure and the melt strength by lowering the 

die temperature profile profoundly increases the cell nucleation. Park et al. also 

showed that the increase in CO2 content increases the cell density of HIPS foams. 
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This was also shown by Shimbo et al. during the extrusion foaming of PS when 

using CO2 as the PBA [6].  

In this thesis study, we investigated how the processing parameters and materials 

modification influence the extrusion foaming behavior of HIPS when using CBA. 

Moreover, the variations of foam morphology were explored when using HIPS 

blends with GPPS and composites by adding inorganic fillers. 

 

 

  



4 

  

 

 

 

 

 

 

 



5 

  

2.  LITERATURE REVIEW 

2.1 Polystyrene  

2.1.1 History  

Polystyrene was discovered in 1839 by Eduard Simon who is an apothecary in 

Germany but he did no idea about what he had discovered [7]. Soon after that, in 

1845, John Blyth and August Wilhelm von Hofman discovered that styrene and 

meta-styrene’s empirical formulas were same [8]. In 1866, French chemist Marcelin 

Berthelot determined the formation of metastyrol from styrol as a polymerization 

method. In 1922, one more step was taken when Moureu and Dufraisse discovered 

that the monomer could be stabilised with the addition of small amounts of aromatic 

amines and phenols. After that, the reaction had been used to study the mechanism of 

polymerisation during 1920s [7].  

Finally, all works done by Herman Staudinger and Carl Wolff  gave an opportunity 

to the I.G Farben company in Germany to start the produce of PS in 1931. A reactor 

vessel created by them enabled the PS was extruded through a heated tube and cutter 

so this led to the polymer was molded into a pellet form which was the easier to use. 

2.1.2 Structure  

PS is produced by the polymerization technique which is free radical viniyl 

polymerization [9]. There is long hydrocarbon chain in its chemical structure which 

the phenyl group attached to every other carbon. 

Polymerization 

Addition polymerization from the styrene monomer units is the production method of 

PS.  The direct catalytic dehydrogenation of ethyl benzene is the principal route of 

styrene production: 
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 Styrene part production [12]. Figure 2.1 :

The heat of reaction in Figure 2.1 is -121 kJ/mol (endothermic) and almost 65% of 

styrene is reacted to produce polystrene. The overall reaction of styrene 

polymerization is shown in Figure 2.2. 

 

 Polymerization of styrene [13]. Figure 2.2 :

That reaction is obtained in an inert organic solvent and it supplies the reaction 

medium for the cationic polymerization reaction. The mostly known solvent for that 

reaction is 1,2 -dichloroethane (EDC). In addition to this, there are various solvents 

which are suitable for this reaction e.g: Carbon tetrachloride, ethyl chloride, 

methylene dichloride, benzene, toluene, ethylbenzene, or chlorobenzene and a 

mixture of boron trifluoride and water is preferred as initiator [10]. 

There are three methods for styrene polymerization: 

1. Solution (bulk) polymerization 

2. Emulsion polymerization 

3. Suspension polymerization 

Solution polymerization 

The most of PS is produced by solution polymerization which is also known as mass 

polymerization in the industry. There are two different types of solution 

polymerization which are batch and continuous. Generally, styrene monomer or ethyl 
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benzene are used as solvents in this process. Continuous mass polymerization is 

more preferred to produce of PS nowadays. The holding vessel is used for 

preparation of the solution and then it is injected to the reactor system. 

 

 Polystyrene manufacturing diagram [14]. Figure 2.3 :

As it is shown in Figure 2.3, Reactor 1 contains 50% weight of styrene monomer, 

2000 ppm boron trifluoride and 100 ppm water based on styrene weight and also the 

balance being organic solvent. Then, the reaction of polymerization occurs and 

releases heat to the system. The temperature of the reaction change between 40°C 

and 70°C which can also be arrenged by tube heat exchangers and intermediate shell 

[10]. 

Emulsion polymerization 

With the help of emulsion polymerization, styrene polymerization with other 

monomers or polymers can be achieved. The most popular usages of emulsion 

polymerization is production of GPPS or HIPS. Unless the monomer droplets of 

emulsion polymerization are microscopic in size, emulsion and suspension 

polymerization are similar in many aspects [10]. 

Suspension polymerization 

Suspension polymerization has an advantage to manufacture large scale polymers of 

high average molecular weight. Many kinds of properties and processing 

characteristics are obtained with different polymerization circumstances. All stages 

are provided by the manufacturers to meet the various requirements of the 

conversion process and the final product. There are various ways of suspension 
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process to manufacture PS. The most popular of them is batch process. On the other 

hand, continuous process is not work but there is no reason to explain why this is not 

suitable. When the styrene drops’ diameter are small as 0.15-0.50 mm, the reaction 

occurs and they are suspended in water. In order to assist that the styrene drops have 

appropriate size, the suspending agent is used and to keep these drops at the same 

size, the stabilizing agent is added. Also the catalyst is added to keep under control 

the reaction rate. When it is compared with single phase techniques, suspension 

polymerization is more advantageous but the requirement of dispersing agent could 

be a problem [10]. 

2.1.3 Types of PS  

HIPS and GPPS are the main types of PS. GPPS has the clear reasin appearance and 

it is named as crystal in plastic sector. It is transparent,  and has perfect electrical 

properties, high stiffness, low cost and low specific gravity, thus this resin is 

preffered commercially. Easy flow GPPS, medium flow GPPS and high heat GPPS 

are the types of GPPS. They are classified according to the production method and 

melt flow properites. For instance, the injection molded GPPS products are produced 

by using easy and medium flow grades [12]. HIPS is the immiscible blend of PS and 

PB rubber including 5-15 % wt. PB. The former is also known as graft-high impact 

strength polystyrene and it is assigned by Ontological-suspension polymerization and 

bulk polymerization system. For this reason, HIPS is one of the lowest cost plastic 

and moreover it’s process is very simple. Therefore, it is used when the cheapness, 

impact resistance and machinability are needed [11]. Figure 2.4 shows the 

transmission electron microscope (TEM) images of HIPS and the butadiene rubber is 

seen in polymer matrix clearly [15]. It is also food contact material and can be used 

in applications containing foods. Table 2.1 shows the comparison of PS, HIPS and 

GPPS materials.  

 Properties of HIPS and GPPS [18-20]. Table 2.1 :

Properties Units PS HIPS GPPS 
Density g/cm3 1,06 1.04 1.05 

Melt Flow Index g/10 min 2 3 5 

Tg (DSC) ˚C 100 110 97 

Tensile Strength kg/cm2 345-483 240 480 
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 TEM Images of HIPS [15]. Figure 2.4 :

2.1.4 Properties 

2.1.4.1 Mechanical  

While the impact strengths of GPPS material is very low which are less than 0.5 ft-

lb, commercial grades of PS has between 1.0 ft-lb and 4.0 ft-lb. The polymerization 

process have restraints and because of that, polystyrenes are not produced more than 

15% of total rubber. Increasing the rubber content, impact resistance of PS also 

increases, while the strength decreases. In additon, there are some different 

techniques to increase the impact properties without adding the rubber such as gel 

percentage control, grafting percentage control, cross-linking etc. While some of 

GPPS grades show the as low as 1% elongation, some of HIPS grades have so much 

higher elongation property [13]. 

2.1.4.2 Chemical  

One of the most important situation for PS is the solvent crazing. Especally, this 

crazing phenomena can be shown between the PS matrix and the rubber particles in 

HIPS. This is also called as ESCR (environmental stres crack resistance) behaviour 

of rubber contained PSs. Content and dimension of rubbers, gel anf grafting 

percentages are affected the amount of stess cracking resistance [16]. 

2.1.4.3 Processing   

When the PS production is considered, the most critical flow properties are the flow 

properties. Solution viscosity and MFI (Melt flow index) are the most important 
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displays of industrial techniques to measure the flow properties. Viscosity of solution 

is measured as an 8% solution in toluene. When the molecular weight increases, 

solution viscosity also increases. On the other hand, MFI of PS is measured by using 

melt flow indexter and it cen be kept under the control with some additives during 

processing. The MFI of PS varies between 1 to 50 g. per 10 minute and mostly 

between 2 to 20 g. per 10 minute [17]. 

2.1.5 Applications 

The mostly used area of PS is packaging applications especially in the form of EPS 

(expanded polystyrene) in order to protect the products such as egg and poultry 

boxes, against unexpected damages. It is used nearly whole production groups of 

home appliances and white goods industry such as coolers, ovens, microwaves etc. 

It’s usage area in electronics are very significant because it is expanding day by day 

with developing technology. It is used for all equipment in IT sector and also for 

TV’s. It is also used for media enclosures, CD’s, DVD’s etc. When the building and 

construction activities are considered, most preffered material is PS for many reasons 

such as its perfect feasibility, good processability. For instance, insulation foam, 

siding, roofing, panels, bath units, shower units etc. In medical aspect, the PS resins 

are preffered widely, because of its property of disposable. Tissue culture trays, test 

tubes, diagnostic components, petri dishes are some example of disposable materials 

in medicine. PS is used for many consumer goods applications because it has 

optimum cost per performance ratio and so, it can be preffered instead of more costly 

polymers. There are various traditional uses of PS and some of them are toys, kitchen 

and bath accessories, electric lawn and garden equipments [14]. 

2.2 Overview of Plastic Foaming 

2.2.1 Background of foaming  

Polymer foaming s a technique of processing which is used the chemical and 

physical blowing agents in various processes: bead foaming, foam extrusion, foam 

injection molding etc. The cellular structure is formed in a polymer matrix. The 

growth trend of polymer foaming is increasing day by day because of the benefits of 

foaming technology. There are many advantages of foamed products such as 

lightweight materials, cost advantage, good dielectric properties, good thermal 
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resistance etc. [19]. The price of polymeric resins increase day by day and the 

manufacturers use the this technology to reduce the raw material costs. Foaming 

technology is used in many application areas and sectors thanks to these advantages. 

Automotive, construction, packaging, furniture, electrical, household, boimedical and 

pharmaceutical are some of those sectors [20-27]. The properties of final foam 

product depends on many factor thr polymer matrix, type of blowing agent and the 

cell structure control.  

In foaming process, the gas bubbles are entrapped in polymer melt as the material 

getting harder. There are two main foaming process which are chemical and physical 

foaming processes. The cehmical blowing agent decomposes by the reaction of 

endothermic or exothermic and the gas is produced in polymer matrix and the 

cellular structure occurs. Moreover, in physical foaming, the gas is directly injected 

to the system and dissolves into the polymer matrix. Cell nucleation, cell growth and 

cell stablization follows it, respectively. 

Conventional polymer foams having the maximum number of cell density of  106 

cells/cm3 and the cell size s around 100 μm. Besides, microcellular foams having the 

minimum number of cell density is 109 cells/cm3 and the cell sizes less than 10 μm. 

There are four factors that affect the microcellular foam characteristics which are 

expansion ratio, cell density, cell integrity and cell sizes, also the final foam 

morphology is directed by three factors: cell nucleation, cell growth and cell 

coarsening [28].  

There are various types of classifications of foamed polymers. They are classified as 

low and high density foams by density, fine celled, microcellular or nanocelluar 

foams by cell density and size, closed or open celled foams by structure. 

2.2.2 Foaming concepts and classifications  

2.2.2.1 Cell dimension and structure  

Cell density and cell size classification 

Cell density is a definition meaning the counting of cells per unit volume regarding 

to neat polymer. The number of cells are counted from the micrographs taken with an 

optical microscope or scanning electron microscope. It can be calculated with 

following equation: 
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Cell Density = ቀ௡஺ቁଷ/ଶ . 𝜌೛೚೗𝑦೘೐𝑟 𝜌೑೚𝑎೘  (2.1) 

According to this equation; A is the area that is measured, M is the magnification of 

image and the n is the number of cells that is counted from the image [29]. 

Polymeric foams are classified according to their cell sizes to four main groups: 

 Macrocellular (>100 µm), 

 Microcellular (1–100 µm),  

 Ultramicrocellular (0.1–1 µm) 

 Nanocellular (0.1–100 nm). 

When the microcellular and macrocellular foams are compared, the cell sizes are 

smaller, the cell density is much as higher and the cell distrubition is more 

homogenous for microcellular foam structures. It has superior properties than 

macrocellular structure because the decreasing the cell size the increasing the cell 

density is important issue for foaming [30]. 

Open or closed cell foams 

When the open and close cell foams are compared, the main difference is the cell 

wall structure of each foams. The cell walls are closed and surrounded by each others 

in close cell foam as it is seen in Figure 2.5. In contrast, the cell walls are open and 

the air can pass freely between the cells in open cell foam structures [31]. 

 

(a)     (b) 

 SEM image of (a) open-cell foam; and (b) closed-cell foam [32]. Figure 2.5 :

For open cell foams, the foam’s stifness is concluded according to various models 

which are depend on the cell structure. These models are important to investigate the 



13 

  

foam behavior. One of this theorem is the simple beam theorem and the individuals 

are cubic and it can be applied: ܧ∗ܧௌ =  ଵ𝑅ଶ (2.2)ܥ

in which C1 is a constant and C1 ≈ 1 [33].  

Open cell foams have spongier appearance and strong sound barrier propeties. They 

can be used for applications required silent atmosphere and also they are soft 

structures [34, 35].  

On the other hand, close cell foams have lower permeability and insulation propeties 

and strengther than open cell foams, because of the closed cell walls. The below 

equation can be used in order to conclude the Young’s model for closed cell 

structures: ܧ∗ܧௌ = φଶ𝑅ଶ + ሺͳ − φሻ + ௦ሺͳܧ଴ߩ − 𝑅ሻ (2.3) 

indicates the fraction of solid in the cell faces ሺͳ − φሻ.  

Foam Density 

The densty is one of the most important parameter for foamed structures. This is 

because the volume expansion ratio and the void fraction of foams are calculated by 

using the foam density. All of these terms show the amount of material saving and 

the volume of voids in a material and also directly related with cost reduction. The 

foam density is calculated from equation 2.4. According to this formula, M  is the 

mass of foam sample and V is the volume of foam sample, (cm3).  

݀𝑓 = ሺܯሻሺܸሻ  (2.4) 

High density foams, medium density foams and low density foams are three types of 

polymer foams respect to density. The density of high density foams is between 500 

kg/m3 -1000 kg/m3, medium density foams is between 100 kg/m3 -500 kg/m3 , and the 

low density foams is below the 100 kg/m3 Each of them has own application areas 

according to densities [36-38]. 

The void fraction (Vf)  is defined the amount of voids in a foamed structure and it can 

be calculated by using following formula: 
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௙ܸ = ͳͲͲ. ሺͳ −  ௣௢௟𝑦௠௘௥ሻ (2.5)ߩ௙௢௔௠ߩ

In addition of void fraction, the volume expansion ratio also shows the how many 

times polymer density has decreased and it can be calculated by using following 

formula. It is the ratio of neat polymer bulk density to foamed polymer bulk density 

𝑅ሺ𝜑ሻܧܸ .[39] = ௙௢௔௠ߩ௣௢௟𝑦௠௘௥ߩ  (2.6) 

2.2.3 Blowing agents for foaming 

The use of blowing agents are necessary in order to obtain foamed structure in 

foaming process. They dissolve in polymeric matrix and expands according to 

thermodynamical conditions. According to formation of gas, the blowing agnets can 

be clasified in two types which are CBAs and physical blowing agents. CBAs are in 

the form of solid granules or powder and they decompose and generate gases at the 

temperatures higher than CBA decomposition temperature during processing. On the 

other hand, PBAs are in the form of gas, liquid or super-critical and they are directly 

injected into the polymer matrix during processing [40]. 

2.2.3.1 Physical blowing agent 

In 1935, the first admission is published about foamed PS [41]. In the past, the 

liquids having low boiling points (butylene, methyl chloride etc.) are used as PBAs. 

In huge vessels, these PBAs dissolve in PS and this solvent heated and pressurized. 

After that, the solvent is volatilized and the PS is expanded. Years after, this process 

turns in to extrusion process and the PS is foamed in extrusion with various PBAs 

and different type of foamed products are manufactured [42]. 

In direct gassing technique, the gas is directly injected into the polymer matrix and 

dissolved, after the polymeric melt reaches the atmospheric conditions, the foamed 

product is formed [43,44]. 

Among the blowing agents, despite their high solubility in polymer melts, the use of 

HFCs, HCFCs and hydrocarbons is banned due to their toxic and flammable features 

[45-48]. Therefore, the attempts are being made to use green blowing agents such as 

gas and supercritical CO2 and N2 in manufacturing of plastic foams [49]. Among 



15 

  

these, however, CO2 reveals high solubility than N2 which causes the achievement of 

lower density foams when using CO2 [50-51]. On the other hand, N2 possesses 

higher cell nucleation power due to its high diffusivity [52]. During the extrusion 

foaming, the decrease in barrel temperature increases the solubility of the CO2 inside 

the polymer melts whereas the solubility of N2 increase with barrel temperature 

increase [53-56]. In this context, to manufacture continuous foam products, the use 

of CO2 or N2 as PBAs are highly preferred than CBAs due to the achievements of 

foams with more uniform structure and the lower cost of the blowing agents. 

2.2.3.2 Chemical blowing agent 

CBAs decompose within a certain temperature during processing. They can be used 

alone as blowing agent and also as a nucleating agent in the process of direct gas 

foaming. The processing temperature must be arranged considering to decomposition 

temperature of CBA. The temperature of polymer matrix melt should be higher than 

decomposition temperature of CBA. 

There are two types of CBAs in terms of endothermic and exothermic CBAs 

according to generated gas.  While the endothermic CBAs generate CO2, exothermic 

CBAs generate nitrogen (N2) after decomposition. The endothermic CBAs consist of 

sodium bicarbonate and citric acid in their chemical structures. The changing ratio of 

sodium bicarbonate to citric acid in blend affects the decomposition temperature of 

CBA. The following equation shows the endothermic decomposition reaction for 

these types of CBAs. As it is seen clearly, CO2 gas generates afer decomposition.  

Citric acid + Sodium bicarbonate=Sodium citrate dihydrate + Carbon dioxide +Water 

C6H8O7 + 3NaHCO3 = (C6H5Na3O7) · 2(H2O) + 3(CO2) + H2O (2.7) 

As it is mentioned in PBAs part, CO2 has higher solubility than N2 in polymers. 

Therefore, to work with endothermic CBA is easier and also process controlling is 

more simple than exothermic CBAs. In addition, endothermic CBAs generate better 

surface quality, finer cells and higher void fractions comparing to exothermic CBAs. 

Moreover, as a nucleating agent, the performance of endothermic CBAs for 

nucleation is better than inactive nucleators as talc. In general, endothermic CBAs 

are three to five times more effective than talc in nucleating direct gassed foams, but 

can be up to eight times more efficient [57]. Endothermic CBAs are the most 



16 

  

commonly utilized types for nucleation and are used over less expensive nucleators, 

such as talc, when finer-celled foam products are required.  

The exothermic CBAs with a known name azodacarbonamides includes 65% N2, 

24% CO, 5% CO2, 5% NH3 in their chemical structure. The response of 

azodicarbonamide can take off residual materials as plateout, on kick the tooling of 

die and mold. Suitable utilize of added substances can minimize or reduce this 

problem. [58]. On the other hand, CBAs do not require much of side accessories and 

equipment such as a continuous syringe pump and extruder modifications required 

when using PBAs. Therefore, a lot of industries might be interested in using CBAs in 

order to avoid the modification of their production line. 

2.2.4 Plastic foaming mechanism 

2.2.4.1 Formation of polymer/gas solution 

The formation of polymer gas solıution is the first step of the foaming mechanism. 

After the direct gas injection or decomposition of CBAs in polymer matrix, the 

generated gas dissolves under high pressure and temperature during processing. One 

of the most important thing is, the polymer gas solubility limit changes according to 

changing process temperatures and pressures and also extra gas does not dissolve in 

polymer matrix. The extra undissolved gas is undesirable situation for foaming 

processing because the large gas voids can be formed and the result is poor foam 

structure. Figure 2.6 shows the formation of one phase polymer gas solution [4]. 

 

 Polymer foaming process by using a physical blowing agent [59]. Figure 2.6 :
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Solubility 

Solubility limit can be defined as the maximum amount of gas that can be dissolved 

into the polymer matrix. During process, because of the high pressure, the blowing 

agent starts to diffuse into the polymer matrix, and then diffusion continues until a 

certain limit of blowing agent concentration is reached. The limit of solubility only 

could be obtained at time infinity, theoretically. The following equation shows the 

calculation of instantaneous concentration of the blowing agent in the polymer [60]: ܯ௧ܯ∞ = ͳ − ଶߨͅ ∑ ͳሺʹ݉ + ͳሻଶ∞
௠=଴ exp [− ݉ʹሺܦ + ͳሻଶߨଶݐℎଶ ] (2.8) 

In this formula;  

D = diffusivity, cm2/s, 

Mt = mass uptake at time t, g, 

h = sheet thickness, cm, 

M∞ = equilibrium mass uptake after an infinite time, g, 

t = elapsed time, s. 

The absorption time is sufficiently adequate, the mass uptake amount inevitably 

tends to Maximum achievable amount level, M, which is identified with the limit of 

the gas solubility in the plastic. The solubility limit can be calculated the mass uptake 

(M) over the mass of the plastic specimen. 

The gas solubility in a molten polymer is explained by the following equation [61]: 

S = H*P, 

According to this equation; S is solubility, H is Henry’s law constant, and P is gas 

pressure.  

For each polymers, Henry’s law constant shows different values for each gas. For 

instance, CO2 has 1.5 to 4 times Henry’s law constant relative to N2. Therefore, the 

solubility of CO2 has 2.5 times than N2 in polyethylene as it is indicated in blowing 

agents part. This results as the required pressure in order to keep the N2 in polymer 

melt is much higher than CO2 [62].   

According to Hnery’s rule; H is a constant and function of temperature and can be 

defined by following equation. 
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𝐻 = 𝐻଴ exp (− ∆𝐻௦𝑅𝑇 ) (2.9) 

R = gas constant, J/K, 

T = temperature, K, 

H0 = solubility coefficient constant, cm3 [STP]/g-Pa, 

ΔHs = molar heat of sorption, J. 

According to this equation for most plastics, ΔHs is negative with the CO2 is 

penetrant [57]. The solubility of blowing agents under certain pressure and 

temperature can be calculated by using the combination of these equaions. For 

instance, the solubility of CO2 is nearly 11 wt. % in PS under the temperature of   

200 °C and pressure of 27,6 MPa [4]. 

The proportion of flow rate of gas to polymer is critical for extrusion system. 

According to flow rate of polymer, the gas flow rate also detected and the gas to 

polymer weight proportion should be kept under the solubility limit. As it is seen in 

Figure 2.7, the CO2 solubility decreases when the temperature also increases in PS. 

In contrast, the solubility of N2 increases with an increase in temperature [63]. 

 

 CO2 and N2 solubility in PS [63]. Figure 2.7 :

As shown in Figure 2.8, the solubility of CO2 and N2 in PLA at 180 and 200 ◦C. The 

solubility of N2 in PLA increases as the pressure increases. When it is compared with 

CO2, the solubility of N2 in PLA was much less. The maximum solubility of N2 in 

PLA can reach up to 0.0174 g gas/g polymer within the pressure range of interest. 

When the temperature increased, the solubility of CO2 in PLA decreased 
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significantly no matter what EOS was applied. The maximum solubility of CO2 in 

PLA at 27.89 MPa was 0.2131 g gas/g polymer at 180 ◦C and 0.1752 g gas/g 

polymer at 200 ◦C when the SL-EOS was employed [54]. 

 

 CO2 and N2 solubility in PLA at: (a) 180 ◦C and (b) 200 ◦C [54]. Figure 2.8 :

The solubility of CO2 increases with an increase in pressure and decreases wtih 

increasing temperature. There are two phenomenas when a polymer exposed to high 

pressure gas: Firstly, decreasing the specific volüme of polymer gas mixture and the 

secondly swelling. Normally, when the high pressure gas faces with the polymer, 

swelling is the more asserting factor. Dissolved CO₂ causes a plasticization effect 

that reduces the viscosity of the polymer/gas mixture. Because of the rising in free 

volume due to the swelling of the polymer/gas mixture and reduction in surface 

tension, the chain mobility is increased [56]. Figure 2.9 and 2.10 also shows the 

solubility behaviour of CO2 in PLA 8051D at different temperature and pressures 

[55]. 

 

 Temperature effect on solubility of PLA8051D [55]. Figure 2.9 :
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 Solubility of CO2 in PLA8051D at 180 °C  and 200 °C with different Figure 2.10 :
pressures [55]. 

Diffusivity 

In Figure 2.11, the diffusivity of the blowing agent into polymer matrix is shown as 

slope of the curve. By using this slope, the diffusivity is calsulated according to 

following equation [54]: 

ܦ ≅ Ͳ.ͲͶͻͳͻቀ ℎଶቁଵଶݐ
 

(2.10) 

In this formula, (t/h2)1/2 is the value of (t/h2) at Mt/M∞ = 1/2.  

 

 The system of general gas/polymer sorption isotherm [54]. Figure 2.11 :

The next formula also explains the time required for ending up the absorption. 

஽ݐ ≅  (2.11) ܦℎଶͳ6ߨ

tD = time of absorption  

D = diffusivity  

h/2 = diffusion distance  
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In this formula, diffusivity (D) is the temperature function, and the following 

equation shows the relationship between and the temperature [54,63]: 

ܦ = ଴ܦ exp (−  ௗ𝑅𝑇) (2.12)ܧ

D0 = diffusivity coefficient constant, cm2/s, 

Ed = activation energy for diffusion, J. 

The graph of temperature versus diffusivity for PS matrix with CO2 system is seen in 

Figure 2.12. It is clearly shown that, the diffusivity value at 25 oC (6x10-8 cm2/s) is 

lower than the diffusivity value at 200 oC (1x10-5 cm2/s). It is known that 25 oC is 

batch foaming temperature and 200 oC is the extrusion temperature. This means, in 

extrusion process the diffisuon rate is faster than in batch foaming process. [60].  

 

 CO2 diffusivity in PS with varying temperature [60]. Figure 2.12 :

As it is noticed earlier, when the temperature is increased, the diffusion coefficient 

also increases. In addition, N2 has higher diffusion coefficient than CO2. The Figure 

2.13 clearly shows that, with an increase in gas pressure the diffusivity decreases for 

both N2 and CO2. This may be because of the hydrostatic pressure due to free volüme 

loss in the system. According to solubility experimental results performed for PLA 

melts with CO2 and N2, the apparent differences are observed. While the solubility of 

N2 up to 2 %, the CO2 solubility up to 20 %, and also N2 illustrated higher diffusivity 

than CO2 at the same temperature [54]. 
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 N2 and CO2 diffusivity in PLA at 180 and 200 ◦C [54]. Figure 2.13 :

Dissolution 

The fully dissolution of gas in polymer matrix is so important in order to obtain 

perfect foam structure. If higher amount of gas than solubility limit is injected to 

polymer matrix, the excess gas could not dissolve and the large gas voids form in 

continupus process. The most critical point is to injet gas below the solubility limit. 

On the other hand, the gas injection below the solubility limit does not mean the 

single phase polymer -gas formation is ceratin. The another important point for fully 

dissolving is the required time for gas diffusion. The time must be less than the melt 

residence time. The mixing screw and other equipments (static mixer etc.) are also 

critical for this situation. The diffusion process is affected from the type of mixing 

screw [4,64]. All in all, the blowing agent injection below the solubility limit of 

polymer and improving dissolition and diffusion are the key parameters in order to 

obtain single phase polymer gas solution. 

2.2.4.2 Fundamentals of cell nucleation 

In order to obtain foamed structure, polymeric materials generally should be process 

in various methods such as foam extrusion foam injection molding and batch 

foaming. While in physically foaming direct gas injection leads to cell formation, in 

chemically foaming by the decomposition of CBAs, gas is generated and cells form. 

In both situation, the cellular strucutre occur due to the thermodynamic instability. A 

minimum required energy to system should be given in order to formed cells in 
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polymer matrix. This energy is obtained by pressure drop or heat. Generally, foaming 

process is based on some steps: (i) dissolution of gas in a polymer matrix; (ii) cell 

nucleation; (iii) cell growth; and (iv) stabilization of foam structures [65]. The 

classical nucleation theory (CNT) is based on homogeneous nucleation and 

heterogeneous nucleation. In addition, there is another nucleation theory which is 

pseudo-classical nucleation. Figure 2.14 shows the both homogenous and 

heterogenous nucleation mechanisms. 

 

 The schematic of homogeneous and heterogeneous nucleation [67]. Figure 2.14 :

Homogeneous nucleation 

In microcelular foaming, Colton and Suh [67-68] explained a nucleation behavior 

according to classical nucleation theory.   The thermodynamic systems include two 

objects which are polymer melt and the dissolved gas in foaming process. When the 

polymer melt or polymer matrix is on the side of cell nucleation, the homogeneous 

formation of a cells (ΔFhom) can be expressed as ∆ܨℎ௢௠ = −(𝑃௕௨௕ − 𝑃௦𝑦௦)∆ ௚ܸ +  ௟௚𝐴௟௚ (2.13) 𝑃௕௨௕= the pressure inside the bubble; 𝑃௦𝑦௦ = the surrounding system pressureߛ

௚ܸ    = the bubble volume ߛ௟௚  = the interfacial energy at the liquid-gas interface. 𝐴௟௚  = surface area at the liquid-gas interface. 

According to the equation, Figure 2.15 shows general relationship between ∆ܨℎ௢௠ 

and the bubble radius. rcr means critical radius in this figure.  
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 Homogenous bubble nucleation free energy change [69]. Figure 2.15 :

The free energy value is related to critical radius of cell or bubble. If the miximum 

free energy change is required for homogenous forming, is shows unstable 

equilibrium in the system. If the nuclei or core is smaller than critical radius of cell, it 

is collapsed. However, the nuclei is larger than critical radius of cell,  it will be 

expanded. The derivative of ΔFhom with respect to the Rbub taked and setting it to 

zero, Rcr is defined as [63-64]: 

𝑅௖௥௧ = ௚𝑃௕௨௕,௖௥௖ߛʹ − 𝑃௦𝑦௦ (2.14) 

In this formula, Pbub,cr is the pressure inside a critical bubble. Free energy barrier for 

homogeneous nucleation (Whom) is expressed by combining equations in above as 

[64]: 

ℎܹ௢௠ = ͳ6ߛߨ௟௚ଷ͵ሺ𝑃௕௨௕,௖௥ − 𝑃௦𝑦௦ሻଶ (2.15) 

The critical bubble is at an unstable equilibrium state which is surrounded by 

polymer-gas mixture. It is a fact that Rcr and Whom are functions of ƴlg and the degree 

of supersaturation according to above equations. μg, and μg,sol are the chemical 

potantial of gas in bubble and in polymer gas solution, respectively. Pbub,cr can be 

determined as equating μg, and μg,sol as it is expressed in following aquations. 

𝜇௚(𝑇௦𝑦௦, 𝑃௕௨௕,௖௥) = 𝜇௚(𝑇௦𝑦௦, 𝑃௕௨௕,௖௥) +  𝑘஻𝑇௦𝑦௦ln ሺ𝑃௕௨௕,௖௥𝑃௦𝑦௦ ሻ (2.16) 

𝜇௚,௦௢௟(𝑇௦𝑦௦, 𝑃௕௨௕,௖௥ , (ோܥ = 𝜇௚(𝑇௦𝑦௦, 𝑃௦𝑦௦) + 𝑘஻𝑇௦𝑦௦ln ሺ  ௦௔௧ሻ (2.17)ܥோܥ
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Tsys = the systems absolute temperature 

 kB = the Boltzmans constant 

Cr = the gas concentration  

csat = the saturated gas concentration 𝑃௕௨௕,௖௥ = ௦௔௧ܥோ𝑃௦𝑦௦ܥ   (2.18) 

This could also be rewritten as: 

𝑅௖௥ = ௦௔௧ܥோ𝑃௦𝑦௦ܥ௟௚ߛʹ  − 𝑃௦𝑦௦ 
(2.19) 

Heterogeneous nucleation 

Heterogenous nucleation is the cell nucleation around the nucleating sites or cavity in 

the bulk. A smooth planar surface does not lead to heterogenous nucleation. This 

type of nucleation promotes the foaming wtih the addition of nucleating agents such 

as calcium carbonate, talc etc. during process [65]. These nucleating agents create the 

new sites for nucleation and improve the cell nucleation and to control the growth, 

and hence the final foams properties. The stress variations around the rigid fillers 

will generate pressure variation which causes heterogeneous cell nucleation around 

these solid particles. In the case of low melt strength polymers, the existence of these 

fillers could also improve the melt strength during the foaming and thereby the cell 

coalescence could be hindered while more expansion could be obtained [66]. 

When the system is sited in the border of cell nucleation in the system, change in the 

free energy is required by heterogeneous cell nucleation.  (ΔFhet) can be figured as 

ℎ௘௧ܨ∆ :[67-73] = −(𝑃௕௨௕ − 𝑃௦𝑦௦) ௕ܸ௨௕ + ௦௚ߛ) − ௦ଵ)𝐴௦௚ߛ +  ௟௚𝐴௟௚  (2.20)ߛ

According to this formula, Aij shows the surface area and γij shows the interfacial 

energy, also s means the soid phase and l means the liquid phase.  

Critical Radius (Rcr) is also smiliar in the homogenous nucleation with Rcr for 

heterogenous nucleation. Whet is expressed by the combination of equations as shown 

in below. F means the energy reduction factor. 
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ℎܹ௘௧ = ͳ6ߛߨ௟௚ଷܨ͵ሺ𝑃௕௨௕,௖௥ − 𝑃௦𝑦௦ሻଶ = ℎܹ௢௠ 𝑥 (2.21) ܨ 

When the Rbub is equal to Rcr, the metastable solution or the unstable phase 

equilibrium in polymer-gas mixture is observed according to thermodynamics. The 

molecular movement increases the critical bubble radius. There is a strong 

relationship between the entrophy decrement and critical bubble size. The second 

law of thermodynamics contravenes with this pocess. In order to anticipate gas 

bubble formation, the classical thermodynamic is not preferable. To sum up, 

homogenous nucleation energy barrier (Whom) and heterogenous nucleation energy 

barrier (Whet) can be expressed below: 

ℎܹ௢௠ = ͳ6ߛߨ௟௚ଷ͵ሺ𝑃௕௨௕,௖௥ − 𝑃௦𝑦௦ሻଶ = ͳ6ߛߨ௟௚ଷ͵ሺ𝐻ܥ − 𝑃௦𝑦௦ሻଶ (2.22) 

ℎܹ௘௧ = ℎܹ௢௠ܨሺ𝜃௖, =ሻߚ ℎܹ௢௠Ͷ [ʹ − ʹ sinሺ𝜃஼ − ሻߚ + cos 𝜃௖ ଶሺ𝜃௖ݏ݋ܿ − ߚ𝑖݊ݏሻߚ  ] 
(2.23) 

,ሺ𝜃௖ܨ  ሻ = the ratio of the volume of the nucleated bubbleߚ

 𝜃௖  = the contact angle between the bubble surface and the solid surface in the liquid 

phase. 

Pseudo-Classical Nucleation 

In this nucleation system, there are both homogenous and heterogenous nucleation 

from the pre-existng gas cavities at the surface part of the particles and also the 

equipment surface. In addition, the microvoids also exist in the solution quantity. 

Pre-existing gas cavity expansion is activated, because of the finite free energy 

barrier. Increasing the supersaturation rate during stable pressure drop will exceed 

the energy barrier lastly. All in all, the pre-existing cavities will expand 

unconsciously. 

2.2.4.3 Cell growth and stabilization 

When the cells grow because of the thermodynamic instability, it can be faced with 

the undesirable phenomenas. Cell collapse, cell coalscence and the cell coarsening 

are the mechanims which result the cellular structure degredation. According to cell 

coarsening phenomena, because of the the gas volition to move from small bubble to 
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larger one, the smaller bubbles tend to getting small or disappear and bigger bubbles 

getting larger. 

According to cell coalescence mechanism, when two cells getting grow, their cell 

walls rupture and they are combined as it is seen in Figure 2.16. 

 

 The schematic of cell coalescence phenomena [17]. Figure 2.16 :

 This cell walls are thin and they have no capability to presere the tension advanced 

when  the cells are getting grow [75]. There are various studies about these undesired 

pehnomenas and the ways to control and stop them. These studies explain the cell 

coarsening with numerical simulation and the investigation the relationship between 

rheological behavior and the cell coalescence [76-78] According to results, when the 

very small cells like nano sized cells face with larger cells, the small cells tend to 

collapse. 

In various interface deformation situations and different rhelogical natures, the cell 

coalescence is observed by using foaming visual system. Results show that, during 

the foaming of newtonian polymers, cell coalescence is observed by cell walls 

tinning. On the other hand, the bubbles penetrate inside each other during non 

newtonian polymeric foams. The coalescing time and the cell wall deformation 

amount are also expressed in these studies. 

2.2.5 Foam manufacturing technologies 

Many of traditional polymer processing methods can be performed in order to 

produce polymeric foams. Batch process and continuous process are the two 

techniques for foam production. 
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2.2.5.1 Batch foaming process 

In this technique, polymer and and inert blowing agent are immersed in a pressurized 

vessel and saturation occurs in a time period as it is figured in Figure 2.17 [79]. This 

time period can change depend on the temperature which effects the diffusivity of 

gas and also sample size of polymer. 

 

 Laboratory-scale batch foaming system [79]. Figure 2.17 :

In this process, if the saturation is carried out at low temperatures, the foam 

morphology tend to be nonuniform from core to skin. As it is noticed earlier, the 

diffusion is low at the low temperatures. Therefore, saturation also takes very long 

time. If the temperature is around the meltng point of material when the saturation 

carried out, the morphology of foamed structure would be more homogenous [80-

81]. In the batch foaming process, the foaming takes so much time due to the long 

diffusion times. Thus, this process is not preferable for serial productions and also 

not a cost effective process. The continuous processes are more suitable for both high 

capacity productions and cost advantages [79]. 
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2.2.5.2 Continuous foaming process 

There are three types of continuous foaming processing techniques in terms of bead 

foaming, foam extrusion and foam injection molding.  

Bead foaming 

The foaming beads are produced and molded in this technique. PS is the most used 

polymer for bead foam production and the bead foamed PS has many applications in 

packaging, construction, sandwich cups etc. As it iseen in Figure 2.18. 4 to 7 wt% 

content of N-pentane is used as a blowing agent in EPS production. 

 

 EPS production steps [76]. Figure 2.18 :

EPP (expanded polypropylene) is also another bead foam product which is widely 

used. As it is compared with EPS, EPP has better elasticity and dimensional stability. 

It has also many application areas such as packaging, automotive bumpers, home 

appliances etc. In addition, there are another bead foam products manufactured froam 

PLA and PE. Especially, expanded poly lactic acid product has gained importance 

due to its biodegradeability in recent years. Bead foam production starts with the pre-

expansion stage by using the pre-expander system. After pre-expansion, the 

balancing of the beads meaning are carried out in a silo. In this step, the atmsophere 

pressure and the internal cell pressure elucubrated [86-88]. Finally, the beads are 

molded according to usage area [82,83].  As an example, the eps production process 

is figured in Figure 2.19.  
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 Process flow chart of EPS production [84]. Figure 2.19 :

Foam Injection Molding  

Foam injection molding is a continuous process which is manufactured large, 

complex and 3-D foam products. There are various foam injection molding 

processing methods. In the low pressure technique, the blowing agent is injected and 

dissolved in barrel section and the mixture of blowing agent and polymer is injected 

to a mold cavity with a very low cavity pressure. As it is seen in Figure 2.20, the 

solution of polymer melt and the blowing agent is firstly injected in an accumulator. 

Then, it is injected in the mold cavity [85]. 

 

 Low pressure foam reciprocating injection molding machine [85]. Figure 2.20 :

In foam injection molding process, the processing parameters are critical in order to 

obtain good foam structure. The first parameter is the shot size. Shot size is measured 

nearly 10 % below from the current shot size. The injection rate also should arrange 
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as high as possible in this process. The temperature of melt and mold parts and the 

blowing agent type, content also another important parameters. As it is schematized 

in Figure 2.21, the calibrated mold is pressurized with gas, when the arranged shot 

size is injected, the core part is filled with foam due to the solid skins also formed 

[85]. 

 

 Gas counter pressure foam injection molding machine [85]. Figure 2.21 :

Gas injection foam molding is another method to manufacture foamed products. In 

this method, firstly the polymer is solidified at the surface of the mold and the 

remaining polymer melt is foamed and the core of structure is formed. There are 

various designs for this process systems as it is shown in Figure 2.22 and Figure 2.23 

[85]. 

 

 Simultaneously handling gas and melt modified injection molding Figure 2.22 :
machine [85]. 
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 Microcellular injection molding system directing the melt-gas through Figure 2.23 :
its shutoff nozzle into the mold cavity [85]. 

Foam Extrusion 

Foam extrusion is used to manufacture polymeric foam products since 1970s. The 

process of foam extrusion consist of several steps: dissolution of the blowing agent, 

the melting (plasticization) of the polymer, the nucleation of the bubbles upon 

pressure release, their growth, and cell stabilization [89]. When the polymer melts 

along the extruder, with the addition of CBA or injecting the PBA into the melt, 

polymer/gas mixture starts to be generated under high pressure and the mixture will 

be flowing along the extruder. However, the generated pressure must stay beyond the 

solubility limit of polymer/gas in order to avoid having undissolved gas within the 

melt along the extruder [90-91]. The die pressure and the pressure drop rate could be 

controlled by the die temperature, die geometry, and melt viscosity of the 

polymer/gas mixture. The sudden pressure drop at the die nozzle creates 

thermodynamic instability and causes cell nucleation and growth during the foaming 

step [28,92]. There are three types of foam extrusion setups in terms of single screw 

extruder, twin screw extruder and tandem extruder. Three of them have their own 

strong and weak properties about technical conditions.  

2.2.5.3 Design of foam extrusion processing 

In polymeric foam process, there are generally two foam structures varying of 

application area. The first one includes addition of CBAs defined as high density 

foams. In the second one, the PBA is injected to polymer melt and it is called as low 

density foams. Poly(vinyl chloride) PVC, polyethylene (PE), acrylonitrile butadiene 
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styrene (ABS), PS and polypropylene (PP) form high density foam products. CBA 

decomposes in extruder with the help of temperature and generates gas. There are 

some critical points in this process and should be well designed. In order to avoid 

premature gassing in the feeding zone, the temperature here should be as low as 

possible within the processing range of the polymer. In addition, decomposition 

temperature of CBA should not be too high because if the temperature will not be 

reached, the gas could not be generated. In low density foams, PBA is directly 

injected in to the polymer melt. The PBAs also should act like a strong plasticisers 

and reduce the viscosity of melt [93, 94]. In addition, the die temperature in extruder 

should be kept at lower temperatures due to create thermodynamic instability and 

high cell density products. 

2.2.5.4 Die design in foam extrusion 

The design of the die is one of the most critical point of foam extrusion. The 

polymer-gas solution mixes in extruder barrels an comes through to die section, 

uniformly. The die section provides the optimum pressure in order to exit of material 

without problems. It should be designed to provide maximum pressure drop in order 

to improve the thermodynamic instability and perfect cell nucleation. In addition, this 

pressure drop should be equally distrubited to each part of the die in order to control 

the cell nucleation and shape of the final product. Pressure drop rate is calculated 

according to Kozicki equation [95]: 

∆𝑃 = 𝑅ℎܮ݉ [ ܹሺܽ + ܾ݊ͳͺͲͲߩ𝑅ℎ𝐴݊]௡
 (2.24) 

ΔP = the pressure drop (psi) 

L    = the length of piece 

M   = the firmness (lbf sn/in2) 

Rh = the dimension of hydraulic radius (in) 

W   = the rate of throughput (lb/h) 

a, b = the shape aspects, 

n     = the power law exponent, 

ρ     = the specific gravity of the melt (lb/in3) 

A    = the area of flow (in2).                              
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The most commonly, the extruder die design divided in two groups in terms of flat 

die and annular die. The lips of the flat die is thinner as it is compared with annular 

die, therefore it is hard to obtain good quality and homogenous foam structure. The 

schematic of annular die design is shown in Figure 2.24. 

 

 Schematic design of annular foam die [96]. Figure 2.24 :

2.2.5.5 Rheological behaviors of polymers in foam extrusion 

The rheology information is so critical to understand the behavior of foaming 

process, conditions and blowing agent attitudes. Blowing agents do not act the same 

behavior with all polymers due to the plasticization effect. In addition, the reological 

behavior of polymer-gas solution varies about processing temperature and pressure, 

type and content of CBAs. In order to produce new type of blowing agents 

rheological measurement plays a key role. In order to measure to the rheology of 

molten polymer and blowing agent solution, closed pressurized rheometer such as 

slit die and capillary viscometer is required because gas must be kept in the system. 

The exit of the extruder an apparatus is attached and the rheological behavior is 

measured in-line, on-line or off-line.  

As it is noticed before, the cell nucleation starts at the die section because of the 

pressure drop rate [97,98]. The shear stress and the pressure profile is affected from 

the cell nucleation through the axis of the die. The pressure drop in a cross section of 

die is seen in Figure 2.25. In this figure, until the cells are nucleated, the pressure is 

linearly dropped. When the nucleation starts, the linearity of graph is deviated. 

Various solutions can be applied such as gear pumps, valves, pressure transducers 

etc. against this problem in order to keep the pressure above the critical point which 

is required for cell nucleation [99-104]. 
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 Plot of pressure drop in a die of constant cross section [96]. Figure 2.25 :

2.2.5.6 Common foam extrusion systems 

There are three common foam extrusion systems which are single screw extruder, 

twin screw extruder and tandem extruders. The advantages and disadvantages of the 

system types were explained in table 2.  

 Advantages and disadvantage of typical foam extrusion system [120]. Table 2.2 :

System Type Advantages Disadvantages 

Single Extruders 
 Less leaking points 
 Less investment 

 Narrow melting/cooling 
conrol 

 Precise screw design 

Tandem 
Extruders 

 Independent 
melting/cooling control 

 Able to process high-melt 
polymers 

 More Leaking points 
 High investment 
 More power generation 

Twin-Screw 
Extruders 

 Easy to control 
 Good mixing 
 Good heat transfer 

 Cooling limited 
 Narrow melting/cooling 

range 

Figure 2.26 also shows the continuous tandem extrusion system. The gas is injected 

and dissolved into polymer melt in the first extruder and the polymer-gas solution is 

cooled in second extruder. 

Melt phase Foam phase 

Distance from die entrance 

Flow 

P
re

ss
ur

e 

Bubble Inflation 
Position 
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 Tandem extrusion foaming system [59]. Figure 2.26 :

2.3 HIPS Foaming 

In 1990s, the studies about HIPS foaming are performed by using PBA (CO2) in 

extrusion process. The effect of processing parameters and CBA content is 

investigated on HIPS. It is not faced with the study of foaming of HIPS by cehmical 

blowing agents in literature. In foam extrusion process, the processing parameter are 

the most important factrors in order to obtain good foam products. Barrel and die 

temperature profile, system and die pressure, pressure drop rate and also the content 

of blowing agent must be controlled very precision. In addition, the nucleating agents 

also play an important role to obtain higher cell densities. The optimum content of 

nucleating agent must should be determined and used in foaming process. 

2.3.1 Effect of gases  

The effect of various gases on PP and HIPS was investigated in this study [105]. N2 

and CO2 was injected to polymer matrixes and the foaming was conducted in 

extrusion process. According to solubility prediction, 10 wt% of CO2 and 2 wt% N2 

was injected in to each polymer. The cell density of CO2 injected PP foam was 6 × 

108 cells/cm3, while the N2 injected was 3 × 107. Moreover, the cell density of CO2 

injected HIPS foam was 8 × 109 cells/cm3, while the N2 injected was 9 × 107. It is 
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seemed that the CO2 has higher solubility than N2 and the main reaseon why CO2 

injected polymers have higher cell densities than N2 injected.   

2.3.2 Effect of the processing pressure  

In addition to the effect of gases, the processing pressure effect is also investigated 

on cell nucleation [106]. In HIPS polymer, the amount of maximum dissolved CO2 

was injected at each processing pressure. The processing pressures were 5.4 MPa 

(780 psi), 10.6 MPa (1530 psi), 18.6 MPa (2700 psi), and 28.3 Mpa (4100 psi). The 

cell densities were 7 × 105, 2 × 107, 2 × 108, and 6 × 109 cells/cm3 at these processing 

pressure values, respectively as it is seen in Figure 2.28. The morphology analysis of 

foamed HIPS in each pressures is seen in Figure 2.27. According to results, the 

solubility of gas is proportional with the pressure and when the processing pressure 

increases, the cell density also increases. That means the amount of gas that 

dissolved in polymer is higher [62, 107]. In theoritically, the higher cell density is 

obtained as a consequence of higher termodynamic instability and the increasing 

processing pressure ensures this. Nonetheless, the limit of increasing processing 

pressure depends on the extruder and gas syringe pump capacities. 

 

 Morphology of extruded HIPS at different processing pressures [96]. Figure 2.27 :
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 The processing pressure effect on the cell density of extruded HIPS Figure 2.28 :
[96]. 

2.3.3 Effect of injected gas amount  

Effect of PBA content on cell nucleation of HIPS was also investigated. The PBA is 

CO2 and it is used in the contents of 1, 5 and 10 wt %. The presssure was 27.6 MPa 

(4000 psi) for all experiments. As it is plotted in Figure 2.29, the cell densities of 

foams were 107, 4 × 108, and 6 × 109 cells/cm3 for 1, 5 and 10 wt % CO2, 

respectively. The maximum CO2 solubility limit of melt HIPS is 10 wt %. If the 

content of blowing agent is increased upper than this point, gas will not dissolve and 

the large gas voids were generated as noticed before. The minimum of 109 cells/cm3 

cell density is required in order to obtain microcellular foam as it is known. 

According to Figure 2.29, 7.5 wt% CO2 content is required for microcellular 

nucleation at this processing pressure.  

 

 The injected gas content effect on the cell density of extruded HIPS Figure 2.29 :
[96]. 
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2.3.4 Effect of pressure drop rate 

The effect of pressure drop rate on cell nucletion of HIPS was also studied. When the 

pressure drop rate increases, the cell density also increases as it is plotted in Figure 

2.30. The cell density increased 108 to 1010, when the pressure drop rate increased 

0,2 to 10 GPa/s. This is because, the thermodynamic instability increases with the 

more rapidly and higher pressure drop rates [28,108,109]. The pressure drop rate 

amount is not effective if the solubility pressure is lower than the die pressure [108]. 

 

 The pressure drop rate effect on the cell density of extruded HIPS [96]. Figure 2.30 :

2.3.5 Effect of die temperature 

The die temperature is one of the most critical parameter in order to produce high 

quality foam products. The temperature on the die section directly effects to pressure 

drop rate and thermodynamic instability. This is also related with the cell nucleation 

and density. In addition, when the die temperature is set at higher degrees, the gas 

can escape easier from the surface of polymer melt and the final foam density will be 

high. There are also many other problems due to the high die temperature such as 

cell density decrement and cell coalescence improvement [110]. In contrast, at the 

lower die temperatures the polymer melt strength increases and it is hard to expand 

of gas when it is nucleated [111]. Figure 2.31 shows the effect of various die 

temperature on cell morphology. It is clearly seen that, when the die temperature is 

dereased from 135 oC to 115 oC, the cell density increases [112]. 
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 The die temperature effect on the cell density of PLA [112]. Figure 2.31 :

2.3.6 Effect of nucleating agent 

In order to improve the cell nucleation and to control the growth, and hence the final 

foams properties, inorganic fillers could be used as cell nucleating agents during 

foaming. The stress variations around the rigid fillers will generate pressure variation 

which causes heterogeneous cell nucleation around these solid particles. In the case 

of low melt strength polymers, the existence of these fillers could also improve the 

melt strength during the foaming and thereby the cell coalescence could be hindered 

while more expansion could be obtained. These nucleating agents included. There 

are various types of cell nucleating agents such as azodic calcite (calcium carbonate) 

[113-114], calcium stearate [113], magnesium silicate [115], rubber particles [116], 

stearic acid [117], silica products [114,119], talc [113, 118], and zinc stearate [113, 

119]. As it is seen in micrographs in Figure 2.32, when a nucleating agent (talc 

particles) is addded in to polymer melt during extrsuion process, the cell sizes reduce 

and the cell density increases [17]. 

        

 PS foaming micrographs with CO2 at 180°C: (a) neat PS  and (b) PS + Figure 2.32 :
5 wt% talc [17].
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3.  EXPERIMENTAL PROCEDURE 

3.1 Materials  

3.1.1 Polymer resin 

High Impact Polystyrene (HIPS) 

HIPS is made from styrene monomer (produced by free radical vinyl polymerization) 

and 5-12 wt. % of an elastomeric component phase including PB rubber. It is an 

immiscible blend of PS and PB rubber. The selected HIPS was seen  in Figure 3.1. It 

has 1.04 g/cm3 of density, 3.5 g/10 min MFI and 105 °C glass transition temperature. 

This HIPS shows the environmental stress cracking resistant (ESCR) behavior. Its 

chemical structure is illustrated in Figure 3.2. It was purchased from a company. 

 

Figure 3.1 : HIPS as a granule form. 

 

 

Figure 3.2 : Chemical structure of HIPS. 
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General Purpose Polystyrene (GPPS) 

The selected GPPS was seen in Figure 3.3 which has 1.05 g/cm3 of density, 4.5 g/10 

min MFI and 105 °C glass transition temperature. Its chemical structure is illustrated 

in Figure 3.4. It was purchased from a company. 

 

Figure 3.3 : Granule form of GPPS. 

 

Figure 3.4 : Chemical structure of GPPS. 

3.1.2 Chemical blowing agents 

The CO2 based endothermic chemical CBAs were used in these experiments. Two 

different grades of CBAs that have different decomposition temperatures were 

named as CBA 1 and 2 and purchased from a company. Both CBAs were 

endothermic in nature. Figure 3.5 shows the DSC and TGA curves of these CBAs, 

respectively. The TGA analysis shows that, CBA-1 product’s decomposition 

temperature is around 200 °C, while CBA-2 product’s is 160 °C. 
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Figure 3.5 : DSC Heating thermograms (a) and TGA curves (b) of the CBAs used 
during the foaming. 

3.1.3 Nucleating agents 

Three various types of inorganic fillers (i.e. calcium carbonate, lamellar talc and 

micro-lamellar talc) were used as cell nucleating agent in this study. Because the 

individual platelets of micro-lamellar talc are smaller, the active surface area on each 

platelet available for nucleation is higher. They were purchased from a company. 

3.2 Experimental Setup and Procedure 

Due to the confidentiality of this thesis, the experimental data values are not 

expressed, clearly. 
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3.2.1 Twin screw extrusion system 

Foaming was conducted in a twin screw extruder (PRISM TSE-24-HC) having an  

L/D ratio of 26 with filamentary die was utilized in laboratory of Arçelik. Figure 3.6 

shows a schematic of this system and detailed information is provided. 

 

Figure 3.6 : Twin screw extruder and its barrel zones. 

3.2.2 Filamentary die 

The filamentary die having, respectively, 2 mm diameter and 4 mm length was used 

in order to produce foamed filaments. Figure 3.7 shows the filamentary die which 

was used for all experiments. 

 

Figure 3.7 : The filamentary die that was used in thesis studies. 

3.2.3 Experimental setup and procedure 

This study investigates the extrusion foaming behavior of  HIPS through a twin-

screw extruder using two various types of CBAs. Process based on feeeding of the 

CBA and granule HIPS and GPPS from the two different feeders but in the same 

region. The die temperature profile was firstly tailored during the foaming of HIPS 

for two different CBAs. Then the CBA content effect on the foaming behavior of 

HIPS was verified for both CBAs. The effect of screw speed (RPM) on the foaming 

behavior of HIPS was, subsequently, illustrated for both CBAs. The HIPS extrusion 
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foaming behavior was further investigated via blending it with GPPS at various 

blending ratios, as well as, via compounding HIPS with three different inorganic 

fillers (i.e., microlamellar talc, talc, and calcium carbonate) at three different 

contents. 

3.2.3.1 Processing temperatures of the extrusion system 

Barrels are the inner region of the extruder where the screw is located having 7 

section as seen in Figure 3.8. Each barrel’s temperature is arranged by the separate 

resistance and measure the temperature by the thermocouple. Barrel 1, barrel 2 and 

barrel 3 control the temperature of the melting region of the screws, barrel 4 and 

barrel 5 control the temperature of the mixing region of the screws. Also, barrel 6 

and barrel 7 control temperature of the homogeneous discharge region of the screws. 

During the execution of barrel temperature profile selection criteria, %100 HIPS 

were used for both CBAs. 

 

Figure 3.8 : Barrel sections of the twin screw extruder. 

CBA-1 

Considering the decomposition temperature of the CBA-1 blowing agent and melt 

strength of the mixture, 3 different temperature profiles were determined. 

 These profiles are expressed in the Table 3.1. 

Table 3.1 : Various temperature profiles for CBA-1. 

Set Profile Barrel Temperatures 

Profile 1 (°C) Low 

Profile 2 (°C) Moderate 

Profile 3 (°C) High 
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CBA-2 

Considering the decomposition temperature of the CBA-2 blowing agent and melt 

strength of the mixture, 5 different temperature profiles were determined. The set 

profile numbers of CBA-2 are higher than CBA-1. This is because the decomposition 

temperature of CBA-2 is lower than CBA-1. These profiles are expressed in the 

Table 3.2. 

Table 3.2 : Various temperature profiles for CBA-2. 

Set Profile Barrel Temperatures 

Profile 1 (°C) Vey Low 

Profile 2 (°C) Low 

Profile 3 (°C) Moderate 

Profile 4 (°C) High 

Profile 5 (°C) Very High 

3.2.3.2 Die temperature profile 

In this study, five different die temperatures were set as it is expressed at Table 3.3. 

Table 3.3 : Different temperature profiles for die section. 

Set Profile Barrel Temperatures 

Profile 1 (°C) Vey High 

Profile 2 (°C) High 

Profile 3 (°C) Moderate 
Profile 4 (°C) Low 
Profile 5 (°C) Very Low 

During the execution of die temperature profile selection criteria, %100 HIPS were 

used and experiments carried out at barrel temperature profile 3 (high) for CBA-1 

and profile 1 (very low) for CBA-2. 

3.2.3.3 CBA type and content 

CBA agent content is another parameter of the study because there is strongly 

relationship between blowing agent amount and cell density. Different CBA amounts 

(low, moderate and high) were tried for each blowing agent at constant die 

temperature as it is seen in Table 3.4 and 3.5. 
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Table 3.4 : Different CBA contents for CBA-1. 

Experiments Die Temp. (°C) CBA Content (%) 

1 Low Low 

2 Low Moderate 

3 Low High 

Table 3.5 : Different CBA contents for CBA-2. 

Experiments Die Temp. (°C) CBA Content (%) 

1 Very High Low 

2 Very High Moderate 

3 Very High High 

During the execution of die temperature profile selection criteria, %100 HIPS were 

used and experiments carried out at barrel temperature profile 3 (high) for CBA-1 

and profile 1 (very low) for CBA-2. 

3.2.3.4 Screw Speed (RPM)  

The speed effect (i.e., low, moderate, high and very high) on the foaming behavior of 

HIPS was explored using both CBA 1 and CBA 2. During examination of the screw 

speed effect parameter, %100 HIPS were used and experiments carried out at barrel 

temperature profile 3 (high) for CBA-1 and profile 1 (very low) for CBA-2. In 

addition, the die temperatures are low and very high, respectively for CBA-1 and 

CBA-2, and also very high content of CBA was used for each screw speed value. 

3.2.3.5 HIPS-GPPS blending ratios 

In order to investigate the extrusion foaming behavior of PS blends via blending 

HIPS with GPPS, the HIPS/GPPS blends were foamed at the blending weight ratios 

of % 100 wt. HIPS, HIPS with low content GPPS blend and HIPS with high content 

GPPS blend. During the experiments, the barrel temperature profile 3 for CBA-1 and 

profile 1 for CBA-2 were used. Very high content of CBA was used for each 

experiments. The Table 3.6 and 3.7 show the other constant parameters while the 

effect of GPPS was investigated for both CBAs. 

Table 3.6 : Different CBA contents for CBA-1. 

Experiments Die Temp.(°C) RPM HIPS (% wt.) GPPS (% wt.) 

1 Low Low 100 - 

2 Low Low High Low 

3 Low Low Low High 
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Table 3.7 : Different CBA contents for CBA-2. 

Experiments Die Temp.(°C) RPM HIPS (% wt.)  GPPS (% wt.) 
1 Very High Low 100 - 
2 Very High Low High Low 
3 Very High Low Low High 

3.2.3.6 Nucleating agent type and content 

The HIPS foaming behavior was analyzed via compounding HIPS with three 

different inorganic fillers (i.e., microlamellar talc, talc, and calcium carbonate) at 

three different contents (low, moderate and high). Very high content of CBA 1 was 

fixed for all foaming experiments of blends and composites. The low die temperature 

and screw RPM were also fixed at for these experiments. 

3.2.4 Rheological measurements 

The rheological behavior of the HIPS and HIPS/GPPS blends were measured with 

two methods: an oscillatory rheometer (Anton Paar, Rheo Compass), and the melt 

flow index. Circular samples were hot pressed and prepared with a diameter of 25 

mm and a gap size of 1mm for rheological measurements as it is seen in Figure 3.9. 

 

Figure 3.9 : The samples for rheological studies. 

3.2.5 Characterization techniques 

3.2.5.1 Density measurement & void fraction 

Density is one of the most critical physical property for this study. Density 

measurement progress according to archimedes principle with using Mettler A1201 
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density measurement device. 5 samples were cut from each filaments. Foamed 

samples were prepared according to ISO 845 standart. Figure 3.10 shows a Mettler 

density measurement device.  

 

Figure 3.10 : Mettler density measurement device. 

The pure water was used in order to measure the density of filament samples. As it is 

known, the density of pure wter is 1.00 g/cm³. Archimedes principle is used to 

calculate the density of samples which is seen in below equation: 

݀ = ሺܯ௔𝑖௥ሻ. ሺߩሻሺܯ௔𝑖௥ሻ + ሺܯ𝑤௔௧௘௥ሻ (3.1) 

Mair: Weights of each samples in atmospheric condition. 

Mwater: Weights of each samples in pure water condition. ߩ: Density of pure water. 

Void fraction also calculated by using below eqution in order to determine the 

density reduction of foamed samples. Void fraction =  ͳͲͲ . ሺͳ − 𝜌೑೚𝑎೘ 𝜌೛೚೗𝑦೘೐𝑟) (3.2) 

3.2.5.2 Morphological analysis and foam cell density characterization 

Optical microscope (ZEISS) was used to investigate the PB size and determination in 

PS matrix. Scanning electron microscope (ZEISS SUPRA 55VP) was used to 

observe the cellular morphology and to calculate the cell density, cell distributions 



50 

  

and cell dimensions of each of filamentary samples as it seen in Figure 3.11.  The 

cell density of each samples were calculated by using below equation: 

Cell Density = ቀ௡M2஺ ቁଷ/ଶ . 𝜌೛೚೗𝑦೘೐𝑟 𝜌೑೚𝑎೘  (3.3) 

 

 

Figure 3.11 : Scanning electron microscope (SEM). 
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4.  RESULTS AND DISCUSSION 

4.1 Polybutylene (PB) Size Determination in PS Matrix 

Figure 4.1 compares the PB orientations of neat HIPS samples before and after 

extrusion process. It is seen that, PB orientations are similar in both situations. The 

diameters of PBs are as large as 20 μm. 
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Figure 4.1 : Optical microscope images of neat HIPS reflecting the PB droplet sizes 
before and after process. The scale bars are 20 μm respectively.  

4.2 Melt Behavior of the HIPS, GPPS and Their Blends 

Figure 4.2 shows the MFI results of HIPS, GPPS and their blends at 200 oC and 5 kg. 

It is seen that, melt flow index values of HIPS, GPPS and their blends are very 

similar. This shows that; HIPS, GPPS and their blends have similar melt properties. 

GPPS has the highest MFI value (4,5), while HIPS has 3,5 and increasing the content 

of GPPS increases the MFI of blends.  



52 

  

100 HIPS 75/25 50/50 100 GPPS
1

2

3

4

5

M
F

I 
(g

/1
0

 m
in

.)

HIPS/GPPS Content (wt./ wt.)  

Figure 4.2 : MFI results of HIPS, GPPS and their blends. 

Figure 4.3 also compares the frequency sweep short amplitude oscillation shearing 

(SAOS) behavior of the noted samples. As seen the complex shear viscosities and the 

moduli of HIPS and their blends with GPPS are pretty similar within the while 

frequency range. Therefore, the melt properties of HIPS, GPPS and their blends will 

have a similar effect on the corresponding foaming behavior of the samples. The 

very slight decrease of the viscosity and moduli of the HIPS blends with GPPS is due 

to the slightly higher MFI of GPPS compared to that of HIPS. 

   

 
Figure 4.3 : Complex shear viscosity of HIPS and their blends with GPPS at 200C. 

HIPS/ High  
Content GPPS 

HIPS/ Low  
Content GPPS 

HIPS/ Low Content GPPS 

HIPS/ High Content GPPS 
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4.3 Temperature Profile 

4.3.1 Effect of processing temperature on cell nucleation for two different 

chemical blowing agents 

The effect of processing temperature profile on void fraction and cell density of the 

foamed samples is seen in Figure 4.4 when using CBA-1. The void fraction values 

did not change significantly for profile 1 (low temperatures), profile 2 (moderate 

temperatures) and profile 3 (high temperatures). This might be because the die 

pressure did not show much change for all profiles as it is seen in Figure 4.6. The 

highest void fraction was obtained by using profile 3 (%13). In contrast, the cell 

density values were less than temperature profile 1 and 2, when using temperature 

profile 3.  
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Figure 4.4 : Effect of (a) processing temperature on void fraction and (b) cell density 
of HIPS foams using moderate content of CBA 1 (moderate RPM). 

Figure 4.5 shows the processing temperature effect when using CBA 2. It is seen that 

the highest void fraction (~ 19%) and the cell density (~ 106 cells/cm3) is seen when 

using temperature profile 1 (very low temperatures). This is due to the optimum melt 

strength was provided for CBA-2 solubility with temperature profile 1. 

(a) 

(b) 
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Figure 4.5 : Effect of (a) processing temperature on void fraction and (b) cell density 
of HIPS foams using moderate content of CBA 2 (moderate RPM). 
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Figure 4.6 : Die pressure variations with varying temperature profiles for both 
CBAs. 

Figure 4.7 shows the SEM images of how various barrel temperatures influenced the 

cell morphology of the foamed HIPS with different CBAs.  

 

(a) 

(b) 
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Figure 4.7 : SEM images of the HIPS foamed samples at various processing 

temperatures with CBA 1 and CBA 2. 

4.3.2 Effect of die temperature on cell nucleation for two different chemical 

blowing agents 

Figure 4.8 shows the effect of die temperature on void fraction and cell density 

values of the foamed samples as well as on the die pressure variations when using 
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both CBAs. In foamed samples with CBA 1, the highest void fraction (~ 22%) was 

obtained at the die temperature profile 2 (low temperatures) which also possessed the 

highest cell density (~ 6 x 105 cells/cm3). This might be because the melt strength of 

polymer was proper enough for better cell nucleation and expansion at low die 

temperature. As expected, the decrease in die temperature increased the die pressure. 

When using CBA 2 however, in foamed samples, despite the increased die pressure 

with the decrease in die temperature, the void fraction and cell density decreased 

with the decrease in die temperature. This could have been due to lack of solubility 

of CBA in melt at lower temperature as well as too high a stiff polymer melt for 

expansion at lower die temperatures. Figure 4.9 shows the SEM images of how 

various die temperatures influenced the cell morphology of the foamed HIPS with 

different CBAs.  
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Figure 4.8 : Effect of (a) die temperature on void fraction and (b) cell density of 
HIPS foams using moderate content of CBA 1 (moderate RPM), and on (c) die 

pressure variations. 
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Figure 4.9 : SEM images of the HIPS foamed samples at various die temperatures 
with CBA 1 and CBA 2. 
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4.4 Chemical Blowing Agent 

4.4.1 Effect of chemical blowing agent content on cell nucleation for two 

different chemical blowing agents 

Figure 4.10 shows the effect of CBA content on the void fraction and cell density 

values of the foamed samples. It is shown that increasing the CBA content from low 

to hih increased the void fraction and cell density in samples foamed with both CBA 

1 and CBA 2. The highest void fraction (~ 32%) and the highest cell density (~ 2 x 

107 cells/cm3) were obtained for samples foamed with high content of CBA 1. On the 

other hand, the highest void fraction (~ 21%) and the highest cell density (~ 8 x 105 

cells/cm3) were obtained for samples foamed with high content of CBA 2. It should 

be noted that the cell density increased with increasing the CBA content from low to 

high due to the increase of the internal system pressure. Figure 4.11 shows the SEM 

images of how increasing CBA content influenced the cell morphology of the 

foamed HIPS with different CBAs. 

Low Moderate High
0

5

10

15

20

25

30

35

40

45

V
o

id
  
F

ra
c
ti

o
n

 (
%

)

CBA Content (%)

 CBA 1

 CBA 2

Low Moderate High
10

3

10
4

10
5

10
6

10
7

10
8

C
e
ll
 D

e
n

s
it

y
 (

c
e
ll
s
/c

m
3
)

CBA Content (% wt.)

 CBA 1

 CBA 2

 

Low Maderate High
0

20

40

60

80

100

120

D
ie

 P
re

s
s
u

re
 (

b
a
r)

CBA Content (% wt.)

 CBA 1

 CBA 2

 

Figure 4.10 : Effect of CBA content on (a) void fraction and (b) cell density of HIPS 
foams at optimized at low die temperature and high die temperature, for CBA 1 and 

CBA 2, respectively (moderate RPM) and, on (c) die pressure variations. 
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Figure 4.11 : SEM images of the HIPS foamed samples with various CBA contents 
for CBA 1 and CBA 2.  

4.5 Screw RPM 

4.5.1 Effect of screw rpm on cell nucleation for two different chemical blowing 

agents 

Figure 4.12 shows the effect of screw RPM variations on the void fraction and cell 

density of the foamed samples. As the RPM decreased from around very high to low, 

the die pressure and consequently the void fraction of the foamed samples increased 

and the maximum void fraction was achieved ~ 30 % for samples blown with both 

CBAs. On the other hand, the highest cell densities were obtained at moderate RPM 

and at low RPM for samples foamed with CBA 1 (~ 2 x 107 cells/cm3) and CBA 2 (~ 

106 cells/cm3), respectively. The cell density and void fraction increase at lower 

RPMs were likely due to the better mixing of polymer melt and CBA due to the 

increased viscosity of polymer melt at lower RPM (lower frequencies as Figure 4 

shows) and higher residual time, while the die pressures showed the highest values 
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for both CBAs. Figure 4.13 also shows the SEM images of how various RPM values 

influenced the cell morphology of the samples foamed with different CBAs. 
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Figure 4.12 : Effect of RPM on (a) void fraction and (b) cell density of HIPS foams 
at low die temperature and high die temperature, for CBA 1 and CBA 2, respectively 

(moderate RPM) and on (c) die pressure variations. 
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Figure 4.13 : SEM images of the HIPS foams at different screw RPMs for samples 
foamed with two CBAs. 

4.6 Foaming Behavior of PS Blends 

4.6.1 Effect of GPPS on cell nucleation for two different chemical blowing 

agents 

Figure 4.14 shows how the blending HIPS with GPPS could affect the void fraction 

and cell density of the foamed samples. The increase in GPPS content increased the 

cell densities of HIPS/GPPS blends to around 106 cells/cm3 with more of open celled 

structure. The SEM images of the blend samples (Figure 4.15) also confirms how the 
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increase in GPPS increases the void fraction and cell density with more rigid but 

open-cell structure. 
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Figure 4.14 : Effect of GPPS content on (a) void fraction and (b) cell density using 
high content of CBA 1 at low die temperature (low RPM). 

100% wt. HIPS HIPS/Low Content GPPS HIPS/High Content GPPS 

   

Figure 4.15 : SEM images of the HIPS blend foams using high content CBA 1 at 
low die temperature (low RPM). 

4.7 Foaming Behavior of PS Composites 

4.7.1 Effect of Inorganic filler on cell nucleation for two different chemical 

blowing agents 

Figure 4.16 also shows the effect of various inorganic fillers as cell nucleating agents 

on void fraction and cell density variations of the HIPS foamed samples. Increasing 

the inorganic filler content from low to high, increased the cell density for all fillers. 

(a) 

(b) 
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Among these fillers, the highest cell density (~ 2 x 106 cells/cm3) was obtained in 

composites with high content of talc. Figure 4.17 also shows the SEM images of the 

foamed HIPS composites and how various fillers influenced the cell morphology. 

The void fraction decreased with increasing the inorganic filler content from low to 

high most probably due to the increased rigidity of the foamed samples. 
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Figure 4.16 : Effect of various inorganic fillers on (a) void fraction and (b) cell 
density of the HIPS composite foams using high content of CBA 1 at low die 

temperature (low RPM). 
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Figure 4.17 : SEM images of the HIPS composite foams using high content CBA 1 
at low die temperature (low RPM). 
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5.  CONCLUSION 

In this thesis study, the extrusion foaming of HIPS through a twin-screw extruder 

with two different chemical blowing agents was studied by using filamentary die. 

The thermal characterization of both CBAs were performed and  CBA 1 has lower 

decomposition temperature than CBA 2 according to thermal analysis.  

The distrubition and sizes of PB in PS matrix is investigated by using optical 

microscope before and after process. Results show that, PB orientations are similar in 

both situations. The diameters of PBs are as large as 20 μm. In addition, the melt 

behavior of HIPS, GPPS and their blends were investigated. Both MFI and complex 

shear viscosity results show that, the melt properties of HIPS, GPPS and their blends 

will have a similar effect on the corresponding foaming behavior of the samples.  

The effects of processing temperature profile, die temperature profile and screw 

speed (RPM) were investigated as process parameters when using both CBAs. 

Moreover, CBA type and content; various inorganic fillers (i.e., microlamellar talc, 

talc, and calcium carbonate) at three different contents and the foaming behavior of 

HIPS/GPPS blends at the different blending ratios were studied. The void fraction 

values were calculated by using Archimedes principle. The morphological analysis 

were performed by using SEM and the cell density values were determined. 

According to results; the void fraction values did not change significantly with three 

different barrel temperature profile for CBA 1. The lowest cell density is seen when 

using profile 3. The highest void fraction (% 19) and cell density (~ 106 cells/cm3) 

was observed when using profile 1 for CBA-2. The barrel temperature profile 3 and 1 

were chosen for CBA 1 and CBA 2, respectively. In foamed samples with CBA 1, 

the highest void fraction (~ 22%) was obtained at the die temperature profile 2 (low 

temperatures) which also possessed the highest cell density (~ 6 x 105 cells/cm3). The 

void fraction and cell density decreased with the decrease in die temperature when 

using CBA 2. The highest void fraction and cell density values were calculated at the 

highest die temperature. Moreover, while increasing the CBA content, the void 

fraction and cell density values promote for both CBAs due to the increasing internal 
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pressure. When the screw RPM increased from low to high, the die pressure and 

consequently the void fraction of the foamed samples decreased and the maximum 

void fraction was achieved ~ 30 % for samples blown with both CBAs. The higher 

cell density values were observed at lower RPMs due to the better mixing of polymer 

melt. 

When the foaming behavior of PS blends were investigated, the increasimg GPPS 

content increased the cell densities of HIPS/GPPS blends to around 106 cells/cm3 

with more of open celled structure. On the other hand, the increase in inorganic filler 

contents increased the cell density and void fraction of HIPS foams while the type of 

inorganic fillers didn’t reveal much differences from each other in the foaming 

results. 
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