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This thesis is intended to provide a scientific and engineering understanding of the 

technological potentials for processing fine-ce11 PP foams by using a compounding approach 

in rotational foam molding. The presented research includes a proposa1 for a process designed 

For transforming polypropylene (PP) resins into completely foarned, single-layer, single-piece 

usehl products. The proposed process comprises dispersing a chernical blowing agent (CBA) 

in the PP matnx in a twin-screw compounder, pelletizing the obtained expandable 

composition, and using the pre-compounded pellets for foam production in one unintempted 

rotational foam molding cycle. Four types of PP resins were selected with melting flow rates 

(MFR) ranging fiom 5.5 to 35 dg/min. The PP resins and the CBA were charactenzed using 

thermal analysis instrumentation, a differential scanning calonmeter (DSC) and a 

thermogravimetric analyzer (TGA). Using different formulations, four types of pellets were 

compounded with a CBA fiom each type of PP resin for conducting rotational foam molding 

experiments using an uni-axial lab-scale rotational molding machine. A scanning electron 

microscope (SEM) was used to characterize the quality of the compounded PP pellets. The 

optimal processing strategies for six-fold and three-fold PP fine-ce11 foarning were identified 

via a systematic experimental pararnetric search. By using tirne-temperature profiles, recorded 

using a data acquisition device, the process was charactenzed and strategies for process 

improvements were estabîished. Best foams were obtained by using the highest viscosity 

resins. 
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1.1 Preamble 

In the 1930s, the fascination fiom the optimally balanced strength and weight of some 

oaturally o c c h n g  cellular structures, such as animal bones and wood, rnotivated undertakings 

for developing methods for converting manmade materials into foarned structures that can 

achieve competitive properties. Thereby, the concept of foarning plastics was established [l]. 

Foamed plastics were first used in the armed services during World War II [2], and since then, 

dnven by an intensive development of a wide variety of applications, the industry of plastic 

foams is pemanently growing. 

1.1.1 Plastics Foaming Rationale 

Plastics are Foamed for reasons of concurrently improving the econornics and enhancing the 

performance of plastic articles while keeping their functionality unchanged. The improved 

economy of foarned plastics follows korn the fact that plastic foam densities c m  be 

substantially reduced, ranging fiom about 1.6 k g d  to over 960 kg!m3 [3], so that the resin 

consumption during production can be lowered. As a consequence, foamed plastic articles are 

lighter and less expensive than equdy dimensioned non-foamed ones made of the same resin. 
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This is of great importance for plastic processors because the raw material costs in the 

production of conventional plastic articles can often reach up to 70 % [4] of the total costs. 

Plastic foams comprise at least two phases, a solid polyrner matrix, and a gaseous 

phase originating nom at least one gas-generating substance such as a blowing agent [3-51. "A 

foamed plastic or cellular plastic has an apparent density, which is decreased by the presence 

of numerous voids or cells dispersed throughout its mass", (ASTM definition D883-80C). The 

cellular structure of plastic foams enhances the performance of foamed plastic articles by 

generating unique properties, such as load bearing, cushioning, impact resistance, insulation, 

and buoyancy. A proportional relationship exists between the mechanical-strength properties 

of a foamed plastic article and the density of its loarn [3, 61. Therefore, foamed plastic articles 

cm oAen be stronger than their non-foamed analogues and, because of the reduced weight, can 

achieve outstanding cost-to-performance and favorable strength-to-weight ratios [7]. 

1.1.2 Classification of Plastic Foams 

The most commonly used criterion for distinguishing various plastic foam types is the 

combination of the average foam ce11 size and the ce11 density per unit volume. According to 

this criterion, plastic foams are divided into three categories that include conventional foams 

(cell size > 100 pm and ceil density < 106 cells/cm3), finesell foams (10 pm < ce11 size < 100 

pm and 106 cells/cm3 c ce11 density < 10' cells/cm3), and microcellular foams (cell size < 10 

Fm and ce11 density > 10' cells/cm3) [4]. 

However, other classification criteria for plastic foams also exist. For instance, besides 

being classified by the nominal dimension across the ce11 and the number of cells per unit 

volume, plastic foams can be also classified by adopting the foam surface area per unit weight 

as a classimg parameter. This methodology uses the BET (Brunauer, Emmen and Teller) 



3 

mode1 to measure the surface area and distinguishes between commercial foms (cell size 100- 

500 Fm, BET surface area 0.1-1 rn2/g, ce11 density 105 cells/cm3), fine-ce11 foams from cross- 

linked polyolefins (cell size 20-100 Pm, BET surface area 10 m21g, ce11 density 106 cells/cm3), 

microcellular foarns (cell size 5-20 p but typically < 10 Pm, BET surface area 10-20 m21g, 

ce11 density 10'- 1 O' cells/cm3), and ultramicrocellular foams (cell size 0.1 - 1 Fm, BET surface 

area 1 00-400 m21g, cell density 1 09-1 012 cells/cm3) [7]. 

The relationship between the plastic foam glass-transition temperature and the room 

temperature can also be used as a classifying criterion. This kind of classification recognizes 

flexible, semi-flexible (or semi-rigid), and rigid foarns. Flexible foarns are associated with 

glass transition temperatures below the room temperature, semi-flexible foams are defined as 

an intemediate state between flexible and rigid foams, while rigid foarns are associated with 

glass transition temperatures above the room temperature [SI. 

Another way of classifjhg plastic foams employs the fact that the ce11 morphology of 

the foam, comprising ce11 geometry, ce11 size, and ce11 shape, strongly affects plastic foam 

properties. Thus, cells may be interconnected andior discrete and independent. This method 

differentiates between open-celled and closed-celled foams [SI. 

The foam bulk density and the void fraction cm also serve as a criterion for classifjmg 

plastic foams. According to this criterion plastic cellular structures can be classified as hi&- 

density and low-density foams [7]. High-density foams assume a density of over 240 kg/m3, 

while low-density foams assume a density lower than 240 kg/m3 [3]. 

1.1.3 Application of Foamed Plastics 

Foamed plastic articles can successfùlly conserve energy and natural resources. For example, 

foamed insulation products reduce energy consumption, while those used for protective 
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shipping reduce product damage, and thereby contribute for lower manufacturing costs and 

less waste 181. In transportation applications, the reduction of vehicle weight by replacing 

steel with a structural foam decreases the fuel consumption [SI. High-density foarns are 

basically used in himiture, wires and cables [3], automotive and structural applications, while 

low-density foarns are used for shock mitigation, insulation, and rigid packaging [7]. Rigid 

high-density foarns are preferred for structural and load bearing applications, rigid low-density 

closed-ce11 toms are used for thermal insulation [5] and for applications where buoyancy is 

important [3], while tigid low-density open-ce11 foarns are most suitable for acoustical 

insulation [SI. Flexible foams are used for thermal insulation, comfort cushioning, and 

pac kaging [5] .  

1.1.4 Recent Trends in the Industry of Foamed Plastics 

The industry of plastic foams accounts for more than 10% of the entire plastic industry [8]. It 

is based on the use of extrusion foaming and foam injection molding as principal foarn 

Bbrication processes [3, 71. Although dominating the industry, these processes are unable to 

respond to the increasing market demands b r  economic fabrication of very large, complex- 

shaped, plastic articles that can achieve improved stiffhess-to-weight ratios and high surface 

quality without added finishing expenses [7]. Shce such properties can be only achieved by 

creating a foam layer or a foam core in the interior of rotomolded hollow articles, in the last 

decade, as a response to these demands, the conventional rotomolding process has been 

redesigned to serve as a plastic foam fabrication process. At approximately the sarne time, 

shilar reasons contributed for converthg other conventional plastic processing technologies 

for producing hollow articles, such as twin sheet thermo forming, structural blow molding, and 

gas injection mo lding, into foam fabrication processes [7]. 
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Conventional rotomolding is one of the oldest technologies originally designed for production 

of plastic hollow articles. Its most recent modification, used for production of plastic foamed 

articles, is commonly referred to as rotational foam molding. Unlike other processes used for 

producing foarned plastic articles, the rotational foam molding is capable to deliver very large 

products while maintaining a considerably low tooling budget. It c m  be effectively used for 

producing completely or partially foamed single-piece, plastic articles with or without a non- 

foamed skin surroundhg the foamed core or Iayer [7]. 

1.1.5 The Importance of PP Foams 

Despite PP has been discovered in 1954 [9], polyethylene (PE) is still the matenal of choice 

for rotomolding operations due to the favorable nature of its processing properties [7]. PP has 

not been used extensively in rotomolding, because, until recently, most PP grades had 

relatively poor impact properties cornpared to iinear low-density polyethylene (LLDPE) and 

high-density polyethylene (HDPE) which resulted in the domination of PE-based resins in 

rotomolding. However, due to the nature of its end-use properties, PE failed to satisQ the 

market demands for providing foamed plastic articles that would simultaneously possess high 

performance, lightweight, and high heat resistance (beyond 120 O C ) .  Therefore, although PE 

is much more favorable for foaming than PP, PP foams are preferred for applications where 

stifniess, chemical resistance, good heat insulation, sound deadening, and higher end-use 

temperatures are required. Relevant fields of PP foam applications ïnclude the automotive 

industry ("under-the-hood" hi& s e ~ c e  temperature parts, interior, and cushioning 

applications), the industry for home electrical appliances @ot water and air conditioner pipes 

insulation), and the building industry (various insulating applications). 
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PP foams have recently grown in importance, especidy for replacing HDPE stnictural foams 

[SI. PP was a marginal, low quality commodity, with Little versatility until the early 1970s [9]. 

The discovery of the active MgClrsupported high yield Ziegler-Natta catalysts in 1968 

drarnatically expanded the property envelope of polypropylene (PP) as a consequence of 

which, PP has demonstrated improved economics and enhanced performance over other 

thermoplastic resins. PP is lighter than water (0.9 g/cm3) and PE, its major cornpetitor, which 

makes it suitable for applications that require a low-density plastic material. The permanent 

growth of the world market for PP from 1.5 million tons in the 1970s to over 19 million tons in 

1995 is a clear confirmation of the advantages of PP over PE. Also, the pnce of PP has been 

15% to 20% more cornpetitive during the last decade. Predictions are that the PP production 

will exceed 25 million tones in 2000 [9].  

1.2 Thesis Purpose Statement 

Using resins that have outstanding end-use properties, such as PP, in order to produce plastic 

foams with improved mechanical properties is one way ofachieving the goal. Another way of 

improving the mechanical properties of plastic foams is by decreasing the ce11 size and by 

increasing the cell-population density and unifomity of the cellular structure [3-6, 10-191. 

Since rotationally foamed plastic articles with improved mechanical properties are 

permanently in demand, it would be highly desirable to focus on producing rotationally foam 

molded PP articles by yielding the smallest ce11 size and the highest cell-population density 

and uniformity possible. These were the Fundamental reasons that moiivated the research 

work that is presented in this thesis to be undertaken. Its purpose is to respond to the need of 

developing a technology that will be capable of processing fie-ce11 PP foams in rotational 

foam molding. 



1.3 Current State of the Art 

Compared to conventional rotomolding, not much work related to rotational foam molding has 

been published to date. Likewise, compared to PE foams, very little cesearch has been done to 

date on the production of PP foams. Although many studies use terms like "polyolefin foms" 

or "thennoplastic foams" to claim that processes usehl for foam preparation of other 

polyolefuis (PEs) are equally applicable to the preparation of PP foams, this does not seem to 

be always correct. For instance, unlike PE, successful processing of fine-ce11 PP foams in 

compounding-based rotational foam molding has not been reported yet. Reasons for this 

probably lie in the fact that compounding PP resins with a chemical blowing agent (CBA) is 

difficult because of its hi& melt temperature. An additional reason might be the fact that PP 

is not favorable for foaming due to its weak melt strength, and weak melt elasticity at elevated 

temperatures [ B I .  

1.4 Thesis Objective and Goals 

The objective of this thesis is to develop and experimentally veri@ a compounding-based 

rotational foarn molding process for producing fine-ce11 PP foams. In order to accomplish this 

objective, it is necessary to first achieve decomposition-fiee compounding of PP-based resins 

with a CBA and then develop the needed scientific and engineering basis for identifjmg the 

optimal processing window for producing PP foams having a reduced ce11 size structure. 

1.5 Thesis Approach and Methodology 

A design approach has been used to accomplish the objective of this thesis. The diagram 

presented in Figure 1.1 illustrates the sequence of activities that constitute the approach. 

Although fundamental issues relevant to the research subject and the previously established 
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theoretical knowledge stated in the referenced literature have been carefully studied, the 

experimental approach in investigating the phenornena govemhg the processing of PP foams 

in rotational foam molding received principal attention in the thesis. Likewise, due to the lack 

of available Somation that would cover the behavion of PP and a CBA during 

compounding, the primary source of information for the research presented in this thesis have 

been the results obtained fiom the conducted experiments. 

1.6 Thesis Scope 

A compounding-based, rotational foam molding process for producing fine-ce11 PP foams is 

proposed in this thesis. in order to maximize the number of independently controllable 

processing parameten participating in the rotational foam molding process, and thereby 

simpli& the investigation of their effects on finetell PP foam production, this research mainly 

deals with skinless foams that occupy the mold to the fidl capacity. However, the concepts put 

fornard herein are equally applicable for partially foamed, hollow, skinless, articles, and can 

be also used as a foundation for understanding and describing the processing of articles having 

a distinct unfoamed skin. 

1.7 Intended Thesis Contribution 

The principal objective of' the present thesis is to establish processing strategies useful for 

producing PP-based foams that achieve desired volume expansion ratios while having a fine- 

celled structure in compounding-based rotational foam molding. Another objective of the 

thesis is to identify the relationships between the processing steps needed for producing a 

foarnable PP-based composition by using a CBA and the mechanisms governing its foaming in 

rotational foam molding. A m e r  objective of the thesis is to characterize the PP resins that 
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are effective in yielding acceptable foams and provide formulation criteria and processing 

strategies for preparing usehl foamable compositions thereof. 

1.8 Tbesis Format and Outline 

The present thesis is organized in six chapters and a preliminary subdivision. 

Chapter 1 presents an introductory statement about plastic foams, a statement of 

reasons and principles related to plastics foaming, and a summary of recent developments in 

the fields of plastic resins and plastics foam fabrication processes that are relevant to the 

proposed processing technology. It also includes an overview of the common plastic foam 

classification critena, the corresponding fields of their application; and a concise statement 

reflecting the major problems solved in the thesis and the thesis major contributions. 

Chapter 2 includes a review of previous work and the key literature recently published 

on rotational foam molding, PP and PP foams, and focuses on the theoretical background 

needed to comprehend the physical meaning of the experimental results presented in the thesis. 

Here, particular attention is devoted to the patent literature since it covers a substantial amount 

of detailed, descriptive information not available in the journal literature. The introductory 

section of this chapter includes a historical overview and highlights of the basic operating 

principles of the rotomolding process and machinery. Also, in this chapter, details are 

considered about the structure of PP in relation to its properties as a polymer and its ability to 

foarn, foaming mechanisms in general and in rotational foam molding, and the relevant 

principles for selecting chernical blowing agents. 

Chapter 3 introduces the proposed cornpounding-based concept for processing fine-ce11 

PP foams in rotational foam molding. The principal issues discussed in this chapter include 

the production of foamable PP compositions and their subsequent processing in rotational 
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foam molding, while the importance of the successful compounding of PP with a CBA while 

preventing the decomposition of the CBA is specially emphasized. This chapter proposes and 

thoroughly elaborates processing strategies for both decomposition-fiee compounding and 

fine-ce11 PP foaming. 

Chapter 4 is concerned with the experimental venfication of the process proposed in 

Chapter 3. A differential scanning calorimeter (DSC) is used to detemine the transition 

temperatures of the four PP resins selected for expenmentation. The behaviors of the CBA 

with and without an activator at various heating rates are characterized via thermal analysis by 

using a thermogravimetric analyzer (TGA). Using four different formulations for each PP 

resin, sixteen different foamable PP compositions are successfully compounded. These 

compositions are subjected to experimental parametric search over time in order to investigate 

the feasibility of the proposed process for producing 3-fold and 6-fold expanded PP foarns. 

The experimental results confirmed that the proposed process is feasible for producing 6-fold 

and 3-fold expanded PP foarns, but also indicated that it failed to deliver foarns with the 

desired fine-ce11 morphoiogies. This indicated the need for improving the processing 

strategies and modifjmg the process. 

Chapter 5 identifies the mot causes for obtaining foarns with poor morphologies and 

proposes improved processing strategies. Additional compositions without CBA are 

compounded fiom each of the four PP resins in order to conduct experimentation and 

comparative analysis. Scanning electronic microscope (SEM) is used to charactenze the 

compounded foamable pellets, especially in ternis of CBA particle dispersion and unifomity. 

The additional foaming experiments revealed the importance of sintering to decomposition 

timing in compounding based rotational foam molding. Based on these experiments the 

effects of the basic resin viscosity and the volume expansion ratio have been investigated and 
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experimentally modeled. During the foaming experiments the in-mold temperature has been 

recorded via a data acquisition device with a high sarnpling fiequency. The obtained time- 

temperature profiles significantly improved the process-characterization procedure in terms of 

identiwg the differences between the desired and the actual order of events occurring in the 

mold during the thermal cycle. This chapter emphasizes that regardless of the basic resin 

viscosity, desirable fuie-ce11 foam structures can be obtained in compound-based rotational 

foam molding only if pellet sintering takes place pnor to the decomposition of the CBA and 

the processing temperature is kept under the temperature of ce11 coalescence. Based on the 

experimental results discussed in this chapter, the process has been modified and strategies for 

improving the ce11 structure of PP foams are proposed and experimentally verified. 

Satisfactory foarn morphologies have been obtained, especially fiom the high-viscosity resins. 

As a further process modification pellet regt-inding is proposed. It resulted in obtaining even 

better foam morphologies. By using a see-through mold and a video carnera the foaming 

mechanisms of both foamable compounded pellets and reground pellet powders of high 

viscosity PP resins have been recorded and analyzed. 

Chapter 6 surnmarizes the relevant conclusions, introduces a nurnber of possible 

extensions that can be drawn fiom the work presented in the thesis, and identifies potential 

directions for hrture research. Recommendations for Future research emphasize the need of 

developing practical guidelines for processing PP in cornpounding-based rotational foarn 

molding. These include developing a sintering to decomposition temperature map and a rnap 

for distinguishing the theoretically calculated fiom the realistically required amount of CBA 

for a given volume expansion ratio. 



2.1 Conventional Rotomolding 

The conventional rotomolding (or rotational molding) is a four-step plastic processing 

technology designed to produce hollow, one-piece, plastic articles (toys, sporting equipment, 

containers, water tanks, etc.) [7, 21-26]. Figure 2.1 illustrates the fundamental principle of the 

rotomolding process. Fint, a predetermined arnount of a powdered, rotomolding grade, plastic 

resin is charged into a vented hollow mold. In the second step, the mold is closed, and then 

simultaneously heated and rotated in two perpendicular axes to achieve even distribution of the 

melt on the interna1 mold surfaces. During the third step, the mold is cooled to cause the 

molded article to solidify. in the final, fourth step, the mold is opened and the article is 

removed. The mold can be then used in a new rotomolding cycle. Figure 2.2 illustrates the 

generalized conventional rotomolding process diagram. As shown in the diagram, if the resins 

are not available in a powder form, the plastic material has to be ground pnor to rotomolding. 

If necessary, additives, such as antioxidants, may be also charged into the mold. 

2.1.1 Bistory of Rotomolding 

nie process used by Egyptians and Romans approximately 3000 years ago to cast hollow clay 

objects is considered to be the earliest application of the rotomolding concept [7,21]. 

12 
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Early patents that describe methods for manufachiring hollow objects by simultaneously 

heating and rotating a mold charged with a heat-sensitive matenal in two axes go back to the 

1850s. A patent search report, published by National Latex Products Co. in 196 1, clairns that 

an Englishman narned Peters filed the very first patent associated with the rotomolding process 

in 1855 [24]. The invention is described as a rotating mechanism engaging two perpendicular 

mis, interco~ected by a pair of bevel gears that provide bi-axial rotation to a mold for reasons 

of uniformly spreading the charged material into a layer over the surface of its cavity. The 

invention includes a separable mold design to permit charging the material (metal or other 

substance in a fluid or semi-fluid state) into the mold and a vent pipe to permit gas escape. 

External mold cooling with water is also described as being a part of this invention. 

Other early patents deal more specifically with the relevant processing parameters in 

rotomolding. In that context, the mechanism of solidification of the molten paraffin wax in a 

non-porous mold while being cooled and bi-axially-rotated is considered in a 1905 patent 

issued to Voelke. In 1910, Baker and Perks patented an apparatus for rotational casting of 

chocolate eggs, while in 1920 Powell proposed the ratio between the primary and the 

secondary axis to be 4 to 1 intending to avoid the centrifuga1 force by decreasing the rotation 

speed [24]. This ratio is most commonly used even today. 

The begimings of the modem rotomolding process have been established in the 1940s 

[22-261. From mid 1940s to the late 1950s, numerous patents related to rotomolding have 

been filed. This penod is marked as a period of intensive development of the rotomolding 

equipment and handihg technique [24]. During this period, the concept of rotomolding 

machinery went through a variety of transformations and styles such as: "rock and roll", box 

oven, shunle, and vertical-style [21, 241. In the late 1950s or early 1960s, rotomoldiug 

machinery using the fked-arm turret concept was introduced [21,24]. In the early 1980s, the 
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clamshell-style rotomolding machine was developed, while in the late 1980s a more 

sophisticated modification of the fixed-arm rotomolding machine narned "independent-ami", 

or independent indexing carriage rotornolding machine, became available [2 11. 

Currently PE accounts for more than 90% of the materials used for rotomolding [21]. 

In the 1980s nylon, PP and polycarbonate represented the group of non-polyethylene resins 

that enriched the list of materials suitable to be used in rotomolding [23]. Today, the 

rotomolding process is the fastest growing process in the plastic processing industry and is 

characterized by a typical annual growth ranging between 10% and 12% per year [25]. 

2.1.2 Overview of Rotomolding Machinery 

Three processing parameters are essential for rotomolding, these include time, mold rotation 

and temperature [21]. Therefore, in order to accomplish successfully the rotomolding process, 

the rotomolding equipment has to be designed in such a way to provide appropriate means for 

bi-axial mold rotation and efficient mold heating (and subsequent cooling) during processing 

the plastic article for a predetemined period of time. 

Time. In rotomolding the required processing time depends on the thickness of the 

wall of the part, the type of plastic used and the thermal conductivity and thickness of the 

metal mold [2 11. 

Mold Rotation. Bi-axial mold rotation can be achieved by using a straight arm (also 

called "double centerline" am), or an offset ann (also called "cranked" ami) design, as 

presented in Figures 2.3 (a) and 2.3 (b), respectively. Unlike the straight arm, which is 

preferabie for mal1 molds, the offset arm is designed to carry large molds. In order to control 

independently the rotational speed of the primary (major) and the secondary (minor) axis and 

thereby achieve various rotation ratios, separate drives for each axis are used in both arm 



designs. The mold rotation along the primary axis 

drive, while its rotation dong the secondary axis is 
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is powered directly by the prirnary axis 

provided by using an intemal shaft that 

transmits the power fkom the secondary axis &ive via a set of miter gears [2 1,241. 

Temperature. During the rotomolding cycle, the mold is rotated and heated to the 

temperature needed to melt the plastic and then cooled to allow the plastic to solidify. 

Thereby, the charged plastic material is fomed into a shape corresponding to the shape of the 

mold's intemal wall surface. Various concepts can provide the eievated temperature for rnold 

heating in rotomolding. The earliest mold heating concepts used in rotomolding systems were 

the open-flame and the hot-oil jacketed mold systems, the schematic of which is presented in 

Figures 2.4 and 2.5, respectively. Although the hot-oil jacketed mold system is the most 

efficient possible way of tramferring heat to the plastic article, it is very expensive because it 

uses hot oil circulation in double-walled molds, and therefore is practically rendered 

inapplicable for industrial production. In contrast, the open-flame method possesses the 

lowest energy efficiency and is known to be unsafe. However, it is still used for producing 

very large tanks, which exceed the standard oven dimensions, and for which building a special 

oven is not feasible because of the low number of units ordered [U]. 

The most fiequently used mold-heating concept in contemporary rotomolding 

machinery employs the hot-air recircuiating oven method, which uses natural gas, oil, or 

electricity to generate the hot-air and cùculating fans to provide the heating effectiveness by 

changing the air in the oven for about 25-30 times pet minute [21]. The schematic of the 

recirculating hot-air oven is presented in Figure 2.6. 

Rock and Roll-style Machines. Rotomolding machines of this type are speciaily 

designed to produce very large cumbersome parts econornically. They accompiish the bi-axial 

mold rotation by simultaneously rotating the mold along the principal mis, (which completes 



the rolling mold motion), and by tilting the rotating mold sideways for a predetermined angle 

along the secondary axis (which completes the rocking mold motion) [21]. Figure 2.4 presents 

the principle of operation of the rock and roll rotomolding machine. There is also a more 

sophisticated version of the rock and roll machine, it is called the "rocking oven" rotomolding 

machine, and it is used for producing long, slender parts. It employs a recirculating hot& 

system instead of the open-flame system and cm therefore achieve improved mold heating 

efficiency [2 11. 

Box Oven-style Machines. This type of rotomolding machine is designed for 

producing small articles (play balls, baby do11 parts, small automotive interior parts). The 

machine comprises three sections: a loading/unloading platform, a cooling section with a water 

bath, and a heating oven. The bi-axialy rotating mold is heated in the oven, while a gas or oil 

bumer and a recirculating fan system generate the heat. The mold cooling operation is 

accomplished by a simple cooling system that does not apply bi-axial rotation to the mold. A 

retractable air cylinder, provided in the cooling section, is used to plunge the mold in a water 

bath and remove it when cooling is completed [21]. The schematic of the box oven-style 

rotornolding machine is presented in Figure 2.7. 

Sbuttle-style Machines. The shuttle-style rotomolding machine is capable of 

producing both large and small molded parts economically. It usually ernploys two shuttles, 

both equipped with a bi-axial rotation mechanisrn, and a hot-air oven accessible fkom two 

opposite sides. The shuttles are interchangeably heated in the double-door oven. AAer the 

first shuttle is removed fiom the oven for cooling, unloading the molded article, and loading 

the plastic material for the next cycle, the second shuttle enten the oven to start its own 

rotomolding cycle [2 1, 241. The principle of operation of the shuttle-sty le rotomolding 

machine is presented in Figure 2.8. 



Verticabstyle Machines. Unlike the previously described machines, the vertical-style 

rotomolding machine is designed to use the vertical plane for mold indexing in order to Save 

floor space. This type of rotomolding machine is available in 3-am and 6-arm versions. Each 

arm is provided with a bi-axial mold-rotation mechanism, so that the m s  can cany the molds 

in a succession between the separated loading/unloading, heating and cooling stations. The 6- 

arm version is usually provided with three heating and two cooling chamben, thereby dividing 

the required mold heatingkooling time into threehwo equal cycles, respectively. This is 

particularly useful for producing articles fiom vinyl plastisol, for which processing at a gradua1 

increase of the oven temperature is required during the heating cycle [21]. The pnnciple of 

operation of the 3-arm vertical rotomolding machine is presented in Figure 2.9. 

Fixed-arm Turret Machines. Even today, fixed-arm turret machines are the most 

frequently used. This mtornolding machine provides three or Cour arms equally spaced on a 

fixed turret. The rotation of the turret causes the rotating molds, attached on the periphery of 

the arms, to travel around the turret and spend a portion of the cycle-time in each of the 

loading/unloading, heating and cooling stations on their way. Three-station fixed-ann 

machines are cornrnonly used when the required heating and cooling processing times are 

approximately equal, while four-station fixed-am turret machines are used where the process 

requires increased processing times for one of the loading, heating or cooling operation. 

Modem fixed-ami machines may provide various combinations of arrangements, such as two 

cooling stations, two loading-unloading stations, or two ovens, by which an opportunity of 

doubling the process times of particular segments of the cycle becomes available [21,24]. The 

typical schematic of a four-fixed-am rotomolding machine is presented in Figure 2.10. 

ClamshelCstyle Machines. This unique rotomolding machine type is available with 

either straight or offset mold mounting arms, which makes it suitable for handling both small 



and large parts. It uses a h o t 4  oven charnber for both the heating and the cooling step of the 

rotomolding cycle. Once the heating is completed, the bumers are extinguished, and the 

circulating fan continues to be used to initially cool the mold, after which, water spray is 

applied to accomplish the cooling step. This machine is characterized by a higher energy 

consumption because not only the mold, but also the oven, is heated from room temperature to 

molding temperature and then cooled back to room temperature during each rotomolding cycle 

[2 11. The schematic of the clamshell-style rotomolding machine is presented in Figure 2.1 1. 

Independent-arm Machines. This rotomolding machine consists of multiple, 

independent, self-propelled, carriages designed to rnove each arm around a center post and a 

horizontal arm mounted on each cmiage to carry the mold. This arrangement transfomis the 

machine into a set of "independent machines" using a comrnon center post, cooling chamber 

and heating oven. The advantage of this type of machines is the independent design of the 

arms that allow the user to adjust machine settings cornmensurate to the processing needs [21]. 

Figure 2.12 illustrates the detailed principle of operation of the independent-arm machine. 

2.1 3 Advantages and Disadvantages of Rotomolding 

The conventional rotomolding process has unique advantages over other plastic processing 

technologies. The most important include the low tooling costs, the capacity to produce large- 

sized products that no other process can, the comfort of simultaneously d n g  molds of 

different sizes and shapes on the same equipment, the convenience of almost no need for 

secondary operations, and the ease of molding articles with undercuts, double walls and 

molded inserts [21]. Tooling is relatively simple and inexpensive because rotomolding is a 

low-pressure process and no cooling channels and no clamping force is required, as it is the 

case with injection rnolding and blow molding [7, 231. Trimming can be eliminated because 
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rotationally molded parts nonnally have very little flash. Since the produced parts are hollow, 

with no core, they can be deformed inward in order to fiee undercuts when being removed 

nom the mold, but the magnitude of the allowed undercut is limited by its design and the 

elasticity of the plastic material [2 11. 

However, the greatest disadvantages of the rotomolding process are the long cycle 

times, the need to grind the materials before usage (if it is not available in powder form), the 

labor intensive loading/unloaâing operations and the relatively lhnited choice of rotomolding 

grade resins [2 11. Cycle times are long because of the nature of the process which requires the 

temperature of the plastic and the mold during processing to be elevated from room 

temperature to beyond the melting temperature of the plastic, and than cooled back to room 

temperature. 

2.2 Rotational Foam Molding 

As indicated in Chapter 1, the rotational foam molding is a plastic processing technology 

derived from the conventional rotomolding for producing cornpletely or partially foamed one- 

piece, plastic articles with or without a non-foamed skin surrounding the foamed core or layer. 

in order to produce plastic foams in rotational foam molding, a foarnable resin must be 

introduced into the mold. The foamable resin is obtained by introducing a chemical blowing 

agent (CBA) into the polymer by means of a suitable polyrner mixing technique. A CBA is a 

chernical or a compound that decomposes at elevated temperatures and nonnally, at 

atrnospheric pressure, produces a gaseous product [7]. Accordingly, with respect to the 

mixing technique used, rotational foam molding methods can be based on a dry-blending or on 

a melt compounding approach. 



Figure 2.13 illustrates the p ~ c i p l e  of operation of the rotational foam molding process 

and depicts the four manufacturing steps required for its accomplishment. These include mold 

c harging, simultaneous mold heating and bi-axial rotation, mold cooling, and molded article 

removal. Since the rotational foam molding manufacturing steps are identical with those of 

the conventional rotomolding (see Figure 2 4 ,  the cunently available manufacturing 

equipment for conventional rotomolding c m  be readily used for rotational foam molding. 

However, due to the presence of the foamable resin in the material that is charged into the 

mold, the nature of the rotational foam molding process completely differs fiom that of the 

conventional rotomolding. As a consequence, there is a significant difference between the 

processing strategies that should be implemented in order to control each of these processes. 

It should be also noted that if molds originally designed for rotomolding were to be 

used for rotational foam molding, a few marginal modifications would be necessary. in this 

context, mold-venting enhancements would be useful to allow for complete foaming of large 

parts [27]. Because hlly foarned parts will not normally shrink as much as conventionally 

rotomolded parts, greater rnold drafl angles should be considered for easier part release [20, 

271. 

In order to produce articles with a distinct non-foamed skin and a foamed core or layer, 

two types of resins should be charged into the mold: non-foamable and foamable. Different 

methods of achieving a skin have been developed. Generally, these methods can be divided 

into two distinct groups. The first group includes methods that can function only by 

interrupting the molding process, while the other includes continuous methods that do not 

require process interruptions. Methods pertaining to the former group are usually based on a 

two-step operation principle. Therefore, these methods assume molds with specially designed 

openings that c m  be used to pour the foamable resin in the mold during the interruption of the 



rotational foam molding process, which takes place f i e r  the initially charged non-foamable 

resin had sintered and formed the skin inside the mold. Multiple drawbacks characterize the 

two-step operation principle with process interruptions. First, the mold must be made of a 

special construction. Second, the molding cycle is extended. Third, it is complicated. 

Methods pertaining to the latter group can be based on a multi-step, a two-step, or a 

one-step operation principle and cm produce structures with a non-foamed, solid, outer skin 

and a foamed layer or core in a one continuous rotational foam molding cycle. Most two-step 

continuous methods use a "&op-box" system comprising of a box located inside the mold that 

can introduce the foamable material at the time when the ufoarned skin coating is already 

formed by the sintering of the non-foamable material directly charged into the mold cavity 

pnor to processing. Thereby, a foamed layer or core is formed on top of the skin. However, if 

a distinct skin is required to be developed on the inside surface of the foamed layer as well, a 

multi-step continuous operation principle must be used. In these cases, a second drop box is 

used to introduce the non-foarnable resin on top of the already foamed structure [7]. 

The one-step continuous operation principle elirninates the need of drop boxes inside 

the rnold, thereby solving the foregoing drawbacks by introducing both the foarnable and the 

non-foamable thennoplastic resins into the mold cavity at the same time. The fundamental 

problem of the one-step principle is how to ensure the execution of the adhesion of the non- 

foarnable thennoplastic resin to the surface of the mold to happen pnor to the activation of the 

foaming resin. ui some one-step rotational foam molding methods the mold is charged with 

blends of non-foarnable powders (for the skin) and foarnable pellets (for the foamed layer or 

core) [27]. The powder particles sinter first because of their smaller size and fom the skin 

layer, on top of which, with the subsequent heating of the mold, the pellets fonn the foamed 

layer. Other one-step rotational foam molding methods simultaneously charge the mold with a 
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blend of non-foamable and foamable powders (usually reground compounded pellets of a 

polymer with a CB A) of polymers that have significantl y dissimilar melthg points or 

significantly dissimilar particle sizes. The reason for this is to maintain the desired sequence 

of events in the mold, which is the skin formation to be completed prior the foamable powders 

start foaming [7]. Another type of one-siep methods, for example, makes use of the difference 

of the densities of the two resins and the cenûifbgal force developed while rotating to 

distribute the resins in the mold and create the non-foamed layer first and then the foarned one. 

However, there is no big difference between the densities of most of the commonly used 

thennoplastic resins. Therefore, achieving two separate layen of cellular and non-cellular 

structure using this approach is unfeasible. 

If skinless foam is desired, only a foamable resin should be used [7]. By decreasing 

the blowing agent to polymer ratio in the foarnable resin, partially foamed, single-layer, 

skinless hollow articles c m  be rnanufactured in rotational foam molding [18-201. 

2.2.1 Advantages and Disadvantages of Rotational Foam Molding 

In most instances, the similarity between the rotomolding and the rotational foam molding 

implies agreement between their advantages and disadvantages, but some exceptions exist. 

For example, unlike conventional rotomolding, molding of articles with undercuts is not 

possible in rotational foam molding because the foamed core or layer does not allow inward 

article deformation. 

Regarding rotational foam molding process disadvantages, it is important to note that, 

compared to rotomolding, the rotational foam molding process requires extended total cycle 

h e s  (f?om 25 to 100%) [20, 271 to allow complete foaming. This is so because a greater 

amount of material is molded and the heat transfer is retarded by the foam structure. Al1 other 



advantages and disadvantages pertaining to the conventional rotomolding process, discussed in 

Section 2.1.3, apply to the rotational foam molding as well. 

2.2.2 Dry-blending Based Approach 

Figure 2.14 illustrates the generalized dry blending-based rotational foam molding process 

diagram. In spite of the fact that the dry blending based rotational foam molding and the 

conventional rotomolding are very similar processes, they differ in the matenal preparation 

procedures (see Figure 2.2) and the processing cycle times. The plastic resins must be in a 

powder fonn if they are to be used in dry blending-based rotational foam molding [la, 191. If 

the resins are not available in powder form. as is often the case with PP resins, they must be 

ground prior to further usage. The obtained resin powders are mixed well with a CBA and 

other additives to obtain a foamable blend. A hollow mold is charged with a pre-measured 

amount of such a blend and it is then heated and rotated in two axes until it becomes 

sufficiently hot to melt the powders and trigger the decomposition of the CBA, thereby 

initiating the polymer foaming. The mold is then cooled, opened, and the article is released. 

2.2.3 Compounding-based Approach 

While the conventional rotomolding and the dry-blending-based rotational foam molding use 

materials in a powder fom, in the melt compounding-based rotational foam molding, intended 

for production of skinless articles, only pre-compounded pellets are charged into the mold 

[19]. But if the sintering behavior of the pellets is not satisfactory because of too hi& 

viscosity of the plastic resin, the pre-compounded pellets can be reground into powder before 

charging the mold in order to enhance the sintering behavior of the materials [7]. Also use of a 

reground powder is recommended for production of hollow foamed articles to better maintain 
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a uniform thickness of the foam. A generalized process diagram of the compoundhg-based 

rotational foam molding is presented in Figure 2.15. 

2.2.4 Previous Studies on Rotational Foam Molding 

The surveyed patents reveal that the majority of previous studies in rotational foam molding 

have been concerned with developing methods capable of foming integral thennoplastic 

articles having a cellular layer or core and a continuous skin of a non-cellular thennoplastic 

material, mainly polyethylene. 

Two-step Principle of Operation Studies. A two-step, dry-blending based, rotational 

foam molding method For manufactunng multilayered articles has been disclosed by Carrow 

and Rees [28]. It is based on using two types ofresins, non-foarnable and foamable. The non- 

foamable resin is molded first in order to produce a non-foamed layer. At a time after the solid 

particles of the non-foarnable resin have melted and ptior to the time when the inner surface of 

the outer layer become smooth and glossy the process is intempted. The charge of the 

foamable resin is then added in the mold via a specially designed mold opening afier which the 

molding operation is resurned. As a result, a foamed layer on top of the inside of the non- 

foamed layer is formed. 

An improvement to the two-step dry-blending approach, which does not require 

process interruptions, has been disclosed by Duf'fy [29]. Both the non-foarnable and foamable 

resins are introduced at the beginning of the operation but they are maintained separately until 

the non-foamable resin melts and coats the interior surface of the mold. M e r  the outer skin is 

rotationally molded in the initial step, in the second step, the foamable resin is released from a 

specially designed two-piece container located inside the mold and held together by adhesive 

tape strips. Figure 2.16 (a) illustrates the container in closed position inside the mold. Due to 
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the effect of the elevated temperature, the adhesive tape strips soften, so that the container 

halves cease to be held in close relationship, which causes the foamable charge to be released 

within the mold, while the mold is still rotating. Figure 2.16 @) illustrates the container in 

open position inside the mold. An optional design, in which a flexible plastic bag is used to 

hold the foam charge until its rupture under certain molding thermal conditions, is also 

disclosed. The principle of this configuration is illustrated in Figure 2.16 (c). 

Slapnik [30] also disclosed a method of rotationally molding polyethylene powder and 

a thennoplastic bag in which the foamable powder resin is enclosed. 

One-step Priociple of Operation Studies. H. Mori et al. [31] disclosed a 

compounding-based method of producing composite foamed shaped articles in one-step 

rotational foam molding. The key of this invention is the use of resins having different heat 

capacities. This concept uses a thermoplastic resin, containing a blowing agent, with a greater 

heat capacity than that of the thermoplastic resin not containing a blowing agent. Here, the 

heat capacity of the resin used is determined as the product of the specific heat of the particle, 

its density, and its volume. The specific heat is defined as the isobaric change in polymer 

enthalpy with temperature. Its values can be obtained Erorn enthalpy tables or graphs, found 

for example in Reference [32]. Both resins are introduced into the mold at the same time. As 

a result, when rotomolded, the resin with the lower heat capacity will begin to melt first and 

thereby the inner surface of the mold will be coated before the foarnable resin begins to melt. 

The required ratio between the melt capacity of the foaming and the non-foaming resin must 

be in the range of over 50 to below 1000, with a preferable value around 100. If the ratio is 

srnaller than 50, the shaped article will have a one-layered structure where the thermoplastic 

resin containing a blowing agent will be in a state of intermixture with the thennoplastic resin 

not containing a blowing agent. If the ratio is greater than 1000, the cycle t h e  is significantly 



prolonged because of the time required the foaming resin to begin to melt. An optional. 

concept is also provided, it concems the situation when both the foamable and the non- 

foamable resins are of the same class and are considered to have same heat capacities. In this 

case, the size of the resins can be used to set the required difference of heat capacities, because 

the heat capacity of the resin becomes greater as its particle size increases. 

Needharn (331 disclosed a compounding-based one-step method of producing hollow 

foamed articles by using a mixture of a CBA (sodium bicarbonate) and a nucleating agent 

besides the basic polyethylene in rotomolding. Since the outer skin of the molded article 

obtained in such a way may have a cellular foam structure and a rough surface, a method for 

creation of a smooth skin is also disclosed. In order to achieve a smooth skin, a polymeric 

additive having a melt index 1.5 to 2 times above the melt index of the basic resin (most 

preferably between 8 and 10 dl0 min) and a density between 0.90 to 0.94 g/cm3 should be 

included in the mixture. Because the density of the additive polymer is lower than that of the 

basic polymer, the additive polymer will melt at a lower temperature and improve the outer 

skin structure. An improvernent of this patent is clarned in another patent authored by the 

sarne inventor [34] where a method is disclosed that uses two resins of significantly different 

particle sizes for charging the mold. The principle used guarantees that the resin having the 

smaller particle size will form the outer skin while the powder having the greater particle size 

will form the inside layer or the core. If foarning of the inside core is desired the polymer 

having the greater particle size should be premixed with the CBA and then inserted into the 

mold. A direct consequence of this invention is that different resins can be used for f o d n g  

the foam layer and the skin. This indicates a possibility to obtain articles with substantially 

different properties between the core and the skin. 
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Strebel [35] disclosed a compounding-based one-step method that uses two distinct 

thennoplastic resin components. The first component is charged into the mold in a pellet 

form. These pellets are obtained by mixing the ethylene polymer with a CBA in an extruder. 

The temperature used for mixing should be above the melting temperature of the resin but 

below the decomposition temperature of the CBA. The second component is charged into the 

mold in a powder fonn and is in fact a blend of ethylene polymer powden with different 

particle sizes and viscosities. Conventional rotomolding equipment can be used for this 

process. The rotational speed of the mold should be selected to permit the resin to contact the 

inner surface of the mold by action of gravity. 

2.3 Background on Polymers 

Polymers are materials that have a long-chain structure consisted of many repeating small 

molecules (called monomers) that are based on the element carbon [36, 371. Plastics and 

elastomers are the two major polymer classes [37]. 

Plastic is defined as "a material that contains as an essential ingredient an organic 

substance of large molecular weight, is solid in its finished state, and, at some stage in its 

manufacture or in its processing into finished articles, cm be shaped by flow", (ASTM 

definition D883) [36]. Elastomers consist of linear polymer chains that are lightly cross- 

linked, these polymers possess memory and they retum to their original shape after a stress is 

applied [37]. Plastics are classified according to their characteristics at elevated temperatures 

into two categories: thennoplastics and thermosets. 

Thennoplastics consist of flexible Linear rnolecular chains that are tangled together, 

these plastics melt and flow when heated and harden when cooled regardless of how much 

tirnes the heating and cooling cycle is repeated. Themosets consist of a highly cross-Wed 



the-dimensional network of long chah molecules, these plastics are hardened permanently 

by heat and will not melt when reheated, instead they will bum [36, 371. The structures of 

thermoplastics, thennosets and elastomen are illustrated in Figure 2.17. 

2.3.1 Polymerization 

Polymerization is the process of making long-chah polymer molecules. There are two 

important mechanisms for polymer synthesis: addition polymerization and condensation 

polymerization. Free radical polymerization is the most common type of addition 

polyrnerization. There are three significant steps that take place in free radical polymerization: 

initiation, propagation, and termination. A fiee radical is a molecule with an unpaired 

electron. This excess charge renders the fiee radical prone to join with another fiee radical to 

eliminate the surplus charge. The instability of the carbon-carbon double bonds in monomers 

makes hem suitable For reaction with the unpaired electrons in the radical and thereby they 

become suitable for polymerization. In the addition polymerization process, one monomer at a 

time is added to the growing chain. The process is begun by an initiator that "opens up" a C=C 

double bond, attaches itself to one of the resulting one bonds, and leaves the second one 

dangling to repeat the process until its termination. Termination typically occurs in two ways: 

combination and disproportionation. Combination occurs when the poiymers growth is 

stopped by fiee electrons fiom two growing chahs that join and form a single chain, while 

disproportionation halts the propagation reaction when a fiee radical sûips a hydrogen atom 

from an active chain or when the radical reacts with an impurity [36,37]. 

The condensation polymerization process involves cornbinhg various chemicals in 

order to form a polymer. Depending on which fùnctional groups or elements in the basic 

carbon chab are substituted with other functional groups or elements different polymers can 
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be synthesized. The ends of the precursor molecules lose atoms to form water or alcohol, 

leaving bonds that join with each other to fonn bits of the final large molecules [36, 371. The 

addition and condensation polymenzation processes are illustrated in Figure 2.1 8. 

2.3.2 Statistical Approach on Polymers 

nie basic assumption in polymer synthesis is that each c h a h  reacts independently. Therefore, 

in order to generalize polymer properties, statistical methods must be used. The bulk polymer 

is characterized by a wide distribution of molecular weights and chain lengths. Many 

important polymer properties are detemined primarily nom the distribution of lengths and the 

degree of polymenzation. In order to characterize the distribution of polymer lengths in a 

sample, two parameters are defined: number average and weight average molecular weight. 

The number average is just the sum of individual molecular weights divided by the number of 

molecules. The weight average is proportional to the square of the rnolecular weight. 

Therefore, the weight average is always larger than the number average. The degree of 

polyrnenzation is related to the number of repeat units in the chain and gives a rneasure of the 

molecular weight, it strongly affects the mechanical properties of a polymer. Properties such 

as ductility, tensile strength, and hardness nse sharply as chain length increases. In polymer 

melts, the flow viscosity at a given temperature rises rapidly with increasing the degree of 

po iymerization for al1 po lymers [3 71. 

2.4 Polypropylene (PP) 

PP is a thennoplastic. Polymerizing propylene produces PP. Propylene, C3Ha (CH3CH=CH2), 

is a gas that can be derived fiom two main sources: CO-production with ethylene and separation 

from gasoline cracker streams in petroleu. refineries [9]. The polymenzation of propylene 



can be conducted under broad ranges of pressures and temperatures and it results in very long 

polymer chains [39]. Figure 2.19 illustrates the chemistry of PP preparation. 

PP is a polyolefin as well. Polyolefm is a generic term refemng to the farnily of PE, 

PP, polybutylene (PB) and their denvatives. Olefins, the raw matenals for polyolefins are 

obtained Eiom petroleum and natural gas. Linear polymen consist of the same backbone of 

carbon atoms joined by one bond, but with other atoms or radicals substituted for one or more 

of the hydrogen. Replacing one H by a CH3 group produces PP. The linear PE molecule is the 

simplest polyolefm. Ethylene Cz& is a gas, which can be converted to PE [37]. 

2.4.1 PP Stereoregularity 

PP is a polymer whose properties are significantly affected by stereoregularity [JO]. 

Stereoregularity is the term used to describe the configuration of polymer chains. A polymer 

is stereoregular if its molecules cm be descnbed in ternis of only one kind of a stereo- 

repeating unit [3 71. 

The stereoregularity is the principal characteristic that distinguishes presently available 

PP fiom the one produced pnor to the Ziegler-Natta discovery of catalysts capable of 

producing stereoregular PP [9]. The stereoregularity of PP is controlled by three factors. The 

first factor is the degree of branching. It depends on how the next monomer unit is added to 

the growing PP chain. Hence, the addition can be linear, as a result of adding the monomer 

always at the chah end, or branched, as a result of adding the monomer ont0 the backbone. 

The linear type of propylene monomer addition is illustrated in Figure 2.20 (a), while the 

branched type is illustrated in Figure 2.20 (b). Branched polymer is formed when there are 

"side chains" attached to a main chain. The schematic of a branched PP is illustrated in Figure 

2.21. The second factor is the pendant methyl sequence. It depends on the manner of adding 
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the monomer unit to the growing PP c h a h  Hence, the monomer unit can be inserted in a 

"head-to-tail" position, as depicted in Figure 2.22 (a), or in a "head-to-head" or "tail-to-tail" 

position, as depicted in Figure 2.22 (b). The third factor is concemed with a right or left hand 

monomer unit addition. It depends on the way the monomer unit is added to the growing PP 

c h a h  Hence, it can be inserted always in the same or in the opposite hand stereo 

arrangement. The same hand type of propylene monomer addition is presented in Figure 2.23 

(a), while the opposite hand type is presented in Figure 2.23 (b) [9,41,42]. 

As a result of different combinations of the stereoregularity control factors descnbed 

above, three distinct stereo arrangements of the PP chain can be obtained: isotactic (regular 

arrangement-al1 methyl groups are aligned on one side of the chain), syndiotactic (methyl 

groups altemating), and atactic (methyl groups randomly positioned) [41]. Schematics of 

these PP chain geometnc forms are illustrated in Figures 2.24 (a), (b) and (c), respectively. 

2.4.2 PP Copolymerization 

Homopolymers incorporate only one kind of rnonomer into their chain. Accordingly, only 

propylene is used in the reaction producing PP homopolyrners [39]. However, a separate kind 

of chain structure arises when more that one type of monomer is involved in the synthesis 

reaction. These polymers that incorporate more than one kind of monomer into their chain are 

called copolymers. There are four important types of copolymers. An altemating copolymer 

contains multiple monomers arranged in an altemating order dong the chain. A random 

copolymer contains a random arrangement of the multiple monomers. A block copolymer 

contains blocks of monomers of the same type. Finally, a graft copolymer contains a main 

chah polymer consisting of one type of monomer with branches made up of other monomers 

[37]. Figure 2.25 displays these four different copolymer types. 



Copolymerization is the process used to modify the polymer structure and morphology 

in order to enhance its properties or to alter them in such a way that they would match a 

particular application. For example, isotactic PP homopolymer has a high melting 

temperature, demonstrates a bnttle behavior below O O C  (because its glas transition 

temperature is ranging from O O C  to -15 O C  [9]), it is rigid, and have a poor transparency. In 

many instances, application requirements could be such that it would be desirable to lower the 

melting point of the homopolyrner to achieve a better weldability or to lower its glass 

transition temperature in order to achieve a better impact resistance at low temperatures. 

Achieving increased flexibility and clarity is always desired. By implementing statistical (or 

random) and sequential copolymerization such broadening of the application field of the PP 

resin is attainable. For instance, the statistical copol ymerization of PP with another olefin, 

usually ethylene or butene, results in a random copolymer resin with a lower melting point and 

a higher flexibility due to the introduced irregulanties to the chah by the copolimerization 

that, as a consequence, reduce its crystallinity [9,39]. 

2.4.3 PP Crystallinity 

The morphology of most polymen is semi-crystalline. Polymers form mixtures of small 

crystals and amorphous material and therefore usually melt over a range of temperature instead 

of at a one melting point [37]. ui general, there is a strong correlation between the polymer 

morphology and its structure, processing, fabrication history, and end-use properties [9,42]. 

The properties of PP are directly related to its structure and morphology, which mostly 

depends on the fabrication history of the material. The structure of PP depends on the type of 

catalyst that was applied during its polymerization and the particularities related to the 

polymerization and compounding technologies themselves. The crystdlizability of PP, which 
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is a cnticai factor that governs its morphology, is related to the stereo chernistry of the PP 

chain - the tacticity. The tacticity strongly influences the crystallinity of a PP homopolymer. 

In fact, the regularity of the isotactic PP allows it to crystallize and thereby dominantly affects 

the degree of crystallinity. A level of tacticity of 100% is ideal and is almost never reached in 

practice. However, the crystallization of either isotactic or sindiotactic PP chahs can result in 

very high degrees of crystalinity (40-70%) [9]. A high crystallinity is conditioned with a high 

tacticity, which further requires long, uninterrupted, stereospecific sequences along the chain. 

As already mentioned, any change fiom the correct placement of the PP molecule du&g 

polymerization causes a defect in its stereoregularity and reduces its tacticity, which results in 

decreased crystallinity, so that the crystallinity of the atactic PP reaches the zero level [9, 381. 

The advantages of the Ziegler-Natta process include better control of the tacticity since 

the isolated product is mostly isotactic. Isotactic PP is prepared with various modifications of 

Ziegler-Natta coordination catallyst, producing polyrners with varying degrees of stereoregular 

order, with isotacticity reaching up to 98%. Syndiotactic PP is prepared with soluble 

coordination catalysts and the stereoregularity attained is generally lower than that of the 

isotactic polyrnen. Atactic PP cm be obtained by extraction with boiling n-heptane fiom 

isotactic PP of lower stereoregularity [40]. 

Despite the dominant effects of the stereoregularity on the PP morphology and the 

tacticity on the PP structure, these are not the only important structural properties of the PP 

chain that influence the PP properties. The molecular weight, the composition in blends and 

copolymers, and the details of the intra-chah architecture, which include the comonomer 

distribution in various types of copolymers, have also a significant impact. In addition, 

important processing parameters that affect PP properties can include the melt processing 

conditions, orientation, thennai history, the addition of nucleator and additives, and post- 
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synthesis reactions relating to polymer degradation of molecular weight and polymer cross- 

Illiking [9,38]. 

2.4.4 PP Melting Behavior 

The melting point of a PP resin is strongly dependent on its tacticity and thermal history. 

Thermal history effects are generally observed in semicrystalline polymers. The meliing point 

and nature of the melting distribution are govemed by the distribution of the defects in tacticity 

along and between the chains. Reducing the tacticity reduces the meking point. The melting 

point of a semicrystalline poiymer will differ fiom the equilibriurn value due to a variety of 

factors, including polymer molecular weight, a distribution of noncrystallizable component 

along the chah, specific themodynamic interactions in a polymer blend, diluent effects, 

orientation, or various morphological effects [9].  

2.4.5 PP Flow Properties 

Since PP resins are melted in order to be fomed into shapes, the flow properties of PP are 

important characteristics that affect its processability and physical properties. The ASTM test 

method D-1238 provides a procedure to measure the arnount (in gram) of material that Bows 

through an orifice of a specified size in a specified length of time (10 minutes) using an 

extrusion plastometer. The values obtained are referred to as Melt Flow Rate (MFR) or Melt 

Flow Index (MFI). This index is inversely related to the resistance to flow (viscosity) and the 

average molecular weight of the material. Therefore, a higher polymer viscosity (or a higher 

polymer molecular weight) results in lower values of the MFR or MFX index. Also, the higher 

the measured MFR or MF1 quantity, the easier the matenal flows under a given temperature 

and pressure [39,43]. 



2.4.6 PP Rheology 

The relative flow properties of PP resins c m  be described by the melt flow rate, but this index 

represents only a small part of the PP total flow properties. Therefore, it is oAen necessary to 

know the full rheological behavior of the resin in order to be able to understand and predict 

how a resin processes and performs in its intended use. This idonnation is also important 

when products fiom different sources or different grades of material fiom the same source are 

compared. 

Thermoplastics are non-Newtonian fluids because their viscosity changes depending on 

the speed (shear rate) at which the pressure or force causes them to flow. As the speed (shear 

rate) increases, the viscosity of non-Newtonian fluids decreases. Rheology is the science of 

flow, and rheometers are used to determine the flow behavior or viscosity of thermoplastic 

resins. Sometimes rheology testing is performed at different temperatures to determine the 

temperature sensitivity of a particular PP resin. Different PP resins may have different 

sensitivities because of the process or catalyst used to produce them. Sust as important as 

temperature sensitivi ty is shear sensitivity. Like temperature sensitivity, shear sensitivity is 

also affected by the production process or catalyst. The differences in shear sensitivity and 

temperature sensitivity among PP resins (and other thermoplastic resins) exist because of 

another characteristic of these rnatenals known as "molecular weight distribution" (MWD) 

[39,42,43]. 

The molecular weight distibution in a PP sample may be determined by high 

temperature gel permeation chromatography (GPC), also known as size exclusion 

chromatography (SEC) [Ml. GPC/SEC provides idonnation about three important polymer 

characterization parameters. The first is the number average molecular weight (M.) dehed as 

the arithmetical mean value obtained by dividing the sum of the moiecular weights by the 



number of molecules, as a such, it is dependent only on the number of molecules. The second 

is the weight average molecular weight (MW) which is the second-power average of molecular 

weights and is therefore more dependent on the number of heavier molecules than is Mn. The 

third is the z-average molecular weight (M,) which is the third-power average of molecular 

weights. The physical meaning of those parameters is defined as follows: colligative 

properties are related to Mn values, bulk properties associated with large deformations such as 

viscosity and toughness are affected by MW values, while melt elasticity is more closely 

dependent on Mz values [38,42,44]. 

Since PP resins cannot be made commercially in a single molecular weight, each grade 

of PP resin contains polymer chains with a very wide distribution of molecular weights [39, 

421. The relative differences in the "spread" of molecular weights in PP grades separates them 

into the categories of "narrow MWD" (NMWD) or "broad MWD" (BMWD) products. A PP 

grade cm also be manufactured as a NMWD or BMWD product by varying certain conditions 

in the production process or the catalyst used. As a result, two PP products can have the same 

MFR and the sarne average molecular weight but have significant differences in their MWD 

and physical properties. Al1 things being equal, a broad MWD product is more shear sensitive 

than a conesponding narrow MWD product [9,39]. 

2.4.7 Effect of PP Viscosity on Processing 

PP resins that have a lower viscosity at processing shear rates, whether denved fiom a lower 

average molecular weight or broader MWD (more shear sensitivity), flow easier, requise less 

pressure (and energy) to extrude and have fewer molded-in stresses. On the other hand, PP 

resins that have a hi& viscosity or broad MWD are usehl in processes such as foamhg, 

extrusion blow molding, blown fiim, profile extrusions, etc., because such processes require a 
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self-supporting material before solidifjmg with enough melt strength to prevent collapse. A 

high viscosity resin at low shear rates is a definite advantage in these cases [9,39]. 

Ideally, for extrusion applications, a broad MWD is advantageous so the viscosity is 

low in the high shear portions of the process, i.e., at the screw and die. A high molecular 

weight product also tends to exhibit greater toughness and chemical resistance. On the other 

hand, a n m w  MWD is advantageous in some fiber and molding applications. Since an 

NMWO material contains polymer chains with more uniform molecular weights, the response 

of this matenal to intemal stresses (due to flow or cooling) and extemal stresses (stretching) is 

much more uniform than with a BMWD product. This uniformity results in better drawdown 

characteristics for fiber production, including much higher elongation at break properties and 

less warpage. NMWD products also exhibit more uniform shrinkage when they are used for 

injection molding [9,39]. 

2.4.8 PP Oxidation and Degradation 

As indicated in Chapter 1, the advantages of PP include properties such as a low specific 

density, excellent chemical resistance, a high melting temperature, good stiffness/toughness 

balance, adaptability to many converting rnethods, great range of special purpose grades, 

excellent dielectric properties and a low cost. The disadvantages of PP include properties such 

as Bammability, low-temperature brittleness, moderate stiffness, difficult pnnting, painting 

and gluing, low W resistance, haziness and low melt strength [41]. Polymen in general, 

including PP, are also prone to degradation. 

When PP degrades, the very long molecular chains break up into smaller lengths, 

decreasing the average molecular weight of the resin and afTecting its viscosity. This process 

is called "chah scission". Since the process is very random, once it starts, there is no way to 
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control the degree of degradation. As a result, undesirable effects, such as discoloration and 

loss of physical properties of the resin are manifested [39]. 

Unstabilized PP is extremely susceptible to air oxidation. An elevated temperature 

accelerates the rate of oxidation. The uncontrolled oxidation of PP is of exothennic nature and 

the generated heat and gases can cause unexpected melting of the polymer [9]. Moreover, the 

volatile polymer decomposition products contain toxic matenals [45]. However, it is known 

that the onset of molecular weight reduction, which implies viscosity reduction as well, in PP 

takes place at about 230 "C and that the breakdown of volatile products is insignificant below 

300 O C  [38]. 

The oxidative processes of PP are rather complex and can include various steps such as 

initiation, propagation, branching, and termination. The oxidation and degradation products 

fonned are dependant on variety of factors, including oxygen availability, impurities, residual 

catalyst form, physical form (molten versus solid), crystallinity, storage temperature, air 

poliutanis, radiation exposure, metal exposure, part thickness, stress in the part, cornonomer 

content and other additives present [9]. 

2.4.9 PP Stabilization 

The detailed mechanimi of PP stabilization is not studied well yet [9]. Most methods for 

polymer stabilization are based on introducing special oxidation inhibition additives into the 

polymer. These inhibitors (or antioxidants) provide degradation stability to the polymer by 

retarding the process of oxidation. Shce polymer stabilization involves retardation of 

chemical reactions, the aging and stabilization of polymers is studied by a branch of chemical 

kinetics [45]. 
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Oxidation is initiated when polymer molecules are converted to radicals by activation 

through ultraviolet radiation or heat [38]. Antioxidants are typically classified as primary and 

secondary. Primary antioxidants are defined as additives that interfere with the oxidation cycle 

by reacting with the fonned radical and intempting the cycle, while secondary antioxidants 

decompose hydroperoxides and prevent new oxidation cycles frorn beginning [9]. 

htroducing stabilizers into the polymer may be carried out with conventional extrusion 

equipment at high temperature at under exclusion of oxygen. Achieving a high degree of 

dispersion is essential to the effectiveness of the stabilizer [38]. However the cohesive 

properties of PP can have a detrimental effect on the degree of dispersion of additives that can 

be practically achieved [39]. 

2.5 Polyolefin Foams 

PP is a polyolefin. Foams made from poiyolefins inherit the properties of the basic resin they 

are made of [46]. 

Earliest patents disclosing methods for physical expansion of PE, by using volatile 

liquids or gas pressurized into the polyrner melt and subsequently depressurized to produce a 

cellular polyolefin structure, go back to 1945. The gases that were used as blowing agents in 

these extrusion-based methods include nitrogen and a mixture of carbon dioxide and ammonia. 

At approximately the same tirne, special techniques such as cooling and radiation cross-linking 

have been used to produce stable PE foams [47]. Dow Chernical Company introduced the first 

extruded polyolefin foams to the market in 1958, crosslinked foams appeared first in Japan in 

the 1960s, while first polyoleh foam moldings were developed by BASF in West Gerrnany in 

the 1970s [46,48]. 



Four distinct principal processes for polyoleh foam preparation exist in modem 

practice. Of those, the most used for commercial polyoleh foam production is the expansion 

process, it is based on dispersing a gaseous phase throughout the fluid phase of a molten 

polymer. The rernaining three processes include leaching out a solid or liquid that is dispersed 

in a plastic, sintenng (welding) small resin particles together under heat and pressure, and 

dispersing cellular particles in a plastic [46]. 

2.5.1 Previous Studies on PP Foams 

As already indicated in Chapter 1, compounding-based foaming of PP in rotational foam 

molding has not been reported yet. However, regardless of the fabrication process involved, a 

number of relevant previous studies on PP foaming are discussed in this section. It should be 

noted that a clear distinction should be made between studies on PP foarns disclosed prior and 

afier the appearance of Ziegler-Natta catalysts in 1968 which greatly improved the PP property 

envelope, compared to that of the PP resins available till early 1970s. Therefore, studies 

disclosed prior to early 1970s should be considered as an illustration of the attempts of various 

researches to produce PP foams. 

Sneary and Pritchard [49] disclosed a method of producing PP foam by using 

crystalline PP, Freon 114 and isopropanol, mixing them in a closed vessel at 316 O C  for 45 

minutes and cooling at 135 O C ,  and releasing the pressure of the vessel by using a quick- 

opening valve. Pazinski [SOI disclosed that particles of PP might be coated with a powdered 

blowing agent (azobisformamide), PE, and isobutylene to prepare foarning compositions. 

Johnstone [51] disclosed a method for producing PP foarns using standard blowing agents in a 

presence of a azido cross-linking agent in both extrusion and blow molding. This invention 

claims that without the cross-liakllig agent the PP would neither foam nor blow mold. 
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Tomlinson [52] disclosed a method in which PP pellets are coated with azobisformamide as a 

blowing agent and a surface wetting agent. The pellets are then extmded, shopped into equally 

expanded pellets, and then re-coated and re-expanded by extrusion to produce foam. The 

invention claimed to offer big savings in the blowing agent amount by using it in a 

concentration of only 0.3 to 0.7% [53]. 

In 1984, Nojin [54] disclosed a compounding based method of producing cross-linked 

PP foamed sheets by using ionizing radiation and involving a blowing agent, a cross-linking 

agent and PP. The invention is related to PP homopolymers and copolymers between 

propylene and a-olefins such as ethylene and butene. Best results have been achieved by 

using a random or block copolymer between propylene and 2 to 9 wt % of ethylene having a 

MFR between 1-20 dg/min. Both thermal decomposition type and volatile blowing agents cari 

be used in this invention. The invention claims that when using a CBA (azodicarbonarnide) 

for obtaining a good foam having uniform fine cells, the blowing agent should not be 

decomposed as much as possible in the step of kneading under heat a mixture of the polymer, 

the CBA and other additives. It is recommended to use a CBA that does not decompose at 

least 5 minutes at 185 O C .  

In 1990, Alteepping [55] disclosed a method of producing a PP foamed product having 

a density less than 0.2 g/cm3 by foam extrusion without the use of chernical cross-linking 

agents or radiation-based cun*ng procedures. Instead, the invention is based on selection of 

specific components for forming the foamable composition in order to achieve a stable, low- 

density foam having excellent foam structure and mechanical properties. The foarning 

composition in this invention comprises a 70-90 wt % low-viscosity PP component having a 

melt viscosity (at 190 O C  and a shear rate of 1000s-') of less than 2x 103 poise, a proportion of 

10-30% of a high viscosity PP component having a melt viscosity (at 190 O C  and a shear rate 
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of 1000s-') of greater than 2.5~10' poise, and a volatile blowing agent and one or more 

nucleating agents. The invention claims that trials revealed that omission of the high viscosity 

PP component results in failure to produce a stable foam, and that the usage of components 

with excessively large "dispersivity" results in poor foaming (eg ,  foam collapse, excessive 

density, inegular pore size and voids). Here, the term "dispersivity" relates to the ratio 

between the weight average molecular weight and the number average molecular weight. 

Typically, isotactic PP is used for both the high and low viscosity PP resins in this invention, 

but it is also claimed that by including a portion of atactic PP (5-40 wt %) the uniforrnity of the 

ce11 size improves. 

In 1992, Park [56] disclosed a tandem extrusion method for producing a 

thennoformable PP foam sheet having a smooth surface and a uniforni cell structure which is 

prepared by extruding a mixture of a nucleating agent, a physical blowing agent and PP resin 

having a high melt strength and high melt elasticity. It is claimed in this invention that resins 

with melt flow rates ranging from 0.2 to 12 dg/min, measured in a melt flow instrument at 230 

O C  under a load of 2.16 kg, may be successfully used in the disclosed process. Also, it is 

emphasized that PP resins favorable for foaming may be distinguished from the ones that are 

not by their molecular and rheological characteristics and that the melt strength of PP is very 

important in foaming processes since the deformation is prirnarily elongational and tensile 

stresses are present. 

2.5.2 Expansion Foaming Mechanisms 

The expansion process comprises three fundamental steps: creation of mal1 discontinuities or 

cells, growth of these cells to a desired volume, and stabilization and retaining of the expanded 

form obtained by physical or chernical means [46]. Al1 expansion foam fabrication processes 



are deliberately designed to promote and control the sequential development of each of these 

three steps, which are shortly called: ce11 nucleation, cell growth, and stabilization. 

Ce11 Nucleation. The formation of discontinuities in the molten polymer can be 

generated by injected gases into the fluid polymer, introduced low boiling liquids that 

volatilize due to increased temperature or decreased pressure, gases resulting fiom a chemical 

reaction within the fluid polymer, and chernical blowing agents which release a gas while 

thermally decomposing [46,56]. 

In general, polyolefin foams can be produced by both physical and chemical methods 

[47] by using physical (volatile) or chemical (thermal decomposition type) blowing agents. 

The nucleation starts to occur at an initiation site within a polymer melt that has been 

supersaturated with a blowing agent, such a supersaturated state can be achieved either by a 

sudden pressure &op and a PBA or by heating a polymer containing a decomposable CBA. It 

is important to note that solid particles dispersed in the polymer matrix ofien provide the 

necessary nucleation sites [46]. 

However, in polyolefin loam technology, CBAs are most commonly used for purposes 

ofexpanding gas generation [47], while this is especially valid for the rotational foam molding 

process, which is low-pressure (atmospheric) by nature, and, due to the pressure insufficiency, 

applying physical blowing agents (PBA) would not be feasible [18]. Accordingly, only CBAs 

can be applied in rotational foam molding. Also, since a negligible shear motion is involved in 

rotomolding, the zero-shear viscosity of the polymer melt becomes an important rheological 

parameter in rotationai foam moiding [Ml. 

Cell Growth. in general, once the ce11 starts growing and reaches its critical size, the 

ongoing dimision of the blowing agent into it propagates its growth until it eventually 

stabilizes or ruptures. The rate of growth of the cells in the molten polymer can depend upon 



the melt strength and the melt elasticity of the surrounding molten polymer, the blowing agent 

pressure, the extemal pressure on the foam, the ce11 size and the pemeation rate of the blowing 

agent through the polymer phase [46,56]. 

Unlike processes that use physical expansion methods, in rotationai foam molding, due 

to the process pressure insufficiency, the gases released fiom the decomposition of the CBA 

almost completely fail to dissolve in the polymer. As a result, almost the total available 

amount of gases goes into the cells and increases the ce11 pressure. Since the pressure of the 

polymer matnx remains unchanged (i.e., remains at the atmosphenc level), a pressure 

difference is created between the cell intemal pressure and the pressure of the environment, as 

a result of which the ce11 expansion and growth becomes dramatically accelerated. However, 

as a side effect of this pressure difference, certain arnount of gas dissolves into the polymer 

matrix [ 181. 

Cefl Coalescence. With the continuation of ce11 growth, the void fraction increases, 

and thereby, the chances for cells meeting each other increase as well. As a result, closely 

located cells corne into contact and, as a consequence, begin to share a cornmon wall. Due to 

hrther ce11 growth and the resulting polyrner drainage in the ce11 wali, the ce11 wall thickness 

decreases, so that it becomes highly stretched and very unstable, and therefore, prone to 

rupture. Such cell-wall instability causes the cornmon wall between two neighboring cells to 

rupture and thereby they become transformed into one bigger cell. This transformation is 

referred to as ceil coalescence. As a result of ce11 coalescence, the final ce11 population of the 

foam decreases. Since fine-celled foams are always prefemed because of theù better 

mechanical and thermal properties, the deieriorating efTect of ce11 coalescence on the ce11 

population density is an undesired outcome of the ce11 growth step in polymer foaming, and 

therefore, remedial mesures have to be undertaken [18,57-601. 
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Cell Coarsening. Unfominately, ce11 coaiescence is not the oniy ceil density 

deterioration mec hanism occurring in the foaming polymer. A distinct ce11 density 

deterioration event occurs when two adjacent cells, with different ce11 sizes, start to interact 

driven by the pressure difference between hem, which is caused by their size difference. As a 

result of this pressure difference, the gas contained in the smaller ce11 diffuses to the larger 

cell. This causes a simultaneous tendency for a gradua1 size change in both cells. The smaller 

ce11 manifests such a tendency by a size decrease, Le., over tirne it gets smaller and smaller, 

and eventually collapse, while, in contrast, the larger ce11 gets bigger and bigger over the same 

period. Finally, the former two, adjacent, differently sized, cells become one large cell. This 

transformation is referred to as ceil coarsening. Like ce11 coalescence, cell coarsening 

deteriorates the ce11 population density and is therefore considered to be an undesired outcome 

of the ce11 growth stage in polymer foaming for which suppression a remedial action is 

required [18, 57-60]. Two principal strategies are cornrnonly used for successfbl ce11 

coarsening suppression. The first is based on nucleating the cells almost simultaneously in 

order to induce ce11 growth unifonnity, while the second is based on reducing the processing 

time as much as possible. 

Stabilization. In general, the ceIl stabilization strategy should be related to the 

stability of the ce11 wall and the drainage of the material fiom the wall that separates the cells. 

Increasing the viscosity of the fiuid reduces the drainage effect. The viscosity increase may be 

caused by a chemical reaction or by a temperature reduction. The effect of the former 

increases the molecular weight through polymerization or cross-linking, while the effect of the 

latîer cools the polyrner below the crystallization temperature to prevent polymer flow. A 

recommended stabilization method for processes where the foarn expansion is accomplished 

by heating is polymer cross-linking. This method is highly recommended if a CBA with an 



exothermic decomposing nature is used because the cross-luiking will sharply increase the 

extensional viscosity of the polymer, as a consequence of which, the ce11 walls draining will be 

prevented, thereby dramaticaily Unpro Wig the ce11 wal l stability [46, 561. 

Thermodynamically, the ce11 tendency to coalesce can be explained by the tendency of 

the overall system to lower the total free energy. In polymer foaming, such a tendency is 

accomplished by reducing the total surface area of two smaller cells into one smaller surface 

area of one bigger ce11 by their coalescing, as a result of which, the "surface tension" (or the 

surface energy) reduces as well. Since the cell-wall instability is the prirnary reason for ce11 

coalescence to occur, in order to remedy the undesired outcome by suppressing ce11 

coalescence, it would be desirable to increase the stability of the ce11 wall. The stability of the 

ce11 wall depends upon the polymer melt strength, since the polyrner melt strength is 

commonly defined as the degree of resistance to the extensional flow of the ce11 wall during 

the act of polymer drainage occumng in the ce11 wall at the time of volume expansion. It 

would be therefore desirable to increase the melt strength of the polymer in order to increase 

the ce11 wall degree of resistance to extensional flow, which will, as a consequence, increase 

the ce11 wall stability. The increased ce11 wall stability in such a way results in ce11 

coalescence suppression [ 1 81. 

2.6 Chernical Blowing Agents 

As indicated in Section 2.2, by definition, CBAs are individual compounds or mixture of 

compounds that liberate gas as a result of chemical reactions, including thermal decomposition 

or as a result of chemical reactions of CBAs or interactions of CBAs with other components of 

the formulation [6 11. However, typically, the decornposition of nearly al1 CBAs is rriggered 

by elevated temperature [7]. Most CBAs are solids [6 11 in a dry-powder form 171. As such, 



they can be easily introduced into compositions to be foamed and can be processed by using 

ordinary equipment. Unlike PBAs, the use of CBAs reduces production costs because no 

specialized storage equipment is required [6 11. 

2.6.1 Chemical Blowing Agent Selection Criteria 

in the litentue [7, 46,47,61,62] various lists of general requirements that a successhil, ideal, 

CBA should meet are provided. Actually, such Iists integrate the most important cntena 

needed for a successful CBA selection. These include the decomposition temperature, rate of 

gas release, gaseous composition, ease of dispersion, storage stability, toxicity and cost [46]. 

Although, in reality ideal CBAs do not exist, it would be usehl to take the content of such lists 

into account when selecting a CBA for a particular application. 

During the selection of a CBA, the most important CBA properties that require special 

attention include the temperature at which the expanding gas is Iiberated, the initial 

temperature of decomposition, the temperature range of the maximum rate of decomposition, 

the gas yield (volume of gas, in cm3, liberated by the transformation of 1 g of CBA per unit 

time, usually lmin, at the temperature of maximum gas liberation), the rate and kinetics of the 

liberation of gas, and the pressure developed by the gas [6 1 1. 

2.6.2 Chemical Blowing Agent Selection Procedure 

In general, plastics foaming technologies are limited by the nature of the process (PBA or 

CBA), the performance and the characteristics of the manufacturing equipment used, and the 

properties of the plastic resins, blowing agents and other additives implemented in the process. 

However, even the most sophisticated plastic foaming technologies are not equipped with 

process controls or machinery that can compensate for wrongly selected input materials, 



(plastic resins, blowing agents, etc.), in order to produce the desùed output. Therefore, 

selecting the best combination of plastic resins and blowing agents for a particular foaming 

technology is of fundamental importance for the whole process and the quality and 

applicability of its output. 

The present case is about processing fine-ce11 PP foams in compounding-based 

rotational foam molding. Therefore, a CBA must be used (see Section 2.5.2). Since the type 

of the basic plastic resin, the type of basic processing technology and the level of desired 

quality of the foarn are already detemined, the success of the present foaming process will be 

extremely sensitive to the type and properties of the selected CBA. The properties of the 

selected CBA will affect each step of the foaming process by imposing limits on the 

processing strategy, the quality of the foarn, the economy of the foamed product and its 

application. Therefore, it is of crucial importance to select the best-suited CBA possible. 

In order to accomplish this Cundamental objective, a three-step approach is needed. 

The first step should include a careful and thorough assessment of the chosen foaming process, 

the properties of the chosen plastic resin that will be foamed by using the process, and the 

desired characteristics of the foam that will be produced by using the process. 

The second step should provide a summary of the analysis undertaken in the previous 

step in a form of a list of desired properties of a well-suited, ideal CBA intended for PP 

compounding-based rotational foarn molding application. 

The third step should include a comparative analysis between the ideally required 

properties of the CBA for compounding-based rotational foam molding of fine-ce11 PP foams 

and the properties of commercially available CBAs. 

Finally, the success of the actual selection of the CBA will depend on how similar or 

how different the desired (ideal) and the commercially available (real) CBA properties are. 
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Thus, it would be reasonable to expect that the ha l  decision about which commercially 

available CBA to implement in a given pmcess will most probably contain some 

compromises. 



PROCESS PROPOSAL FOR 

PRODUCINC FINE-CELL PP FOAMS IN 

COMPOUNDING-BASED ROTATIONAL FOAM MOLDING 

3.1 Introduction 

Large-sized foamed plastic articles with complicated shapes that can satisfy severe service 

requirements and have improved stiffhess, toughness, structural integrity, insulation ability, 

notation ability, reduced weight and lower costs are increasingly in demand. As it was 

thoroughly elaborated in the previous two chapters, for producing such articles, the rotational 

foam molding is the best-suited available plastic processing technology, while PP should be 

the material of choice because of its outstanding properties. 

The proposed rotational foam molding process is intended for manufacturing 

completely foarned, fine-cell, single layer, skinless, single-piece, PP articles. It is based on 

using extrusion melt compounding as the principal technique for preparing PP-based foamable 

compositions usehii for producing fine-celled PP foams. Extrusion melt compounding is used 

in the proposed process as a means of mixing the PP resins with the CBA. The obtained 

molten mixture is converted into pellets that are subsequently used for charging the mold at the 

initiation of the rotational foam molding cycle (see Figure 2.13). 
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Despite the nucleation mechanisms with CBAs are not clearly described yet, there is a 

widely recognized belief among researches that a strong correlation exists between the 

achieved degree of CBA particle dispersion in the polymer matrix prior to foaming and the 

obtained quality of the foarned structure. This indicates that in order to obtain fine-celled PP 

foarns that have a hi& ce11 density and a uniform ce11 distribution in rotational foam molding, 

it is important to disperse the CBA particles thoroughly into the polymer matrix of the 

foarnable composition prior to foam production [19, 201. Since only through intensive melt 

mixing a thorough and unifonn dispersion of particles into a polymer rnatrix can be achieved 

[19-2 11, a cornpounding-based approach for the proposed process has been adopted. 

3.2 Description of the Proposed Process 

Figure 3.1 illustrates the detailed process diagram of the proposed compounding-based process 

for rotational foam molding of PP. It includes two distinct stages, a pellet production stage, 

and a foam production stage. The role of the pellet production stage is to prepare foarnable PP 

pellets that can be used as a physical input in the foam production stage. 

The pellet production stage includes three steps: grinding, dry blending and melt 

compounding. The first step serves for converthg the selected PP resin into a powder fonn 

via a grinding operation because PP resins are rarely supplied in a powder form. 

Understandably, the grinding step should be ignored if the PP resin is supplied in a powder 

form. Either way, in the proceeding, second step, the PP powders are premixed with the 

selected CBA by using dry blending. If necessary, in the dry-blending step, the PP powders 

can also be premixed with additives other than the CBA, such as activators and antioxidants. 

The additives, inciuding the CBA, are usually supplied in a powder form. in the third step, the 

blend of powders obtained in the dry blending step is converted into a pellet fonn by using 
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extrusion melt compounding. In this step, the main task is to achieve good m k b g  of the PP 

resins and the CBA in a molten state and to provide a thorough and unifonn dispersion of the 

CBA particles into the PP rnatrix. During the process of compounding, it is of crucial 

importance to preserve the CBA particles inactivated by adequately preventing their premature 

decomposition. The compounded extrudate is first cooled by passing through a cooling bath, 

and then pelletized in a pelletizer. Once the melt compounding stage is successfblly 

completed, the obtained foamable PP pellets are considered to be ready for fùrther use in the 

rotational foam molding process. 

The foam production stage comprises the latter part of the process. In this stage, the 

compounded foamable PP pellets produced in the pellet production stage are used as a feed 

material without any intermediate intervention. The foam-production stage is initiated by 

pouring a predetermined shot size of foamable pellets into an open, hollow, vented, metal 

mold which is then closed, bi-axially rotated, and inserted into a heating charnber (usually a 

hot oven) to be heated while rotating. Because of the temperature gradient, the rotating mold, 

the foamable PP pellets, and the air inside the mold are being gradually heated and, as a 

consequence, a sequence of thermally driven events takes place in the mold. These include the 

sintering of the PP pellets and the decomposition of the embedded CBA particles in the pellets, 

the succession of which ultimately causes the formation of the PP foarn. The mold is then 

cooled and the foamed product removed, which concludes the proposed compounding-based 

process for producing PP foarns in rotational foam molding. 

Since the desired output of the proposed process is a fine-celled PP foam that is 

characterized by a high ce11 density and a unifonn ce11 distribution, each of the described 

processing steps should be understood as a separate processing input that can affect the quality 

of the final output. This indicates that the quality of the obtained PP foam will depend on how 



well the paaticipating factors and processing parameters have been chosen and controlled dong 

the whole course of the compounding-based rotational foam molding process. 

3.3 Foamable PP Composition Design Issues 

Ln compounding-based rotational foam molding, the facilities for foarnable composition 

(pellets) and foam production do not have to be physically close and are not time-related 

because, as a result of the melt compounding, the CBA is conserved into the resin and will 

remain there until fhrther exposure to elevated temperatures. However, in order for the foam 

production stage to be accomplished with a fine-celled PP foam production, the pellet 

production stage should deliver PP pellets with adequate properties and quality. Since the 

properties of the foamable pre-compounded PP pellets charged into the rnold cannot be 

rnodified once the rotational foarning process is initiated, the PP pellets have to be deliberately 

designed to act in conformity with the changing conditions in the mold during the rotational 

foarning process. Thus, in order to properly design the process for pellet production, it is 

necessary to envision, foresee, and analyze al1 the process particularities pertaining to its 

subsequent stage, i.e., the foam production stage. 

On the other hand, the accumulated effects generated by numerous factors during the 

course of the pellet production process eventually evolve into h a 1  pellet properties. 

Therefore, in order to determine an appropriate pellet processing strategy an awareness and 

appreciation of how these factors affect the pellet properties is highly desired. These include 

the influences of the selected PP carrier resin, the selected CBA, the other additives (if any), 

the formulation of their doses in the compound, the chosen order of their prernixing, and al1 

the fiutber steps designed to process the mixture and convert it into a foarnable composition. 

nius, the ha1 thermal and rheological behaviors of the pre-compounded pellets not only 
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depend on the combination of the inherent properties of the basic PP resin and the additives, 

but also on theu thermal and shear histories in respect to the grinding, dry blendhg and 

compounding steps. It is in this context that d l  decisions that participate in the creation of the 

pellet properties represent design decisions and must be clearly justified. 

3.3.1 Role and Importance of the CBA 

While the selected carrier PP resin usually has a major influence on the rheological and 

thermal properties of the pellets, the selected CBA can significantly affect the pellet affhity 

for being converted into finetell PP foams and therefore deserve a serious consideration. 

Thus, it is of fundamental importance to identiQ the most favorable CBA for fine-ce11 PP 

foaming From the outset. The CBA should be characterized in terms of its thermal behavior, 

particle size, and the quality and quantity of the gasses it releases while decomposing. In 

addition, assuming that this selection is properly completed, there are three additional, equally 

important conditions regarding the CBA contained in the pre-compounded PP pellets that have 

to be satisfied as a prerequisite for obtaining hlly expanded, fineselled, PP foams in 

compounding-based rotational foam molding. 

First, the CBA particles dispersed throughout the pre-compounded pellets have to be in 

an inactivated (non-decomposed) state for reasons of using their gas-releasing ability for the 

subsequently needed foaming of PP. This indicates that every effort has to be undertaken for 

successfbl prevention of premature CBA decomposition during compounding. 

Second, the concentration of the CBA in the pellets has to be cornmensurate to the 

desired (or required) magnitude of volumetric expansion of the material charged into the mold 

relative to the volume of the mold in order to achieve moid feeling with foam to the hiIl extent. 
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This parameter is referred to as the volume expansion ratio (VER). This indicates that an 

appropriate relationship between the CBA amount and the required VER has to be developed. 

Third, as already mentioned, a thorough and uniform dispersion of the CBA particles 

throughout the pellets is necessary for reasons of obtainuig a he-ce11 foam structure. 

A failure to fiilfiIl whichever of these thee conditions will result in a failure to obtain 

M y  expanded fine-cell PP foarns. It is for these reasons that these three fundamental 

conditions represent the foundation for formulating the criteria upon which the quality of the 

pellets obtained in the pellet production stage should be evaluated. 

3.4 Compounding Step 

Compounding is defined as a continuous way of converting a pure polymer into a usefùl 

composition by adding additives in a mixing operation [63]. Mixing is usually described as 

the intermingling by mechanical action of two or more initially segregated components [64]. 

Extrusion is the most comrnonly used method of continuous mixing in polymer processing. In 

extrusion, the matenals are fed through a hopper and then compressed, melted, mixed and 

pushed through a die by the action of one or more rotating screws located in a hot extruder 

barre1 [64-661. 

in rnixing in polymer processing, a clear distinction has been made between dispersive 

(intensive) and distributive (extensive, laminar rnixing, or blending) [63]. Dispersion is 

governed by the history of fluid mechanical stresses in a mixture, while distribution is 

determined by the history of deformation (strain) imparted to the fluid [64]. Dispersive mixing 

denotes reduction in size of a segregated component that has a cohesive nature, such as 

cohesive granula soiids and liquid regions with surface tension, vapor or gas bubbles [63], it 

results in rupture of agglomerates and separation of closely packed particles [67]. Distributive 
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mixing denotes deformation of the Liquid by shear with some elongation, as for instance in the 

mixing of thermodynarnically compatible melts. The objective of distniutive mixing is to 

achieve cornpositional unifonnity throughout the mixture [67]. All dispersive mixers must 

provide a good distributive mixing fint in order to achieve the desired outcome [63]. 

Turbulent fiow is the most desired mechanism of mixing, but to achieve turbulent flow 

in an extruder barre1 (channet), the Reynolds number must exceed a value of 2000. The 

relationship given in Equation 3.1 for calculating the Reynolds number include the size of the 

rl 
channel D, the average velocity of the flow in the channel Y, the fluid density P, and the fluid 

viscosity 7. Since extremely high viscosities are associated with polymer rnelts (104 Pas) and 

since the viscosity /I is a denominator in Equation 3.1, achieving a turbulent flow in extrusion 

is practically impossible because it would involve unrealistically large channel sizes and fluid 

velocities [64]. Thus, unfortunately, for the present case of dispersive mixing of' solids into a 

viscous liquid matrix [68], such as the proposed dispersion of CBA particles into a molten PP 

matrix, the favorable randomizing effect of the turbulent flow cannot be used. As a 

consequence, the larninar 80w rernains to be the only feasible option. 

3.4.1 Role and Importance of Compounding 

Despite the fact that the principal motivation for introducing the melt compounding in the 

proposed process is its outstanding capability of dispersing solid particles in molten polymers, 

its contribution is primarily evaluated by its capacity to produce decomposition- fiee foamble 

pellets of a PP resin and a CBA. This is so because if there is no absolute certainty that the 

melt compounding technique can unconditionally provide a foarnable PP composition in a 
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form of decomposition-kee PP pellets, regardless of how high the achieved degree of CBA 

particle dispersion would be, it would not be able to prevent the whole process of becoming 

meaningless and ultimately shut dom. Therefore, the degree of CBA particle dispersion is 

not the "one and only" concem in PP melt compounding related to fine-ce11 PP foam 

production, it is rather a desired and required side-effect of a successfbl (decomposition-free) 

compounding operation. Thus, the melt compounding technique should be understood as the 

backbone of the proposed compounding-based rotational foam molding process for producing 

fine-ce11 PP foams. Being so hindarnental and critical for the overall process performance, it is 

the most reasonable step from which the proposed process design should start from. 

3.4.2 Temperature Constraints in Compounding 

Melt mixing in polymer processes is ofien constrained by the sensitivity of polymers and 

additives to high temperature, oxidation, and shearing. In general, the processing temperature 

dunng compounding PP with a CBA has to be maintained above the melting temperature of 

the polyrner and below the onset decomposition temperature of the CBA. The processing 

temperature should be higher than the melting temperature of the polymer resin for reasons of 

polyrner flow and for achieving the finest possible dispersion of the CBA particles in the 

molten polymer. On the other hand, the temperature of the melt should not exceed the onset 

decomposition temperature of the CBA, since otherwise the CBA will decompose and instead 

of pellets a foarned extrudate will be obtained and al1 the generated blowlng gases will be lost. 

As a consequence, no foarning will occur if such a pre-compounded product is used as a feed 

matend in rotational foam molding. Since the presence of non-decomposed CBA particles in 

the foarnable pellets is crucial for the foamhg to occur, producing decompositiobfiee PP 
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pellets should be considered as the principal issue of concem in the pellet production stage of 

the compounding-based rotational foam molding. 

CBAs are heat-sensitive. Therefore, an adequate control of the processing temperature 

during compounding should maintain the processing temperature within the temperature limits 

favorable for decomposition-Eree compounding. The temperature constraints for a 

decomposition-free compounding of any polyrner with a CBA are described by the 

relationship presented in Equation 3.2. 

T polymer melring < T pmessing (cornpounding) < T CBA decornporiiion (3 -2) 

To be able to use Equation 3.2 and impose actual temperature constraints on the PP 

compounding processing temperature, knowledge of the two critical temperatures, the melting 

temperature of the selected PP resin and the onset decomposition temperature of the selected 

CBA, is required. These data can be acquired from the corresponding material manufacturers, 

but due to the importance of their accuracy in the present research, it would be preferable to 

obtain thermal analysis spectra by conducting DSC and/or TGA experiments on specimens 

fiom the PP resins and CBA selected for use. 

3.4.3 CBA Selection 

Step M. The description of the proposed process (Section 3.2), the analysis of the role of the 

CBA in the process (Section 3.3.1), the analysis of the role and importance of compounding 

(Section 3.4.1), the analysis of the temperature constrains in compounding (Section 3.4.2), as 

well as the criteria (Sections 2.6.1) and the established procedure for CBA selection (Section 

2.6.2), are suficient to accomplish Step #1 of the CBA selection procedure. As a result, the 

idornation acquired in Step #1 can be used for creating the List of desued properties that an 
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ideal CBA should have to have in order to serve in fine-cell PP foam production by using the 

proposed compounding-based rotational foam molding process. 

Stop #2. Decomposition Temperature. Ideally, the CBA decomposition temperature 

for rotational foam molding applications should be 50 O C  higher than the melting temperature 

of the polymer to minimize the amount of gas that will be lost fiom the polymer surface during 

foarning [7]. Thus, since various PP resins (homopolymers and copolymers) melt in the range 

of - 1 50-1 7S°C [46], the ideal CBA for PP foam production in rotational foam molding should 

decompose in the range of -200-225 O C .  Also, the decomposition of the CBA must not be 

accornpanied by the release of too much heat so that the polymer matnx become thennally 

destroyed [6 1 1. 

Ideally, the CBA should be sensitive to activators, while an added CBA sensitivity to 

inhibitors would significantly improve the possibilities for using the CBA at a broader range of 

decomposition temperatures. Activators provide opportunities for reducing the decomposition 

temperature of CBAs, while inhibitors have an opposite effect. Typically metals in the form of 

oxides, salts, or organometalic complexes are used as CBA activaton [46]. 

If using a PP foamable composition containing a CBA activator in rotational foam 

molding, due to the effect of the activator, the decomposition temperature of the CBA reduces, 

and as a result, the processing temperature can be reduced as well. A reduced processing 

temperature in rotational foam molding will allow maintaining higher melt strength of the 

molten PP resin. The higher PP melt strength will increase the stability of the ceil wall (see 

Section 2.5.2), as a result of which, the effect of ce11 coalescence will be reduced significantly 

(if not completely suppressed), and PP foams with improved structure will be obtained. 

On the other hand, since the proposed process is compounding-based, the selected 

CBA will have to be exposed to elevated temperatures at least two times during the coune of 
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the process, once duruig its compounding with the PP resin and once during the rotational 

foam molding process itself. In order to permit safe and efficient decomposition-free 

incorporation of the blowing agent Uito the PP resin by extrusion melt compounding, using a 

CBA with a higher decomposition temperature range than the one with respect to foaming 

would be desirable. This indicates that the desired decomposition temperature range of the 

ideal CBA with respect to compounding should be at least -210-230 OC, or even higher. But, 

a CBA with a significantly higher decomposition temperature range then -210-230 O C  should 

not be used in PP foaming, because this would cause additional heating during the rotational 

foam molding cycle. As a result, the melt strength of the molten PP resin could be lowered to 

the level that it would make it useless for foaming applications [7]. 

However, a single CBA, even if it would be ideal, cannot have a dual decomposition 

temperature range during the sarne compounding-based rotational foam molding process, Le., 

one range for the compounding operation (-210-230 OC), and another for the foaming 

operation (-200-225 OC). A remedial action could include using a CBA with the higher range 

of decomposition (-210-230 O C )  in order to facilitate the compounding operation, and then 

using an activator to reduce the onset decomposition temperature of the same CBA during 

foaming, in order to preserve the melt strength of PP. But, such a proposa1 would prove itself 

unfeasible because the activator will be efficient during the foaming operation only if it is 

incocporated into the PP in the sarne way and tirne as the CBA, i.e., if it is compounded. Since 

the role of the activator is to lower the CBA decomposition temperature, nothing will stop it to 

achieve the same effect during the compounding operation, thereby jeopardizing the 

decomposition-free compounding. If employing a reversed logic, Le., if using a CBA with the 

Iower decomposition range (-200-225 OC), which is suited for PP foaming, while using an 

inhibitor to prevent the early CBA decomposition during compounding, seems to be more 



prornising. But, ultimately, it would not improve the situation significantly, because to ensure 

inhibition efficiency, the incorporation of the inhibitor into the PP/CBA mixture has to be done 

during the compounding operation. This would suppress the unwanted early decomposition of 

the CBA during compounding and thereby provide good conditions for obtaining a 

decomposition-fkee foamable composition. But, the resulting pemanently increased 

decomposition temperature of the CBA ernbedded in the compounded pellets, will most 

probably result in producing unsatisfactory cellular structures as a consequence of 

unsuppressed ce11 coalescence, due to the lower PP melt strength at elevated temperatures. 

Moreover, for many CBAs inhibitors are not known or do not exist. As a result of this 

idealized analysis, it would be reasonable to expect that a compromised solution would be the 

only way to overcome this problem and cope with the reality. 

Rate of Gus Release. Ideally, the rate of CBA gas liberation must be adequately hi& 

and the gas must be liberated within a certain narrow temperature range [61]. Otherwise, the 

polymer viscosity at higher temperatures will be too low, and as a consequence, gas diffusion 

through the polymer will be accelerated, as a result of which gas losses during foarning will 

increase. Also, the gases liberated during decomposition of the ideal CBA must have a low 

rate of diffusion in the polymer, that is, they must stay in the mass being foarned for a rather 

long time [6 11. 

Gaseous Composition. Ideally, CBAs that liberate N2 or CO2 are preferable [61]. 

Ease of Dispersion. Ideally, the CBA must readily disperse in the polymer 

composition [6 11 to facilitate the uniformity of CBA particle dispersion during compounding. 

Here, the role of the CBA particle size becomes important [46]. 

Stomge Stabiiity and Toxici~. Ideally, the gas liberated and the products of its 

decomposition must be nonconosive, nontoxic, and nodlarnmable. 
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Cost. In most cases, plastics foaming is motivated by two reasons: cost and 

performance (see Section 1.1.1). Therefore, the cost of the ideal CBA must be reasonable 

enough to allow processors to achieve savings in the overall economy of the plastic foaming 

operations they are willing to undertake. 

Step #3. CBAs can be inorganic or organic substances [62]. Three groups of CBAs 

are commercially available: organic nitrogen compounds, sodium bicarbonate and its mixture 

with citric acid, and sodium borohydride. But, only few organic nitrogen compounds are 

suited for polyolefin foam production. These include azodicarbonamide, N, N'- 

Dinitrosopentam-ethylenetetramine (DNPA), and 4,4- Oxybis (benzenesylfonylhydrazide) 

(OBSH). Among hem, azodicarbonamide is most cornmonly used in commercial polyolefm 

foam production [46]. 

Table 3.1 presents the most commonly commercially available CBAs and their peak 

decomposition temperatures. Among those, azodicarbonamide is most often recomrnended for 

use with PP in the literature. A variety of different grades of azodicarbonamide are 

commercially available. Azodicarbonarnide is an exotherrnic CBA and decornposes in a 

narrower temperature range -200-210 OC [46] than the one that should be ideally suited for 

foaming PP (-200-225 OC). 

As it can be seen From Table 3.1, other candidate CBAs for PP foaming characterized 

with higher decomposition temperatures than that of azodicarbonamide exist, but the negative 

consequences of using some of those, have been already discussed. In addition, their gas yield 

is much Iower compared to that of azodicarbonamide. 

Concluding Remarks. Finally, taking al1 discussed CBA selection issues into 

account, azodicarbonamide will be used for the proposed compounding-based rotational foam 

molding process for producing finetell PP foams. 



63 

The decomposition mechanism of azodicarbonamide is complex and not fully 

undentood. Its decomposition rate and gas yield depend on temperature. It decomposes 

through two primary reactions, one yielding urea and the other hydrazodicarbonamide as an 

intemediate product, in addition to gaseous products. An activator not only enhances the rate 

of decomposition of azodicarbonamide but also alters the amount of gas yield. Known 

activatoa for azodicarbonarnide include salts of transition metals (especially those of lead, 

cadmium, and zinc), polyols, urea, alcohol amines, and some organic acids, among which zinc 

oxide and zinc stearate are the most commonly used in commercial processes. Reported 

inhibiton for azodicarbonamide include organic acid, phenols, amines, organic anhydrides, 

and acid hydrazides [46]. 

3.4.4 Decomposition Triggering Events in PP Compounding 

Even if the processing temperature is maintained within the limits given in Equation 3.2, 

successfully suppressing the pre-decomposition while compounding PP resins with a CBA 

represents a serious processing challenge. The reasons for this dificulty lie in the magnitude 

of the melting temperature of the PP, which is relatively high (- 165 to 175 O C  for PP 

homopolyrners and - 150 to 175 O C  for PP copolymers) [46], and in the magnitude of the 

onset decomposition temperature of the azodicarbonamide CBA suitable for PP foarning, 

which is relatively low (- 200 to 210°C). As a consequence, the minimal interval between the 

critical temperatures that can be used for successful compounding is only about 25 O C  wide. 

Theoretically, this processing temperature gap may look large enough, but practically it 

seldom provides a sufficient processing window for compounding PP resins with a CBA 

without provoking the pre-decomposition of the CBA. In addition, regardless of the type of 

compounder used, several compounding parameters can have a shrinking effect on the 



processing temperature gap, which makes the process of compounding a PP resin with a CBA 

even more difficult. 

First, due to the rotating action of the plasticating screw in a compounder, the molten 

mixture is purnped foward relative to the barrel, which is a shearing flow that additionally 

heats the mixture because of the generated heat by the fnction of the polymer against the 

barrel. If the barrel is grooved, the coefficient of Friction becomes extremely large [69]. As a 

result, the temperature gap becomes narrower. Since the shear rate is proportional to the 

rotational speed of the screw, it would be necessary to minirnize the screw RPMs in order to 

minimize the heat generated by the friction and thereby prevent the CBA pre-decomposition. 

Second, CBAs are known to be thermally sensitive if exposed long enough on elevated 

temperatures even lower than the onset decomposition temperature. Therefore, for 

successfully preventing the CBA pre-decomposition due to a long residence time, it is 

necessary to minimize the residential time of the melted mixture in the compounder, e.g., to 

maximize the screw RPMs. This reasoning suggests that in order to prevent the unwanted 

CBA pre-decomposition, the lowest possible shear rates and the shonest possible residence 

times simultaneously occur during compounding. The screw rotation rate is the only 

parameter that can control these two variables, but since it is contradicted, an optimal range of 

screw RPMs capable of simultaneously satiswng both the shear rate and the residence time 

constraints is needed. If such an optimal number of RPMs cannot be determined, the pre- 

decomposition control of the compounding becomes coupled since the shear rate and the 

residence time cannot be controlied independently. 

Third, because of the low melt strength of the PP resins at elevated temperatures [18, 

191, it is often necessary to introduce additives other than a CBA during compounding the 

foamable PP resin, such as a CBA activator. As already mentioned, the anticipated role of the 
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activator in the foamable composition is to lower the onset of the decomposition of the CBA 

during foam processing in order to lower the overall processing temperature, thereby 

pceserving the melt strength of PP. But, the activator will tend to affect the CBA in the same 

way during al1 times. As a result, the decomposition omet of the CBA will be also lowered 

during compounding, thereby nmowing the compounding temperature window even further. 

Fourth, the heating rate during extrusion compounding is usually higher than 100 

"Clmin and c m  easily result in CBA decomposition at lower temperatures because of the 

effect of thermal kinetics at high heating rates. 

Fifth, local overheating may cause a few CBA particles to decompose. If using an 

exothermic CBA, additional heat will be released dunng such a local CBA particles 

decomposition due to the exothermic nature of the CBA. This self-heating phenomenon could 

cause a chain reaction and thereby ûigger the premature decomposition of the complete CBA 

content in the compounder. 

3.4.5 Proposal for a PP Compounding Strategy 

The most important factor for the success of the compounding operation is the design of the 

extruder used for compounding. Conventional extruders for plastic processing include single-, 

twin-, and multiple-screw extrudecs. Among them, twin-screw extruders are particularly 

flexible in respect to the flight configuration of their screws. This flexibility is the most 

powerful characteristic of twin-screw extruders, it allows changing the configuration of the 

screws in order to modify the level of intensity of their interaction during operation, thereby 

making them useful for a particular purpose. Therefore, twin-screw extniders are the most 

appropriate for decomposition-fiee compounding of heat and shear sensitive materials for 

foamable applications. Among thern, for decomposition-fiee compounding of mixtures such 
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as the proposed mixture of powdered PP resin and a CBA, intermeshg CO-rotating twin- 

screw extniders (compounders) are the most favorable [70]. 

There is a large theory behind the operation of intermeshing CO-rotating twin screw 

compounders. They involve several di fferent types of elements that are c losel y intenneshing . 

The key elements are the kneading discs that melt the polymer and disperse ingredients [69]. 

Nonnally, individual sections that slide ont0 a keyed or splined shaft fom the screws. This 

allows different screw profiles to be deliberately obtained by placing different screw profiles 

along the sh&. Controlled shear or mixing effect can be achieved in that way [70]. Figure 3.2 

presents different screw arrangements. The advantage of the intemeshing CO-rotating twin- 

screw mixing geometry lies in the combination of kneading disc modules with screw modules 

that most often have self-wiping profiles [69], as shown in Figure 3.3. At the point where the 

two screws meet, a complete transfer of the material From one screw to the other takes place 

[70]. The role of the right handed screw is to transport the rnatenal while the role of the lefi 

handed screw is to control the pressure fields inside the compounder [69]. As a result, 

intermeshing CO-rotating twin-screw compounders can incorporate and homogenize the CBA 

without exceeding degradation temperatures; provide a very uniform shear stress and heat 

history to each particle and allow precise control over the mixing process. 

Considering the decomposition triggenng events during PP compounding discussed in 

Section 3.4.4, the compromising CBA selection decision discussed in Section 3.4.3, as well as 

the final goal to produce satisfactory PP foams, it seems that, a proposal for foamable PP resin 

compounding strategy could be useiùl only if it includes fùrther compromises. Narnely, to 

prevent the decomposition, it would be necessary to nui the compounding system by using the 

minimal conceivable, theoretically allowed, sa& processing temperature. Such a strategy 

would require setting the twin-screw extruder barre1 heaters to the lowest melting temperature 
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fiom the range of PP resins melting temperatures discussed in Section 3.4.4, which is 150 O C ,  

and using the most "non-offensive" possible screw design, as well as a moderate screws RPM. 

For the present case of compounding a foarnable PP composition, the screws of the 

intermeshing co-rotating extruder have to be specially reananged in such a way that the 

generated shear field is weak and the temperature gradient is minimized. in addition, as a part 

of the compounding strategy, it would be necessary to introduce the grinding and dry blending 

steps as preparatory operations For successfbl pellet compounding. Since pellet compounding 

is the final step of the pellet production stage, al1 the benefits of grinding the PP resin prior to 

premixing it with the CBA and those of premixing the PPICBA powders prior to compounding 

will be manifested in this step. 

3.5 Grinding Step 

3.5.1 Role of Grindiog in PP Compounding 

PP resins are usually supplied in a pellet form. Starting the compounding process fiom PP 

pellets would require too much local shear and local heating. As a consequence, the excessive 

heat would most probably trigger the decomposition of the heat-degradable CBA while stiil in 

the compounder, which is absolutely not desirable. 

Even if the CBA decomposition does not occur, intensive mixing (dispersion) inside 

the compounder would not be possible because of the generated heat that will extremely 

reduce the viscosity of the polymer melt. As a result, the achieved degree of dispersion of the 

CBA in the polymer matrix throughout the pellets would be poor and non-uniform. 

Consequently, the foamed structure obtained by using such pellets will have similarly poor and 

non-unifonn ce11 morphology, which is also undesirable. 



Because of the above reasons, the PP resins that are supplied in a pellet fom have to be 

mechanically ground at the initiation of the pellet production stage. The role of the mechanical 

grinding is to reduce the original size of the PP resin into a smaller, pre-decomposition 

prevention-fiiendly size, and thereby facilitate the CBA pre-decomposition control during 

compounding. 

3.5.2 Proposa1 for a PP Grinding Strategy 

A specially designed grinding head is needed for grinding PP resins supplied in a pellet or a 

granulated form. Otherwise, if using conventional rnilling or grinding machinery, the PP 

pellets would be ground by "shredding and tearing" [21] into sizes and shapes that would 

diminish the desired positive effect of the grinding operation on the efficiency of the 

subsequent dry-blending and compounding steps. The appropriate method for PP grinding 

differs fiom the previously described by the way how the pellet size is reduced into powder, it 

cm be described as "pellet disintegration by a series of speed cuts" [21]. 

Figure 3.4 illustrates the typical design of the grinding head that should be used for 

grinding PP resins. It is provided with two plates, each with a senes of radially arranged 

cutting edges, one static and the other with the ability to rotate at a high speed. The PP resins, 

as supplied in a pellet forni, are fed in the center of the gap that separates the two plates. The 

key feature of this design is the gradual reduction of the gap between the cutting edges in the 

radial direction from the center of the plates to their periphery. As a result, during the rotation 

of the movable plate, each pellet is trapped between the cutting edges and thereby becomes 

subjected to a cutting action resulting in a gradual pellet size reduction as it travels radially, 

dnven by the centrikgal force, to the next, narrower, gap section. Ultimately, the ground PP 

particles leave the gap at the periphery of the plates with a significantly reduced size [21]. 



During PP griading, most of  the energy input used to reduce the PP particle size is 

converted into heat. Since PP resins are heat sensitive and have a relatively low softening 

point, the success of their grinding depends on the availability of suitable refiigerants to cool 

the grinding chamber andor to increase the brittleness of the resins [71]. 

There are two methods of usuig refngerants while grinding heat sensitive polyrners. 

The refrigerant cm be fed into the grinder together with the matenal, or the material can be 

Frozen pnor to the grinding in order for it to shatter under impact [71]. In the former method, 

liquid COz, liquid Ritrogen, or CO2 in the form of dry ice is the most cornmonly used 

refngerant. This method is also referred as to cryogenic grinding, while the latter method is 

referred to arnbient grinding. 

However, freezing a material before grinding is feasible only if the glas transition 

temperature of the material to be ground is below room temperature, but is still at a practically 

achievable level. For exarnple, PP resins can very effectively be ground &er fieezing since 

their glass transition temperature ranges between - 20 O C  [71] and O O C  [9], while the glass 

transition temperature of unrnodified PE, which is about -100 O C  [71] is practically 

unachievable pnor to and during grinding [71]. 

The consistence of the powder quality depends both on the irnmediate grinding process 

conditions and the rate at which the powder is cooled afier grinding [72]. Wrong grinding 

parameters can cause powder particles to be tom and shredded resulting in irregular shapes 

[21]. As a consequence, mal1 fibrils resembling as "tails" attached to the surface of the 

particles, c m  appear. These tails or hairs obstnict the freedorn of flow of the particles during 

dry blending. Heating can reduce the presence of these fibrils, since holding the powder at a 

high temperature for longer allow remaining fibrils suflïcient time to relax back into the 

particles. On the other hand, high particles cooling rates result in "fieezing" the stretched 
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fibrils in place preventing them fiom recoiling back into the particle [20, 2 1, 721. However, 

the pre-mixed blend is being remelted, remixed and reshaped into pellets during compounding, 

so that the negative effects that might have been caused by the hconsistencies in powder 

quality in tems of particle size and shape will be removed. Therefore, this issue should not 

receive too much attention. 

Taking into account the information presented in this section, the grinding strategy for 

the PP resins participating in this research should include fieezing the resins at about - 40 O C  

pnor to arnbient grinding by using mechanical grinding equipment that is equipped with the 

type of grinding head described and illustrated in Figure 3.4. 

3.6 Dry Blending Step 

3.6.1 Role of Dry-blending in PP Compounding 

As already mentioned, if uniformly dispersed, the embedded CBA particles throughout the 

mass of PP pellets will transfomi in uniformly dispersed nucleation sites during subsequent 

foaming. This indicates that if the degrees of dispersion and uniformity of the CBA particles 

in the pre-compounded PP pellets are below a certain level, fine-ce11 foaming will fail to occur 

regardless of how favorable the remaining pellet properties are. Because of these reasons, it is 

necessary to premix the participating materials pnor to compounding. The premixing step is 

an intermediate step betvveen the gruiding and melt compounding steps, within the pellet 

production stage. Its role is to prepare a finely dry-blended mixture of PP powders and an 

appropriate amount of CBA, according to the prescnbed formulation for the foamble 

composition for a desired VER, to be fed into the compounder. The benefit of the dry-blended 

PPKBA powders is promothg a h e r  and more uniform dispersion of the CBA particles in the 
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polymer maûix during compounding of the foamable composition. As a side effect, the 

premixing will also facilitate the pre-decomposition suppression during compounding. 

3.6.2 Foamable Composition Formulation for a Desired VER 

The volume expansion ratio (VER) of plastic foarns in rotational foam molding is defined as 

the ratio between the expanded volume of the foam (Y/) and the initial volume of the solid 

unfoamed plastic matenal (6) [19]. Equation 3.3 presents this relationship. 

Y, 
J (VER) = - (3.3) 

The proposed compounding-based process is intended for producing skiniess PP foams in 

rotational fom molding that occupy the mold's volume to the Full extent (see Section 1.6). 

Therefore, in the foam production stage, the mold will be charged only with foarnable PP 

pellets, while the volume of the expanded foam (Y/) will be desired to be identical to the 

volume of the mold used (Y,). Hence, Equation 3.4 cm be obtained by substituting the 

expanded foam volume (Y/) with the volume of the mold (Y,) in Equation 3.3. 

vm (VER) = - 
VI 

Equation 3.5 can be obtained, by substituting the initial volume of the solid unfoamed polymer 

material (6) with the ratio between its weight (mPOlumer) and its density &/ymer) in Equation 

3.4. 



72 

To produce PP foarns with a desired VER in compounding-based rotational foam molding, the 

foamable PP composition must contain an appropriate amount of CBA. This amount of CBA 

has to be deliberately calculated and added to the PP resin intended to be compounded into a 

foamable PP composition. The concentration of CBA in the formulation is usually expressed 

in ternis of the percentage of CBA by weight with reference to the amount of pure PP resin 

(see Equation 3.6). This amount of CBA determines the "expansion quality" of the pre- 

compounded foamable composition and its foaming behavior during the rotational foam 

mo lding thermal cycle. 

In order to produce a foamable PP composition that will be characterized with certain 

expansion quality suitable for achieving a given value for the VER, the proportion of the CBA 

in the composition's formulation must correspond to its gas-generation ability (gas yield). The 

gas-generation ability of the total arnount of CBA, contained in the foamable polymer charged 

into the mold has to be related to the remaining fiee volume of the mold. This relationship is 

based on the assurnption that the CBA contained in the shot size is supposed to generate gas in 

sufficient quantities to fil1 the fiee mold's volume in order to be able to produce enough 

polymer foam that will ultimately fiIl the mold. Hence, the required gas-generation ability of 

the CBA, that cm be expressed with the product of its weight (mcBA) in gram and the gas 

yield (p) in has to be equal to the fiee volume of the mold that can be obtained by 

subtracting the volume of the poiyrner (6) fiom the total mold volume (Y,). This relationship 

is presented in Equation 3.7. 
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Equation 3.7 can be rearranged into Equation 3.8, and then (by using Equation 3.4) it can be 

rearranged into Equation 3.9 that expresses the appropriate weight of the CBA for achieving a 

given VER. 

(VER) - 1 .  ym 
(VER) 

Shilarly, Equation 3.5 can be rearranged into Equation 3.10 that expresses the required 

weight of the polymer for achieving a given VER by filling the entire volume of the mold with 

foam. 

Equation 3.1 1 can be obtained by substituting the relations obtained for (mcm) and (m 

Crom Equations 3.9 and 3.10, respectively, into Equation 3.6. Equation 3.1 1 expresses the 

percentage by weight of the selected CBA relative to the weight of the PP resin that should be 

introduced in the dry-blended mixture in order to obtain a given VER during subsequent 

foaming. 

(VER) - 1 
%'BA= 100 

3.6.3 Proposa1 for a Dry-Blending Strategy 

The dry blending of powders for the proposed process requires implernentation of mixers 

suited for a non-continuous operation. Therefore, it may be accomplished by using tumbler 

mixers or by d g  the powders in a high-speed mixer 121, 69, 741. A mixer that relies on 



tumbling and stirring can produce considerable segregation, while high-speed mking provides 

minimal segregation and superior efficiency and degree of mixing [74]. Therefore, the use of 

a high-speed mixer is adopted to be a part of the strategy for dry blending the PP and CBA 

powders. Figure 3.5 illustrates a schematic of a typical high-speed mixer that should be used 

for the purpose of the proposed process. 

3.7 PP Foam Production Stage 

3.7.1 Processing Steps in the Foam Production Stage 

In the proposed process (see Figure 3.1), the foam production stage serves to convert the 

foamable PP composition, compounded in the pellet production stage, into a PP cellular 

structure, by processing it in a four-step rotational foam molding cycle (see Section 2.2 and 

Figure 2.13). The major objective of the proposed process is to produce fully expanded, 

skinless (see Section 1.6), fine-celled PP foams that have a high ce11 population density and a 

uniform distribution. The foam production stage is accomplished in four rotational foam 

molding processing steps. 

Step #l. in the initial step, the mold is charged with a pre-measured arnount of 

foamable PP pellets (shot size), already compounded with a view to achieving a particular pre- 

detemined volume expansion ratio. 

Step #2. Further along the rotational foam molding process, the pre-compounded 

foamable PP pellets, enclosed into the bi-axially rotated mold, undergo extreme thermal, 

rheological, and structural transformations as a result of the appiied heat to the mold in a 

closed chamber (oven). In order to induce polymer foaming, the heating must be suflicient to 

penetrate the mold wails and elevate the temperature of the air inside the mold to levels 



75 

exceeding the melting temperature of the PP pellets, as well as the decomposition temperature 

of the CBA particles embedded in the pellets. 

Step#3. After the completion of the heating cycle the process irnmediately proceeds 

with the cooling cycle. As a result, the mold is cooled while it is still rotating bi-axially, in 

order to solidify the polymer and reach handling temperatures that allow the implementation of 

the final step which is concemed with unloading the produced article. 

Step #4. The rotationally foam molded article is removed from the mold. 

3.7.2 Process Variables in Rotational Foam Molding 

Whether or not the foam production stage will be accomplished with a production of fine-ce11 

PP foams depends on the foarnable PP pellet properties and the performance of the rotational 

foam molding process control. Since Rom the initiation of the rotational foam molding 

process up to its last step the properties of the foamable PP pellets remain uncontrollable, the 

entire rotational foam molding process control relies only on three controllable process 

parameters to direct the process of fine-celled PP foam formation. These include the 

processing temperature, the processing time, and the mold rotation. 

The ro tational foam molding cycle includes two thennally O pposed cycles; the heating 

and the cooling cycle. Both cycles are charactenzed by various processing variables. 

Heatiog Cycle. Since the proposed compounding-based rotational foam molding 

process is intended for producing PP foams with a high degree of cell-distribution uniformity, 

the heating system, pertaining to the rotational foam molding equipment used for foam 

production, is required to provide a uniform mold heating at a reasonable heating rate. In 

general, the rate at which the material contained in the mold is heated is basically a fùnction of 

the method of heating used, the temperature of the heating medium, the mold matenal, the 



thickness of the mold, the thermal conductivity of the processed material, the amount of CBA 

incorporated in the foamble peilets (especially if the CBA is of exothermic nature), the 

magnitude of the shot size, and the size of the pellets. 

Usually, during the heating cycle, the oven temperature is kept at a constant level, as a 

result of which, the processing tirne becomes the principal processing parameter. Since higher 

oven temperatures are associated with higher heating rates and lower oven temperatures are 

associated with lower heating rates, establishing an appropriate control of the relationship 

between the oven temperature and the processing time is the key issue for a efficient rotational 

foam molding process control. 

Cooiing Cycle. As was already indicated, during the cooling cycle, the mold rotation 

never stops. The principal methods of cooling include mold rotation in stationary air, applying 

circuiating cool air to the mold, applying water spray to the mold, and a combination thereof 

Rotationally foarned articles are known to have vimially no "built in stresses", since the 

process is performed at nearly atrnospheric pressure. While it is tnie that the heating cycle 

does not cause stresses in the final foamed article, the cooling cycle does. The rate of'cooling 

especially affects the degree of article shrinkage, the final ce11 density of the foam, and the 

article brittleness. Rapid cooling results in reduced article shrinkage, lower final article 

density, and improved impact resistance due to the lower crystallinity developed. In 

conventional rotornolding, the stresses and shrinkage gradients might lower the impact 

resistance, so that the rate of cooling has to be controlled in order to balance article warpage 

against any physical property advantage gained from rapid cooling [75]. in contrast, in 

rotational foam molding, the warpage effect is not particularly significant due to the cellular 

structure of the molded article and does not require a precisely controlled cooling rate. 



77 

The molds used for rotational foam molding must be supplied with vents during both 

the heating and the cooiing cycle. Mold venting is usually provided with Teflon tubes inserted 

far enough into the mold so that the matenal does not fi11 and plug the vent. Proper venting 

enables the full expansion of the polymer, reduces material flash from the pressure created 

from the released gases during CBA decomposition, and reduces warpage that may be caused 

by the vacuum created during rapid cooling [75]. 

Mold Rotation. Like in conventional rotomolding, bi-axial rotation is the most 

cornmon method of mold rotation used in rotational foam molding (see Figure 2.3). Usually, 

the axes of rotation are perpendicularly located for achieving a simpler mechanical design of 

the mold-mounting assembly. The processing variables related to the mold rotation include 

the magnitude of rotational speeds and the rotation ratio which is obtained by varying the 

speed of each of the independently driven axes. 

The major axis is given the higher rotational speed, while the minor axis is given the 

lower rotational speed [75]. The role of the mold rotation is to distribute evenly the plastic 

matenal during the heating cycle on the intemal surfaces of the mold, and thereby avoid the 

melt continually flowing over the same path. The chosen rotation ratio determines the degree 

of melt distribution on the interna1 surfaces of the mold. For best results, this ratio has to be 

suitable to the shape of the particular rotationally foam molded article [21]. Often, mounting 

the molds off-center helps in avoiding the possible dead spots [75]. 

Theoretically, for each rotationally foam molded article shape, an optimum rotational 

speed exists for either axis of rotation [21, 751. In general, the major to minor rotational speed 

ratio should be greater than 1 but should never give a whole number. Also, the rotation ratio 

should increase as the mold deviates fiom a spherical or cubical shape [75]. A rotation ratio of 

4.5 to 1 is the most cornrnonly used in practice. 
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3.7.3 Proposa1 for a Fine-ceU PP Foaming Strategy 

By introducing the melt compounding technique, the highest degree of dispersion of the CBA 

particles in the PP matrix can be achieved. But, regardless of the achieved degree of CBA 

particle dispersion, if adequate processing strategies are not knplemented duruig the foaming 

process, the likelihood of obtaining PP foams with unsatisfactory ce11 morphologies will be 

h i a .  Unfavorable outcornes of this type cm be avoided by implementing appropriate 

processing strategies that will suppress tle ce11 coalescence and promote unifonn volume 

expansion. 

As already mentioned in Section 3.7.2, the list of controllable parameters during the 

rotational foam molding cycle is limited only to the temperature, the heating time, the cooling 

time and the mold rotating speed. The process control in rotational foam molding, among the 

other, means dealing with both the thermal and the rheological pellet properties 

simultaneously. This is where the poor thermal conductivity of the pellets comes into play and 

results in high thermal inertia of the process, which makes it difficult to be controlled 

e fficiently . 

Decomposition-free, foarnable PP pellets having a CBA particle dispersion achieving 

an inter-particle CBA distance in the range of 1-50 pm apart throughout the pellet mass are 

considered suitable for the purpose of producing fine-ce11 foams by the proposed process. 

The sintering of the foamable PP pellets has a significant role in rotational foam 

molding [76]. Good sintering of the pellets should be induced in order to prevent the air fkom 

being entrapped amongst the pellets. Otherwise, the entrapped air bubbles will play a role as 

ce11 nuclei in the rotational foam processing. The dominant parameter that determines the 

sintering behavior of the foamable PP pellets is the viscosity of the basic PP resin. Also, the 

size of the pellets must be as mal1 as possible to avoid delays in sintering. The sintering 
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temperature of the PP pellets and their temperatures of coalescence are the characteristics of 

the basic resin; they cannot be controlled otherwise than by using PP resins with different 

viscosity/melt flow rate. 

Using additives for early activation (activaton) or late activation (inhibitors) the 

decomposition onset temperature of the CBA cm be controlled in reasonable intervals. in 

addition, since CBAs are sensitive to the magnitude of the heating rate, by changing the 

heating rate the CBA activation temperature can be controlled. In Cact, by selecting different 

oven temperatures the rate at which the mold is heated can be changed. Therefore, changing 

the oven temperature can also control the CBA activation. 

In order to suppress ceIl coalescence, lowering the processing temperature as much as 

possible should be adopted as an overall processing strategy in rotational foam molding 

production. If the oven temperature is kept constant, minimizing the processing temperature 

indicates minimizing the processing time, which is also highly desirable for increasing the 

productivity of rotational foam molding. The control of the temperature of the melt c m  be 

achieved by process interruptions and introducing intermediate cooling-reheating cycles or 

preheating the pellets and the mold pnor to processing. As a result, obtaining a fine-celled and 

uniform PP foam morphology becomes more attainable. 



EXPEIUMENTAL VERIFICATION OF THE PROPOSED PROCESS 

FOR PRODUCING FINE-CELL PP FOAMS IN 

COMPOUNDINC-BASED ROTATIONAL FOAM MOLDING 

4.1 Introduction 

Standard testing procedures, such as those established by the American Society for Testing 

Materials (ASTM), are available for determining many properties of plastics. Their 

importance is extended to the field of selecting materials for a new application, evaluation of 

the effects of modifjing different resins formulations, investigating the effects of actual use on 

the properties of plastics, etc. However, there are many cases in which standard tests cannot 

be implemented, such cases are usually related to testing activities concemed with the 

performance evaluation of novel plastic fabrication processes or the feasibility of processing a 

particular plastic material in such processes. 

The expenmental study presented in this chapter includes both standardized and non- 

standardized testuig procedures. It is intended to provide feedback regarding the feasibility of 

producing fine-ce11 PP foams by ushg the compounding-based rotational foarn molding 

process proposed in Chapter 3. Such feedback is also needed for establishing appropriate 

strategies for process hprovements. 



4.2 Materials Used in Experimentation 

4.2.1 PP Resins 

Four PP resins, two branched and two non-branched, were deliberately selected to cover a 

large viscosity range in order to visualize the differences in their behaviors when being 

subjected to experimentation related to v e t i w g  the proposed process. The PP resins are 

described by their respective manufacturers as follows: Pro- fax PF633 of Montell Canada 

(PF633) is a high melt strength (HMS) PP homopolymer resin, Pro-fax SD812 of Montel1 

Canada (SD812) is a HMS PP medium impact copolymer resin for extrusion coating, 

Microthene MT4390-HU of Network Polymers (MT4390) is a rotomolding-grade PP 

copolymer resin, while Pro-fax SD242 of Montel1 Canada (SD242) is a nucleated, high flow, 

medium impact copolymer resin [77, 391. Arnong hem, only MT4390 was supplied in a 

powder form and was therefore used as supplied, while the remaining three were subjected to 

grinding pnor to usage. Table 4.1 presents the typical properties of the PP resins selected to be 

used in the present study. 

4.2.2 CBA 

Based on the previous decision to use an azodicarbonarnide CBA for the purpose of this 

research (see Section 3.4.3), the comrnercially available azodicarbonarnides have been 

surveyed. During the survey, special attention has been given to issues related to the 

availability of the CBA candidates in a powder form and in multiple particle sizes, since the 

success of the intended application of the selected CBA will also depend on these properties. 

A pulverized CBA would allow a thomugh and uniform dispersion of its particles in the 

polymer matrix during compounding, which is expected to remlt in a large density of cell- 



nucleation sites during the subsequent foarning operation, thereby satisfying one of the 

fundamental conditions for obtaining a finetelled PP foam. In addition, a CBA available in 

multiple particle sizes is preferred since this would offer an additional opportunity for 

controlling the rate of its decomposition by varying the particle size. The relationship between 

the particle size of the CBA and its decomposition rate follows the principle: the finer the 

CBA particle size. the faster the decomposition rate [61]. As a consequence, the smaller the 

particle size, the more effect activators will have on the decomposition rate. Therefore, the 

largesi particle sizes are usually recommended for those processing techniques where 

minimum CBA decomposition is required, such as the compounding operation pertaining to 

the proposed process. However, with regards to the proposed foarning operation, CBAs 

having a smaller particle size will ultimately have a positive effect towards reducing the ce11 

size, improving the cell-density and cell-distribution unifonity of the of foams, because each 

particle would be a potential nucleation site. Thus, the presented reasons indicate that CBAs 

with a moderate particle size will be best suited to the present compounding-based rotational 

foam molding application. 

After accomplishing the survey and summarizing the results of the preliminary tested 

CBAs originating from four different manufachirers, the pool of CBA candidates has been 

narrowed down to the various azodicarbonamide grades fiom Uniroyal Chernical, 

cornrnercially available under the name "Celogen". Among those, Celogen AZ is available in 

two grades, as a "non-plateout" grade and as a dispersible powder. The latter is defined as 

"modified azodicarbonamide". It is actually a modification of Celogen AZ by chernical 

composition, and is thetefore also referred to as Flow-treated Celogen AZ. Flow-treated 

Celogen AZ is available in three particle size grades: Celogen AZ-2990 (2.0 to 2.4 pm), 

Celogen AZ-3990 (2.4 to 3.0 p), and Celogen AZ-5100 (4.0 to 5.0 pm) [78]. Of those, 



Celogen AZ-3990 is highly recommended according to its manufacturer's selection guide for 

rotational foarn molding applications that involve PP resins which yield a fine and uniform ce11 

structure [79]. 

By refemng to the discussion presented in the previous paragraph, it can be concluded 

that the middle-sized particles of Celogen AZ-3990 would provide optimal CBA 

decomposition controllability and favorable nucleation behavior for the intended application. 

Furthermore, Celogen AZ-3990 is described as directly dispersible using most conventional 

mixing equipment due to the fact of being a fkee-flowing powder that substantially reduces 

agglomeration and lumping [78]. Finally, as such, Celogen AZ-3990 is considered to be 

appropriate for the proposed process and is therefore selected as the CBA to be used in the 

present experhentation. 

Celogen AZ-3990. The operating temperature range of Celogen AZ-3990 is reported to 

be between 199 and 232 O C  [78], which indicates that it is a suitable blowing agent for 
b 

processing polymers at this temperature interval. Its decomposition temperature range is from 

205 to 21 5 OC, while its gas-yield is around 220 cm31g [78]. The decomposition mechanism of 

Celogen AZ-3990 can be described by the set of chernical equations presented in Equation 4.1. 
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Table 4.2 presents the most important physical properties of Celogen AZ-3990. The 

gaseous product released by the decomposition of Celogen AZ-3990 comprise 65% N2, 24% 

CO, 5% COr and 5% NH3, while its solid decomposition products, constituting approximately 

68% of its original weight, comprise Urazol, Biurca, Cyamelide and Cyanuric Acid. The 

manufacturer also claims that Celogen AZ-3990 and its decomposition residue impart no odor 

to the finished product and that, although it is a fine, yellow powder, it may be used in white or 

light-colored compounds without objectionable discoloration or staining [78]. 

Celogen AZ-3990 is not classified as a flammable solid, its storage stability is excellent 

under normal conditions. Good ventilation of handling and mixing areas is recommended. 

Inhalation of dust, prolonged skin contact, and ingestion should be avoided [78]. 

Celogen AZ-3990 may be activated by metal organic salts, bases, and acids reducing 

its decomposition temperature to as low as 166 O C  [78]. Table 4.3 provides the most 

recommended activators for Celogen AZ-3990 and the magnitude of their respective effects on 

lowering its decomposition temperature. 

4.2.3 Other Additives 

CBA Activator. Zinc oxide (ZnO) f?om Aldrich Chernical Company was the selected activator 

additive for Celogen AZ-3990 in the present research. The supplied Zn0 was in a powder 

fom, with a purity of 99.9% and guaranteed particle size of less than 1 Fm, according to the 

manufacturer's data [ g o ] .  

Antioxidant. Although the supplied PP resins include unknown amounts of unknown 

antioxidants that are incorporated during their manufacture, irganox B215 fiom Ciba Specialty 

Chernicals was the selected antioxidant additive to be used in this study for enhancing the 

stabiiity of the resins at elevated temperatures, if necessary. 
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4.3 Analytical Instruments 

The analytical instruments used in the present experimentation segment include a differential 

scanning calorimeter @SC), model TA29 10, and a thermogravimetric analyzer (TGA), model 

TA2050. Both instruments were used for characterization of the PP resins and the CBA by 

means of thermal analysis testing techniques. Thermal analysis (TA) is a series of techniques 

that measure changes in the physical or reactive properties of a material as a function of 

temperature and/or time [81]. It has been widely used for the characterization and 

investigation of polyrnen [82]. 

4.3.1 Differential Scanning Calorimeter 

The DSC measures the heat flow into or out of a sarnple as a hc t ion  of a desired, user pre- 

programed, temperahue variation over time and provides a real-time plot of the relationship. 

The two most commonly used methods in DSC analysis include the power compensation 

method and the heat flux method [81,82]. 

The ce11 of' the TA 2910 DSC instrument used in this study uses the heat flow flux 

method. The test is conducted on a sarnple encapsulated in an aluminum pan that is put on a 

constantan thermoelectric disc together with a reference pan. After the circulation of a 

preheated purging gas is initiated through the ce11 to provide a stable environment, both pans 

are heated. The principle of operation of the DSC is based on the difference between the 

temperature of the sample pan and that of the reference pan. The instrument software uses this 

difference (AT), and the thermal resistance of the constantan disc (RD) to calculate and plot the 

heat flow (dQ/dt) with respect to time or temperature by using the relationship expressed in 

Equation 4.2 [83]. 



4.3.2 Thermogravimetric Analyzer 

The TGA measures the weight change of a sample with reiation to the desired, user- 

preprogrammed, temperature variation over tirne and provides a real-the plot of the 

relationship. The principle of operation of the TA2050 instrument used in the present study 

consists of recording the weight-loss during heating the sample, in presence of a purging gas. 

The sample is previously loaded ont0 a platinum sample pan and ùiserted into the heating 

chambre pertaining to the instrument. During experimentation, the sample pan is pemanently 

hooked on an accurate balance, thereby providing data to the cornputer's software regarding 

the weight variations of the sample over tirne or temperature. Helium is preferred, but also 

Nitrogen or Argon, can be injected into the heating charnber to serve as purging gases. 

Another strearn of the gas selected for purging nuis through the balance chamber in order to 

provide stabile thermal conditions, and thereby protect the accuracy of the balance. The 

temperature of the balance charnber is also maintained by an additional water-cooling system 

WI- 

4.4 Experimental Setup 

4.4.1 Experimental Setup for Foamable PP Pellet Production 

in order to put to the test the proposed processing strategy for producing foamable PP resins, 

and assess its appiicability in a reai-life industrial environment, the experirnental setup for this 
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experimentation segment comprises regular-scale industnal equipment rather than lab-scale 

equipment. 

Accordingly, for grinding the three types of PP resins supplied in a pellet form a 

"Wedco" grinder (Mode1 No. SE-12-SP) was used (see Figure 4. l), while for dry blending the 

PP resin powders with the additives a "Gunther Papenmaier KG" high-speed mixer (Type: 

TGAHIOS) was used (see Figure 4.2). The compounding operation of the dry-blended 

mixture obtained in such a way was carried out by using a "Werner & Pfleiderer" twin-screw 

intermeshing CO-rotating extruder (Type: ZSK-30) presented in Figure 4.3. Figure 4.4 presents 

the "Automatic Apparate Machinenbau" pelletizer (Type: ASG 100) used for pelletizing the 

emdate after it has been cooled in the cooling bath. 

4.4.2 Experimental Setup for PP Foam Production 

Unlike the expenmental setup descnbed in the previous section, the experimental setup related 

to the production of finetelled PP foams comprises an uni-axial, lab-scale, rotomolding 

machine specially designed and built for hdamental rotomolding and rotational foarn 

molding experiments. 

In general, there are two principal reasons in favor of using a lab-scale, uni-axial, 

custom-build, rotomolding machine, instead of a full-scale, bi-axial, industrial rotomolding 

machine for fundamental rotational foarn molding experimentation. First, due to the effect of 

the bi-axial rotating motion applied to the mold during the foaming cycle, foams produced in 

bi-axial rotomolding machines are rendered inappropriate for fundamental research 

applications because their cell morphology can often be misleading and c m  cause faulty 

conclusions to be drawn. Second, a full-scale rotomoiding machine implies using full-scale 

molds. As a result, solving problems related to issues of Little or no importance for the 



research work, such as resin consumption, sample storage, and sample handling, would 

unnecessarily diminish the efficiency of the research work. However, for rotational foam 

molding expenments, the results of which are intended to be used for fine adjustments of the 

processing parameters for producing particular products that should comply with pre-defined 

quality requirements, a full-scale rotomolding machine is indispensable. 

in Figure 4.5, a schematic of the uni-axial, lab-scale rotomolding machine used for 

rotational foam molding experimentation is presented. It consists of a sliding assembly plate, 

an elecüically heated oven, water-cooling installation, and control units for the oven 

temperature and the mold rotation. The sliding plate carries the uni-axial rotating a m  

assembly that includes a motor, gearbox, transmission, a hollow shafi, and a removable 

cylindrical mold. Its serves as a means for inserting the rotating mold into the oven and 

removing it when necessary. The rotating speed of the arm, which is driven by the motor via 

the gearbox and the belt-transmission pulleys, cm be electronically controlled from 0-30 

RPM. The water installation provides the means for mold cooling after completion of the 

heating cycle. A thennocouple, inserted into the oven, provides data to the oven temperature 

control unit. The hollow design of the shafi makes possible the insertion of another 

thermocouple inside the center of the mold in order to measure the in-mold temperature 

changes during processing. By connecting the thermocouple to a data acquisition device, the 

temperature changes over time occumng inside the mold can be recorded with a desired 

samp ling kequenc y, and subsequently p Io tted. 

Figure 4.6 provides a pictonal view of the already descnbed rotational foarn molding 

experimental setup, while Figure 4.7 provides a pictoriai view of the cylindrical metal mold, 

used for rotational foam molduig experimentation, in open position. The diameter of the mold 

is 1.25", while its length is 4.00". Its volume is therefore -80 cm3. 



4.5 Materials Characterization Experiments 

4.5.1 Transition Temperatures of the PP Resins 

The knowledge of the transition temperatures of a plastic resin intended for use in a particular 

plastic fabrication process is crucial for the processor, since it provides the basics for 

determining the best-suited processing window to the resin properties as well as establishing 

the most appropnate process control. Polymer transition temperatures include the melting 

(TM), the crystallization (Tc) and the glass transition (TG) temperature. The most commonly 

used methodology for determining these important materialtharacterization parameters 

consists of conducting TA tests on resin specimens. 

( T ) .  The melting temperature of a polyrner sample is detennined in a heating DSC 

experiment. The obtained DSC plot will show a distinct endothermic peak showing the onset 

of melting and the maximum peak. These two points determine the melting range of the 

polyrner. The area under the melting peak represents the heat required to melt a specific mass 

of the polymer. [8 1,831. 

(Tc). The crystallinity of semicrystalline polymers is extremely sensitive to their 

thermal history, it is therefore common to give the sample a known thermal history before 

measuring the crystallization behavior. This is accompliched in the DSC by subjecting the 

sample to a heat-cool-heat experiment. The first heat takes the material above its melting 

point, and keeps it at that elevated temperature for a certain period to erase any previous 

thermal history, and then the cooling segment imparts a lmown thermal history so that 

different samples can be compared using the second heat results. The sample is then heated 

again above the melting point and then cooled down again. The obtained DSC plot in such a 

way will show an distinct exothermic peak showing the onset of crystallization and the peak 



maximum. A polymer of higher crystallinity produces a smaller crystallization peak in the 

DSC experiment [8 1,831. 

(Tc). In a DSC experiment the glass transition temperature is manifested as a subtle 

change in the heat capacity of the material. It is important to note that, although it is known 

that traditional TA techniques, such as DSC are often not sensitive enough to detect these 

subtle, low energy transitions, in the present study, an attempt has been made to measure TG of 

PP resins by using a DSC experiment. Since only dynamic mechanical analysis @MA) is 

otiicially recognized as being sensitive enough to accurately measure the glass transition of a 

semicrystalline polypropylene sample [81], the obtained values for TG in this study should be 

considered with caution. 

For successfully processing the selected PP resins in the proposed cornpounding-based 

rotational foarn molding process, the knowledge of the transition temperatures for each PP 

resin is of multiple importance. In that context, the knowledge of TM provides the information 

about the lowest temperature that could be used for reducing the processing temperature 

during compounding in order to prevent premature CBA decomposition. Also, Tu sets the 

upper limits related to the allowed processing temperature increases above TM during the 

foarning operation that still preserve the viscoelastic properties of the resin, suppress ce11 

coalescence, or prevent thermal degradation. As it will be shown in section 4.6, the value of 

Tc is important for calculating the appropnate amount of CBA that should be pre-mixed with 

the resin powders prior to compounding in order to achieve a predetermined VER. The value 

of TG is needed to detennine how much the PP resins should be cooled prior to grinding. 

Figures 4.8 to 4.1 1 present the resulting DSC spectra fkom the TA tests conducted in 

order to determine the transition temperatures of PF633, SD812, MT4390 and SD242, 
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respectively. Table 4.4 provides the results obtained from these DSC experiments in a 

numerical fonn. 

4.5.2 Decomposition and Activation Behaviors of the CBA 

Uniformly and thoroughly dispened CBA particles throughout the mass of the foamable PP 

pellets is a crucial prerequisite for obtaining fine-cell PP foams, but preventing the pre- 

decomposition of the CBA during their compounding is even more important because this is 

exactly what distinguishes these pellets fiom those of the unfoamable kind. This is why 

premature decomposition suppression strategies in compounding-based rotational foam 

molding are extremely important and deserve special attention. 

As it was emphasized in Section 3.4.4, various factors may trigger the premature 

decomposition of the CBA during extrusion melt compounding of PP. Such factors include 

the high processing temperature, the effect of the additional heat caused by the shear action of 

the plasticating screw in the extruder barrel, the long residence time, the presence of CBA 

activators in the melt, the hi& heating rates and the self-heating effect of exothermic CBAs. 

The possible scenarios of decomposition prevention failures in compounding PP with a CBA 

almost always involve more than one of the decomposition triggering factors. Moreover, these 

factors are ofien interrelated, so that preventing successfully the premature CBA 

decomposition usually requires a strategy that is capable of dealing with multiple triggering 

factors at the sarne time. For these cases, knowing the relationship between the triggering 

factors would be very helpful. 

The effects of the processing temperature and the rotating motion of the plasticating 

screw are unavoidable because these comprise the essence of extrusion. Also, there is not 

much more left to be done regardhg the processing temperature and the rotating motion of the 
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plasticating screw in order to diminish their role as decomposition triggering factors during 

compounding PP with a CBA, other than the proposed strategy for PP compounding presented 

in Section 3.4.5. This strategy contains two principal proposals. The h t  assumes using the 

PP resin's onset melting temperature as a processing temperature in compounding. The 

second assumes the existence of an optimum value for screw RPMs that would minimize the 

generation of additional heat due to fi-iction between the polymer and the banel, while 

simultaneously reducing the residence time of the polymer in the barrel as much as possible. 

But, in order to reduce the residence time of the molten PP containing CBA particles in the 

extruder barrel, it should be forced to move faster through the extruder. As a result, the molten 

PP would be exposed to a higher heating rate, which may cause unwanted pre-decomposition 

of the CBA particles it contains. Therefore, in order to prevent the CBA pre-decomposition, it 

is necessary to choose the screw RPMs with a great caution. 

On the other hand, processing PP foams in rotational foam molding requires the lowest 

possible processing temperatures in order to suppress ce11 coalescence. Therefore, adding a 

CBA activator (Zn0 in the present case) during compounding the foamable PP pellets is 

common practice, since it is the only solution to decrease the processing temperature during 

PP Baming to the acceptable level. Also, Celogen AZ-3990 is of exothermic nature, it is 

therefore reasonable to expect that once it reaches its decomposition onset temperature, its 

decomposition will be unavoidably accompanied with the self-heating effect. 

Thus, in summary, the most probable scenxio of a decomposition prevention failure 

during compounding PP cm be described with the following sequence of events. If Zn0 is 

added to the melt, the onset decomposition temperature of Celogen AZ-3990 decreases. But, 

such a decrease of the onset decomposition temperature of Celogen AZ-3990 occun in the 

presence of high heating rates, which are caused by fulfilling the requirement of a short 



residence time. As a consequence, some locally overheated Celogen AZ-3990 particles will 

most likely start decomposing, thereby triggering a self-heating exothermic chah-reaction, 

which will ultimately result in unwanted PP foaming. 

The above scenario of a failure to produce decomposition-free foamble PP pellets by 

compounding PP with Celogen AZ-3990 can be avoided only if the decomposition and the 

activation behaviors of Celogen AZ-3990 are known and predictable. The only way to make 

them known and predictable is to conduct an experimental study. Since by using a stopwatch 

and by performing a simple calculation one can easily prove that the magnitude of the heating 

rate during PP compounding usually reaches 100 OC/min and beyond, it would be desirable to 

analyze its effects on the decomposition and activation behaviors of Celogen AZ-3990. The 

best way to simulate such heating rates and acquire reliable information about the 

decornposition and activation behaviors of Celogen AZ-3990 at high heating rates is to 

conduct TA experiments on samples of various Celogen AZ-3990/Zn0 combinations by using 

a TGA. 

There fore, samples of pure Celogen AZ-3990 and samples of mixtures between 

Celogen AZ-3990 and Zn0 in five various concentrations, ranging from O to 100 phr of Zn0  

(phr = parts per hundred parts of CBA), were subjected to TGA experiments. in order to 

simulate the actual heating rates during PP compounding in a most appropriate way, three 

series of TGA experiments were conducted by using three different heating rates (50, 100, and 

150 'Clmin) Figures 4.12 to 4.14 present the obtained TGA spectra that represent the effect of 

Zn0 on the onset decomposition temperature of Celogen AZ-3990 for each heating rate, 

respectively. The experimental results reveal that: (i) by increasing the concentration of Zn0 

in the sarnple the onset decomposition temperature of Celogen AZ-3990 decreases, and (ii) the 

onset decomposition temperature of Ceiogen AZ-3990 additionally decreases by increasing the 
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heating rate. Table 4.5 provides the results obtained from these TGA experiments in a 

numerical fonn. 

It is important to note that, in general, the nature of the effect of the heating rate 

(increasing or decreasing effect) on the onset decomposition temperahue of CBAs is governed 

by the nature of the particular CBA itself. Figure 4.15 illustrates this relationship by using a 

schematic of a typical CBA decomposition weight-loss TGA plot. Namely, if an exothermic 

CBA is used, its self-heating effect is opposed to the kinetic effect of the high heating rate. 

But, because its magnitude is dominant compared to the magnitude of the kinetic effect (at 

least up to heating rates of 150 OC/min), the resulting effect is in fact manifested by an 

additional heat generation in the sample, which heat decreases the onset decomposition 

temperature of the CBA. By contrast, if using an endothemic CBA, its self-cooling effect is 

in accordance with the kinetic effect of the high heating rate, so that the resulting effect causes 

cooling of the sample thereby increasing the onset decornposition temperature of the CBA. 

This analysis indicates that endothermic CBAs could provide a better decomposition control 

during compounding PP at high heating rates. But, the problem with endothermic CBAs is 

their intrinsic much lower decornposition temperature and rnuch lower gas generation ability 

compared to exothermic CBAs, which renders them inapplicable for foaming applications 

involving PP. 

4.6 Foamable PP Pellet Production Experiments 

4.6.1 CBA Gas Yield Data Correction 

As indicated in Section 3.6.2, by using the derived Equation 3.1 1, the percentage @y weight) 

of the selected CBA that should be used to obtain a given VER cm be calculated. Equation 
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3.11 involves the VER, the deosity of the polymer and the gas yield of the selected CBA. But, 

the data describing the gas yield of CBAs (9) provided by the suppliers are refened to room 

temperature conditions (STP; see Table 4.2), while the decomposition of CBAs and thereby 

the expansion of polyrneric foams occurs at elevated temperatures, that are beyond the 

polymer melting temperature. As a result, during the cooling cycle of the rotational foam 

rnolding process, the decreasing temperature will gradually reduce the maximum possible gas 

volume. Since the polymer Ereezing will be initiated at the onset crystallization temperature, 

and since the polymer will be ultimately frozen at the crystallization peak temperature, the 

structure of the foam will be fixed at this temperature. This indicates that the occupied gas 

volume at the crystallization temperature determines the void fraction of the foarn [19]. Since 

the crystallization temperature of polymers occun at temperatures much higher than the room 

temperature, the volume of the generated gas by the decomposition of the CBA at this high 

temperature will be significantly larger than the volume of the sarne gas at room temperature. 

Therefore, prior to introducing the gas yield data in Equation 3.1 1 the data for the gas yield 

provided by the manufacturer (at room temperature) should be corrected to their corresponding 

values at crystallization temperature by using the relationship provided in Equation 4.3. 

where Koo, Vc, Tm, and Tc are the gas volume at the room temperature, the gas volume at 

the crystallization temperature, the absolute room ternperature and the absolute crystallization 

temperature, respectively. 

The room temperature is 25 O C ,  or 298 K. The peak crystallization temperatures of the 

PP resins participating in the present experimentation ranges fiom 11 1.2 O C  for MT4390 up to 

132.4 O C  for SD242 (see Table 4.4). If using the actual Tc pertaining to each PP resin in order 



to calculate the necessary correction of the gas yield data (qSTP), the obtained amount of CBA 

that should be added to the PP resins for achieving a required VER would be different for each 

PP resin. Such a calculation would be accurate, but the obtained foaming results would not be 

comparable because of the difference in the CBA concentration in the foamable resins. 

Therefore, to avoid such a possible drawback of the future experimental results and to make 

them to be comparable between themselves and with the work of other researchers, a common 

value of 138 O C  was adopted as a crystallization temperature to be used in the calculations 

descnbed above. If using 138 OC as the approximate crystallization temperature of PP resins, 

the absolute crystallization temperature becomes 41 1 K. Therefore, for the 80 cm3 mold that is 

used for rotational foarn molding experiments, by using Equations 4.3 and than Equation 3.1 1, 

the necessary amount of CBA for a given VER cm be calcutated. Since the present 

experimentation is intended to include 3-fold and 6-fold expansion experiments, the CBA 

amount needed for 3-fold expansion (VER=3) is 0.73%, while for 6-fold expansion (VER=6) 

it is 1.83%. 

4.6.2 Compounding Foamable PP Compositions 

By using the determined amounts of CBA that should be dry-blended with the PP powders 

pnor to compounding from Section 4.6.1 for 3-fold and 6-fold expansion Eoams, 16 different 

formulations for foamable PP compositions have been prepared. The formulations included 

one type of pellets for 6-fold and one type for 3-fold expansion with no activator and two 

additional types of 6-fold expansion pellets with an activator (ZnO), out of each resin. The 

latter two types of 6-fold formulations contained Zn0 in a concentration of 10 and 50 parts per 

hundred parts of CBA eh), respectively. By using these formulations and by followîng the 

processing strategies proposed in Sections 3.4.5, 3.6.1 and 3.4.5, as well as by using the 
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experimental setup presented in Section 4.4.1, 16 different foambable PP compositions have 

been compounded. 

Al1 PP resins, except MT4390, were ambient ground by using the industrial grinder 

(see Figure 4.1) afier being fiozen at -40 O C .  MT4390 was already supplied in a powder form 

Crom the supplier. The obtained powders were dry-blended for 60 seconds with the prescnbed 

amounts of Celogen AZ-3990 (with or without ZnO) according to the previously prepared 

formulations, in 4 kilo batches by using the industrial high-speed mixer (see Figure 4.2). For 

compounding the dry-blended mixtures, the screws of the industrial intermeshing CO-rotating 

extruder (see Figure 4.3) have been specially rearranged in such a way that the generated shear 

field is weak and the temperature gradient is minimized. The processing temperature during 

compounding was kept around 150 O C  by setting the controls of the six heaters along the 

extruder barre! at 150 OC. But, the temperature of the melt measured during compounding and 

displayed on the extruder's control board was fluctuating in the range of 170-175 OC, due to 

the additional heat generated by fkiction and shear. The screws were rotating at 101 RPM. 

The extrudate was cooled in a cooling bath and then palletized by using the industrial pelletiser 

(see Figure 4.4). The size of the obtained foamable PP pellets was 16 to 18 pellets per gram. 

Table 4.6 presents the compounded foamable PP compositions and their formulations. 

4.7 Rotational Foam Molding Experiments 

By using the experimental setup described in Section 4.4.2 rotational foam molding 

experiments have been conducted by using the foamable PP compositions the compounding of 

which has been descriied in Section 4.6.2. 

Figure 4.16 presents the stages of a rotational foam molding experiment. The mold is 

h t  charged with the desired PP foaming resin and then mounted on the rotating shaft of the 
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uni-axial lab-scale mtationai molding machine. The (4"x1.25") cylindrical mold with a 

volume of 80cm3, for 6-fold expansion needs a shot size of 12g, while for 3-fold expansion 

24g. The mold is then inserted into the oven, usually preheated at Tom = 300 O C .  After the 

predetermined processing time, the mold is removed fiom the oven and the mold is cooled 

with tap water. 

By varying the value of a particular process variable of interest, while keeping al1 the 

remaining variables participating in the process fixed, the effect of bat variable on the process 

can be accurately identified. Therefore, experimental parametric search over time has been 

conducted by using the foarnable PP compositions available. The pararneûic search over time 

is intended to investigate the effect of the processing tirne while keeping al1 other processing 

parameters fixed (e.g., type of foarnable PP resin, oven temperature, mold RPMs), and 

eventually detemine the optimal processing tirne for obtaining the best quality of the foam. 

AIso, the effect of the magnitude of the shot size on PP foaming in rotational foam molding 

was investigated by a series of experiments using the sarne foarnable PP resin in both 3-fold 

and 6-fold experiments by using a shot size of 12g and 24g, respectively. 

4.8 Experimental Verification Results 

The obtained experimental results of the PP foams produced in the proposed compounding- 

based rotational foarn molding process manifested consistently coarse ce11 sizes (1-3mm) and 

uneven ce11 distribution. But, although the quality of the obtained foams is not satisfactory and 

process improvements are needed, these results have proven the feasibiiity of the process to 

produce PP foams. Figures 4.17 to 4.19 present characteristic foarning results obtained by 

using 6-fold foarnable compositions to produce 6-fold expanded foams in a series of 

parametric search experiments. The obtained foams in al1 three cases show a lack of abiiity to 
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completely fi11 the volume of the mold. Also, these 6-fold expanded foams are characterized 

with poor ce11 morphology, coarse ce11 structure, and uneven ce11 distribution. A reason for 

this may be either intensive blowing gas loss or insufficient CBA concentration in the 

foamable formulation. However, the foams obtained fkom the PF633-based resin containing 

LOphr Zn0 (see Figure 4.17) although not completely expanded, resulted in smaller ce11 size 

and greater cell density and unifomity due to the high viscosity of the basic resin and the 

presence of ZnO. ZnO, as an Celogen AZ-3990 activator, lowered the onset decomposition 

temperature of Celogen AZ-3990 contained in the pellets, so that the complete foaming 

process was shified at lower temperatures thereby maintaining higher melt strength of the 

material and suppressing ce11 coalescence. Figures 4.20 and 4.21 are characteristic examples 

of 3-fold expansion expenments in which 3-fold and 6-fold foamable resin have been used, 

respectively . The 3-fold foams obtained b y using 3-fold foamable resins manifested poor ce11 

morphology and unsatisfactory volume expansion. Using 6-fold foamable materiais in 3-fold 

expansion expenments improved the volume expansion unifomity. Ce11 coalescence 

o c c k n g  at the part of the sample closest to the mold, which created an insulation zone to the 

center of the mold, characterized these experiments. 



STRATEGIES FOR IMPROVING THE PROPOSED 

COMPOUNDING-BASED ROTATIONAL FOAM MOLDING 

PROCESS FOR PRODUCING FINE-CELL PP FOAMS 

5.1 Introduction 

Although the proposed compounding-based rotational foam molding process proved to be 

feasible for producing PP foams in general, it failed to yield PP foama with the targeted fine- 

ce11 quality. As a result, a need for proposing and implementing effective processing strategies 

that can improve the process and thereby remedy the undesirable morphology of the produced 

PP foams became apparent. in such situations, according to the cyclic algorithm which was 

adopted f?om the outset to represent the overall thesis approach (see Figure 1.1), in order to 

address properly the present problem, it is necessary to first identify the root causes that 

contributed for obtaining foams with poor ce11 morphology. It would then becorne possible to 

propose remedial solutions, perforrn the necessary changes, and plan and conduct M e r  

experiments in order to verify their relevancy by evaluating the obtained experimental results. 

However, in a plastic processing technology that involves many processing steps and 

processing parameters, such as the proposed cornpouding-based rotational foam molding 

process, any wrong processing parameter in any processing step may result in obtainiag PP 
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foams with unsatisfactory cellular structures. Also, the intrinsic properties of the PP resins and 

the additives affect significantly the quality of the foam. Therefore, a usehil s t h g  point in 

the search for understanding the probable causes due to which unacceptable PP foams have 

been produced, are the processing steps in which some kind of compromised design decision 

has been deliberately made because of their special role in the process. 

5.2 Effect of Compounding 

It seems to be usefûl to begin with hypothesizing that something went wrong in the process of 

compounding the PP resins. Such a hypothesis would be based on the ground that the 

processing temperature during compounding was deliberately lower than the peak melting 

temperature of the PP resins, which does not comply with the principles explained in Section 

3.4.4. There are therefore reasons to believe that this may have affected the quality of the 

compounded pellets. 

Sections 3.3.1 and 3.7.3 emphasize the requirements that the compounded foarnable PP 

compositions have to satisfy in order to be considered useful for being processed in rotational 

foam molding in order to produce fine-ce11 PP foams. Arnong those, the decomposition-fiee 

status, the thoroughly dispersed and uniformly distributed CBA particles, and the appropriate 

CBA concentration, are the most preferred attributes that a PP pellet intended for fine-ce11 

foaming should possess. 

Although the compounded PP pellets proved their ability to foam and did not show any 

visible signs of CBA pre-decomposition, there still might be some pre-decomposition on the 

micro-scale. But, there are reasons to believe that due to the "low" processing temperature 

during compoundiag the viscosity of the "molten" polyrner was too hi&. The effect of this, 

most probably, reduced the degree of the achieved dispersion and uniformity of CBA particles 
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throughout the m a s  of the compounded PP pellets. The best way to check the present 

hypothesis and evaluate the quality of the compounded pellets is to analyze the pellet 

microstructure by using a scanning electron microscope (SEM). 

5.2.1 Scanning Electron Microscopy 

A scanning electron microscope is a surface analysis tool. It is essentially a method for 

particle identification, sizirig and analysis that offers a significantly higher resolution than 

optical microscopy, so that smaller particles and the finer details of the particle surface can be 

obse~ed. It also offers an increased depth of field that gives a better presentation of the 

topology of the sample and allows for easier particle identification. Scanning electron 

microscopy is an image formation system that detects the ernissions from the upper surface of 

the sarnple. The principle of operation of the SEM is based on scanning an electron beam 

across the sample in the x and y direction. The variation of the detected signal constitutes a 

contrast that is utilized in the process of image formation. The resulting image reveals the 

surface of the sample, giving the impression of a three-dimensional view. The high resolution 

of an electron microscope results fiom the short wavelength associated with the electron beam. 

The electrons are produced by thermionic emission, by heating a filament to a sufficiently high 

temperature to induce some electrons to escape. The instrumental setup of a SEM includes an 

eiectron beam source, electron lens system, scanning or deflection coils, detecton, and signal 

processing and display equipment [85]. 

5.2.2 SEM Experimental Procedure 

PIai. In order to be able to investigate the effect of compounding and properly characterize 

the compounded foamable PP pellets by using SEM it would be necessary to have a reference 



against which the microstructure of the pellets c m  be compared. Therefore, additional pellets 

consisted solely of pure PP resins have been "re-compounded" from each PP resin 

participating in the experimentation by using identical processing parameters as for the 

foamable PP compositions. Table 5.1 presents these "re-compounded" pellets fkom pure PP 

resins that will be used for reference purposes during SEM expenmentation. Also, pure PP 

resins, as received Erom the suppliers, will be used for comparative analysis in order to 

investigate the effects of compounding on the pure resins. 

Analyticril Instrumentation. A scanning electronic microscope (SEM), mode1 

Hitachi S-520 was used to conduct the SEM experiments. 

Sample Preparation. Both fiactured and sliced sets of PP pellet samples were 

prepared by using a standard SEM sample-preparation procedure fiom each of the four PP 

resins. In the preparation of the nactured sarnples liquid nitrogen was used to fkeeze the 

samples pnor to fracture in order to avoid the effects of the impact during fracture. Al1 

sarnples have been gold-plated before being used on the SEM. 

Methodology. The microstructure of compounded 3-fold and 6-fold foamable PP 

compositions without Zn0 will be compared with those of the "re-compounded" pellets from 

pure PP resins and the "non-compounded" pure PP resins. Selected microstnictures will be 

recorded by using Polaroid imaging. 

Expectations. The SEM experiments are primarily intended to characterize the 

foamable resins compounded by the proposed compounding-based rotational foam molding 

process. It is supposed to provide relevant data for evaluating the uniformity of the achieved 

CBA particle dispersion throughout the pellet mass and checking the pellet decomposition-f?ee 

status. This will also provide a unique opportunity to observe both the effects of the viscosity 
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of the PP resins and the effect of the amount of CBA on the compounding quality of the 

pellets. 

5.2.3 Results and Discussion 

Figures 5.1 to 5.4 present a senes of SEM micrographs with systematically selected 

magnification that present the typical microstructures observed for each PP resin, respectively. 

Figure 5.1 presents the SEM micrographs of PF633-based compositions. Unlike the 

micrographs of the pure PF633 resin located in the row marked with (a) in Figure 5.1, those 

pertaining to the "re-compounded" pure resin located in row (b) in Figure 5.1 possess a 

characteristic structure that can be described as a kind of closely located "parallel stripes" on 

al1 four selected magnification magnitudes. It is believed that these "parallel stipes" have 

been created by the action of the kneading discs during the compounding in the intemeshing 

CO-rotating twin-screw extruder, at the moments when the material was transferred from the 

one screw to the other, due to their self-wiping action (see Figure 3.3). PF633 melts in the 

temperature range between 144.6 and 159.4 O C  (see Table 4.4), while the processing 

temperature during compounding was kept at 150 OC. This indicates that PF633 did not melt 

completely during compounding, and because of its intrinsic hi& viscosity (MFR4.5 dglmin; 

see Table 4.1) the compounding leA visible "paralle1 stnpes" that could be identified afler "re- 

compounding" the pure resin on the fiactured pellet sarnples. This m e r  indicates that the 

degree of thoroughness and the unifocmity of the dispersion of the CBA particles should be 

also affectecl by the high viscosity of the resin during the compounding operation. 

The micrographs presented in the rows marked with (c) and (d) in Figure 5.1 onginate 

fiom 3-fold and bfold PF633-based compounded pellets with Celogen AZ-3990, respectively. 

Unlike the 3-fold micrographs located in row (c), the microstructure of the two six-fold 



micrographs on the left-hand side of row (d) reveal signs of pre-decomposition, while the two 

on the right-hand side show clearly that the CBA particles distribution is not uniform enough 

although the average inter-particle distances are in the desired 1-50 pm rage. Therefore, it can 

be concluded that by Uicreasing the amount of CBA from 0.73% to 1.86% Celogen AZ-3990, 

in the PF633-based foamable mixture, while keeping al1 other parameters unchanged, it 

becomes prone to pre-decomposition. This observation regardhg the effect of the arnount of 

CBA on the pre-decomposition during compounding is very important because it indicates that 

the preparation of compositions designated for higher VER may be followed by severe 

decomposition during compounding. 

Figure 5.2 presents the SEM micrographs of SD8 12-based compositions. in this case, 

the similarities between the micrographs of the pure SD812 resin located in row (a) in Figure 

5.2, and the micrographs illustrating the microstructure of the "re-compounded" pure resin 

located in row (b) in Figure 5.2 are much grater. Although the micrographs in row (b) are aiso 

characterized with "paralle1 stripes", they are much less distinguished than in the case of 

PF633. This can be explained by the significantly lower viscosity of SD812 (MFR=l6 

dghin) although it melts in a higher temperature range than PF633 which is between 141.3 

and 163.8 OC. The rnicrographs of SD8 1 Zbased 'bre-compounded" pellets showed local signs 

of porosity. h order to present this dual microstructure of SD812 the micrographs in row (b) 

are branched. Since it is known that CBA residue in the extruder is not the cause for this End 

of microstructure, it is believed that it can be caused by impurities in the resin or by local 

overheating that is manifested with creating bubbles. 

Uniike PF633-based cornpounds containhg CBA, the SD812-based 3-fold and 6-fold 

expansion compounds did not show signs of pre-decomposition. 
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Figure 5.3 presents the SEM micrographs of MT4390-based compositions. The effect 

of low temperature compounding can be clearly observed in the micrographs in row (a), while 

no signs of premature decomposition have been observed in the micrographs pertaining to 3- 

fold and 6-fold compositions with Celogen AZ-3990. MT4390 melts in the temperature range 

between 152.40 and 160.64 OC. Being compounded at 150 OC, this is the only resin among the 

four selected that was compounded by using a temperature that was even lower than its onset 

melting temperature. It is believed that this is the reason why the "paralle1 stripes" are so 

emphasized in the microstructure of the "re-compounded" resin, although its viscosity (MFR = 

20 dglmin) is higher than that of SD8 12. 

Figure 5.4 presents the SEM micrographs of SD242-based compositions. SD242 is the 

lowest viscosity resin (WR=35) and it melts in the temperature range between 149.16 and 

164.48 OC. The micrographs of SD242-based compositions revealed no significant signs of 

the low temperature compounding effect and no signs of pre decomposition. 

Figure 5.5 presents isolated particles of Celogen AZ-3990 in each PP resin 

composition. It indicates that agglomeration and clustenng of CBA particles is not present in 

the observed sarnples. This confirms the suitability of Celogen AZ-3990 in terms of particle 

size and dispersability (see Section 4.2.2) 

Concluding Remarks. The micrographs of the PP compositions revealed that the 

processing temperature of 150 O C  has a decreasing effect on the degree of CBA particle 

dispersion into the polymer rnaûix. The higher the viscosity of the PP resin the stronger the 

effect and the higher the melt temperature range of the PP resin the stronger the effect. Except 

in 6-fold PF633 composition with Celogen AZ-3990, no other composition manifested signs of 

CBA pre-decomposition d u ~ g  compounding. No agglomeration and clustering of CBA 

particles was observed. Therefore, the compoundig operation, and thereby the entire pellet 
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production stage pertaining to the proposed compounding-based rotational foam molding 

process, cannot be considered as being the principal reason for the poor ce11 morphology of the 

obtained PP foams, at least for the tirne being. Since the only possibility to successfully 

compound PP resins with Celogen AZ-3990 is by using a "low" processing temperature of 150 

OC, no strategies for process improvement can be proposed based on the SEM experimental 

results. 

5.3 Effect of the PP Resin Viscosity 

As indicated in Section 5.2.3, the compounded foamable PP compositions that were evaluated 

by the results obtained fiom the SEM experiments contained some deficiencies but were 

generally classified as satisfactory. Therefore, the search for the causes of the poor ce11 

morphology of the produced PP foarns proceeded with analyzing the bam production stage, 

Le., the rotational foam molding process by which the unsatisfactory foams have been 

produced. First of ail, a thorough analysis of the existing foaming experimental results that 

were obtained during the initial experimental parametric search over time was conducted. 

Although the quality of the obtained PP foams was unacceptable, these were obtained 

while conducting experiments by a series of process interruptions (cutting the processing time 

in the heating cycle) in predetennined time intervals in order to check the quality of the 

obtained PP foams with reference to the elapsed processing tirne. As such, especially 

interesting were the observed structures of the experimental results obtained by interruptions 

in the early stage of the process. These experimental results received speciai attention because 

they were considered as containhg a significant amount of information that could be useful for 

understanding what is really happening inside the mold during the thermal cycle in rotational 

foam moiding. 



A further analysis of the existing experimentai results indicated a significant difference 

in the foaming process between the PP pellets originating fiom low-viscosity/high MFR PP 

resins and the ones originating fiom hi&-viscosity/~ow MFR PP resins. By aaalyzing the 

experimental samples of foams obtained by deliberately interrupting the foaming process in 

the early stage, additional Uiformation about the differences in the sintering stages occming in 

3-fold and 6-fold PP foams produced in rotational foam molding have been acquired. It is 

important to note that the difference between 6-fold and 3-fold experiments is not only in the 

"expansion quality" (different CBA percentage), but also in the quantity (the mold is charged 

with double amount of pellets for obtaining 3-bld expansion) of the foamable pellets used. 

Here, especially useful proved to be the expenmental results fiom the investigation of the 

effect of the arnount of pellets charged into the mold by using 6-fold pellets for conducting 3- 

fold experiments, because the effect of the arnount of CBA on the results was eliminated. The 

expenmental results obtained fiom the pellets originating fiom the highest (PF633) and the 

lowest (SD242) viscosity PP resins regarding 3-fold and 6-fold expansion are discussed in 

detail in the sections that follow. 

5.3.1 Effect of High-viscosity Foamable PP Pellets 

The existing experimental results revealed that the foaming process of high viscosity PP 

foarnble resins is govemed by sintering. Because of the high viscosity of the basic carrier PP 

resin, the sintenng of the pellets is slow. Consequently, both 6-fold and 3-fold rotational foam 

molding experiments conducted by using pre-compounded foarnable compositions onginating 

fiom hi&-viscosity PP resins indicate that the decomposition of the CBA takes place pnor to 

the initiation of pellet sintering, which is undesirable. This order of thermal events in 

rotational foam molding is undesirable because when early decomposition of CBA particles in 



the pellets occur, a portion of the generated gas tends to escape out of the pellets while the 

pellets are expanding. As a consequence, the resulting decreased amount of available blowing 

gas for the foaming process deteriorates the final foam morphology. In addition, since the 

temperature of the intemal mold surface is the highest, the PP pellets that are in contact with 

the mold are prone to early decompose their content of CBA. This is why the early 

decomposition is fint observed among the first-row pellets, closest to the mold at the early 

stage of the process. 

In 3-fold experiments the first-row pellets start to decompose first rather than sinter. 

Moreover, the experimental results indicated that the first-row pellets were not sintered even 

during decomposition. Here, it is important to note that, unlike the 6-fold expansion where the 

mold is initially poorly filled with loose pellets, for 3-fold expansion the mold is almost 

completely filled with loose pellets. Therefore, there are reasons to believe that dunng the 

decomposition of the CBA, they are pushed arnong each other because of the foaming. As a 

consequence, since the pellets in the first row are already soft enough, they sinter by the 

pushing force. The pellets in the upper rows would not sinter because they are not soA yet 

(although the sarne force pushes each of them). As the processing time increases, a foam layer 

is formed closer to the mold's intemal surface on top of which non-sintered pellets are located. 

Although the foam quality is unsatisfactory, compared to 6-fold experiments, 3-fold 

expenments provided relatively better foam structures at optimal processing times. The 

desctibed sintering stages for the 3-fold experiments are modeled in Figure 5.6, while the 

actual changes in the morphologies of the obtained foams are presented in Figure 5.7. 

In 6-fold experiments, for identical process interruption intervals, because of the 

smaller amount of pellets in the mold, the early decomposition of the fit-row pellets is more 

intensive as a result of which the amount of produced foam is greater. Unlike the 3-fold 
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expansion experiments, the compounded pellets did not sinter well when the temperature was 

increased. in the case of 6-fold expansion, much less amount of pellets is charged hto the 

mold, and consequently, the pellet to pellet contact becomes poorer. It is also believed that the 

higher heating rate the 6-fold expansion pellets experience in the mold due to the lower 

thermal inertia, i.e. a smaller amount of plastic materials causes the earlier decornposition of 

the CBA. Since the sintering of pellets is not as good as the three-fold expansion and the 

decomposition of CBA is triggered earlier, the pellets fail to fom a continuous phase with 

isolated CBA particles. The described sintering stages for the 6-fold experiments are modeled 

in Figure 5.8, while the actual changes in the morphologies of the obtained foams are 

presented in Figure 5.9. 

5.3.2 Effect of Low-viscosity Foamable PP Pellets 

The rotational foam molding experimental results pertaining to the Iow viscosity PP pellets 

indicated that good sintering occuned pnor to the decomposition of the CBA, which is 

desirable. But severe ce11 coalescence at long processing times was obsemed and it was 

therefore concluded that the foaming process of low viscosity PP pellets is govemed by ce11 

coalescence. 

As it was discussed in Section 2.5.2, ce11 coalescence takes place when the melt inside 

the rnold is heated beyond the temperature of coalescence. is a property originating 

fiom the type of PP resin used for pellet compounding and cannot be directly controlled. 

Consequently, lowering the temperature of the melt should be the strategy of choice to 

suppress ce11 coalescence for a given PP resin. Since the sintering to decomposition timing for 

low viscosity PP pellets was proven to be correct it shouldn't change. But, for lowering the 
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temperature of the melt in order to suppress ce11 coalescence, without disturbing the aiready 

good sintering to decomposition timing, temperature-time profiles would be needed. 

5.3.3 Common Effects of High- and Low-viscosity Foamable PP Pellets 

It is important to note that in both high and low viscosity PP resins foaming expenmental 

results it was observed that the pellets were defomed like flakes and the flake-shaped pellets 

were oriented to the radial direction (see Figure 5.9). In the case of 3-fold experiments, the 

flaking of the pellets occurred at longer processing times due to the doubled shot size in 3-fold 

experiments in comparison with 6-fold experiments, which results in a higher thermal inertia. 

Therefore, the pellets in 3-fold expansion experiments were heated Iater. The flaking of the PP 

pellets is undesirable because it makes difficult the sintering to occur prior to the 

decomposition of the CBA and is thereby a reason for excessive blowing gas loss that results 

in poor morphologies of the PP loams. According to the previous expenence acquired from 

the research work with rotationally foam molding PE-based foamable resins, their foarning did 

not manifest such flaking phenomena of the pellets. It would be therefore necessary to 

conduct expenments with "re-compounded" pellets of pure PP resins to find out if this flaking 

phenomena is an intrinsic characteristic of the PP resin or it is affected by the presence of 

Celogen AZ-3990. 

5.4 Experimental 

5.4.1 Experimental Investigation of the PP Peilet Flaking Phenornena 

By using the experhental setup described in Section 4.4.2, and by using the sequence of 

experimental steps described in Section 4.7, rotationai foam molding experirnents have been 
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conducted by using the "retompounded" PP pellets the compounding of which has been 

described in Section 5.2.2 (see Table 5.1). The experiments were conducted by interrupting 

the process at each minute in the interval of 10 to 22 min processing t h e .  The experimental 

results were absolutely consistent, i.e. in al1 cases (low-viscosity, high-viscosity, 3-fold and 6- 

fold) the PP pellet flaking was t a h g  place. 

Multiple hypotheses have been made regarding the possible causes for the PP pellet 

flaking in rotational molding. The major dilemma was between two of them. The first 

hypothesis was based on the possible influence of the rotation of the mold during rotational 

foam molding (e.g. gravity or centnfùgal force). The second was based on the theory that as a 

consequence of the compounding, the polymer chahs become oriented in the direction of the 

extrusion and the subsequent M e r  stretching of the extrudate string while it passes through 

the cooling bath prior to pelletization. As a result of this chah orientation and the deformation 

memory of the material, while being exposed to a temperature gradient the pellets tend to 

shrink in the longitudinal axis in order to stretch in a direction perpendicular to the axis, 

thereby transfonning their shape into a flake-like form. 

In order to prove or rejected either of the hypotheses, expenments were conducted by 

heating the "re-compounded" pure PP resin pellets on a non-rotating flat surface. The 

obtained results of these expenments were again absolutely consistent, Le., the pellets 

originating fiom each of the four participating PP resins were flake again. This result was 

convincing enough to reject the first hypothesis. Although, it did not prove the second 

hypothesis there are reasons to believe that it is correct. 

Conclusive Remark. Since there was not any CBA in the PP pellets, it was therefore 

conciuded that this pellet-flaking phenornenon is an Uitrinsic characteristic of the PP resins. 

Moreover, it was experimentally proved that PP pellet fiaking is not dependent to whether the 



113 

pellets are rotated or not, but it is simply manifested when exposing PP pellets at elevated 

temperatures. At approximately the same time, it appeared that a feasible improvement 

strategy would be to reduce the PP pellet size, since it would dramaticaily reduce the negative 

effect of the PP pellet flaking on the fomaing results. Therefore, by using al1 16 formulations 

presented in Table 4.6, a new series of 16 different foamable PP compositions with decreased 

pellet size have been compounded. The average pellet size of the new compositions was 

between 3 1-33 pellets per gram, which is almost half of the previous PP pellet size. Table 5.2 

presents these compositions. 

5.4.2 Temperature Profiles 

By using the foamable PP compositions with a reduced pellet size, and by using the 

thennocouple inserted in the center of the mold via the hollow shafi, time-temperature profiles 

were recorded for various foamable PP compositions. The temperature was rneasured at the 

center of the mold while processing the materials at T,,, = 300 OC, and it was recorded by 

using a special acquisition device for temperature data. The duration of the rotational foam 

molding heating cycle for the temperature profile data acquisition expenments was 30 min, 

while the mold cooling cycle was 10 min long. Since the selected sarnpling interval was only 

0.5 seconds long, the obtained temperature profiles with respect to the elapsed processing time 

possess a high level of accuracy. Figures 5.10 to 5.13 illustrate the effect of the foarnable PP 

formulation, i.e. the presence of Zn0 and the desired VER (defined by the amount of Celogen 

AZ-3990 and the shot size) on the temperature profile in rotational foam molding, for each 

basic PP resin carrier, respectively. Similarly, Figures 5.14 to 5.17 illustrate the effect of the 

material viscosity on the temperature profiles during rotational foam molding. 
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The critical heating rate in rotational foam molding, is the heating rate at the intemal 

mold surface, since it is in an intimate contact with the k t - r o w  pellets. If it is too hi&, it can 

cause premature decomposition of the CBA in respect to pellet sintering, which was observed 

in the foaming experimental results with hi&-viscosity compositions. By using the 

temperature profiles, it become possible to determine the heating rate inside the mold during 

the rotational molding experiments for each foamable PP composition, which was previously 

unknown. This is a sufficiently good input information in order to estimate the temperature at 

the mold intemal surface, since its direct measurement in a continuous manner is not possible 

with the present experimental setup. 

By carefùlly analyzing the time-temperature profiles, heating rates in the range of 15 to 

30 "C/min have been associated with the rotational foam molding process at T,, = 300 O C .  

The greatest heating rates occur during the CBA decomposition. The sudden temperature 

peaks, shown on the temperature profiles, represent these heating rates. These peaks are 

caused by the self-heating effect of the Celogen AZ-3990 dunng decomposition due to its 

exotherrnic nature. Another benefit of the temperature-profiles is the possibility to acquire 

information of the approximate time and temperature of Celogen AZ-3990 decomposition 

during the rotational foam molding process by analyzing the location of the temperature peaks 

on the plots. 

For successfbl ce11 coalescence suppression in low-viscosity foamable compositions it 

is important to reduce the temperature of the melt while keeping the proper sequence of events 

(sintering pnor to CBA decomposition) inside the mold unchanged. Therefore, both sintering 

and decomposition should be provoked to happen earlier - at lower temperatures of the melt. 

Since direct control of the sintering temperature of the PP pellets is impossible, increasing the 

content of CBA activator in the PP pellets to lower decomposition temperatures proved to be a 
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feasible direction towards solving the ce11 coalescence problem and improving the ce11 

structure of foams produced fiom low-viscosity resins. In Section 4.3.2, it was shown that the 

onset decomposition temperature of the CBA decreases with the increase of activator 

concentration at higher heating rates. Therefore, in order to be able to control the temperature 

of the melt, accurate data for the decomposition onset temperatures for the first-row pellets 

with various activator concentrations are needed. The temperahue profiles can be a very 

useful tool in accomplishing this objective. Also, reducing the oven temperature in order to 

reduce the temperature gradient in the melt and thereby avoid unnecessary overheating of the 

melt near the wall seems to be useful. This is so because ce11 coalescence can be locally 

severe (near the mold wall), while the temperature of the rest of melt volume is significantly 

bwer t h n  Tcod,,,,,,. 

5.5 Proposa1 for Process Modification #1 

As a result of the findings presented in the previous sections, a feasible concept for a process 

modification proposai became available. It will be thoroughly described in the sections that 

follow. 

5.5.1 Temperature Constraints in Fine-ce11 PP Foaming 

Ideally, the properties of the foamable PP pellets should be designed in such a way to 

adequately correspond to the temperature changes during the rotational foam molding cycle. 

On the other hand, the process control mechanism should be capable of keeping the process 

parameters within the boundaries of the processing window determined by the respective 

temperature constraints, thereby maintainhg a proper order of the sequence of thermal events 

inside the mold. The analysis of the previous experimental results and the conducted 
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experiments related to the pellet fiaking phenornenon and the temperature profiles clarified 

significantly the nature of the events o c c h g  inside the mold during the rotational foam 

molding cycle. Therefore, before proposing a strategy for improving the process, it would be 

useful to analyze the temperature constraints that it is govemed by. 

In any plastic processing operation, the thermal degradation temperature of the resin is 

the upper heat-history limit that the resin is allowed to sustain in the course of processing. 

Accordingly, the processing temperature during rotational foam molding should not exceed the 

temperature of the PP resin's thermal degradation in any given t h e  and in any given location 

throughout the mass of the foamed article. Since in rotational foam molding, the highest 

temperature the polymer is exposed to is the one occumng at the interface of the intemal mold 

surface and the resin, the temperature at this location is cntical with regards to polymer 

thermal degradation. Therefore, the time-temperature relationship must be properly balanced 

so that the foamed article can be obtained without resin degradation [75]. Also, a non- 

adequate temperature range, over which the CBA decomposes, is often the reason for reaching 

the thermal degradation temperature during processing resins in rotational foam molding. This 

is the case when the decomposition temperature range of the CBA is much higher than the 

processing temperature of the polymer (see Section 3.4.3). As a consequence, either the CBA 

will not fully decompose during processing, or the polymer temperature will have to be 

increased to a point where the polymer may degrade or its viscosity may become too low to 

allow stable bubble formation [7]. Since this generai overall plastic processing temperature 

constraint appües to the rotational foam molding process as well, it can be expressed by the 

relationship presented in Equation 5.1. 

Tprocessing (foaming) < Tfie-1 degradation 



On the other hand, in general, if the CBA decomposes at a temperature substantially 

below the melting or softening temperature of the plastic, the generated gas will be lost [7]. 

Accordingly, in the proposed process, if the CBA decomposition takes place earlier than the 

sintering of the pellets, most of the released gases will be lost through the mold vents and a 

very poor foam structure will be obtained. 

In conventional rotomolding, sintering is cornmonly dehed  as the formation of a 

homogeneous melt from the coalescence of powder particles under the action of the surface 

tension 1761. By analogy, sintering in the proposed compounding-based rotational foarn 

molding process can be defined as the formation of a homogenous melt fiom the coalescence 

of the pellets. The time required for the completion of pellet coalescence controls a major part 

of the heating time in the molding cycle. 

Since the proposed process is intended for producing fine-celled PP foams, any 

excessive loss of the blowing gas can result in obtaining unsatisfactory cellular structures. 

Therefore, the pellets have to sinter before the CBA starts to decompose, and thereby prevent 

the unwanted gas loss. Thus, timely sintering of the foarnable PP pellets is fundamental for 

obtaining fuie-celled PP foarns in compounding-based rotational foarn molding. 

The above reasoning clearly indicates that to ensure proper sintering timing, the CBA 

must have a higher onset temperature of decomposition than the sintering temperature of the 

pellets. Thus, the relationship between the pellet sintering temperature and the CBA 

decomposition temperature, presented in Equation 5.2, is a fine-ce11 foarn processing 

constraint. However, the relationship presented in Equation 5.2 cm be considered as a h e -  

ce11 foam CBA selection constraint. 
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Ideaily, the CBA should start releasing gases immediately after the completion of pellet 

sintering. Othexwise, Le., if the initiation of the CBA decomposition in relation to sintering is 

delayed, the temperature of the polymer will rise unnecessary which will decrease its viscosity, 

decreasing thereby its melt strength, which is not favorable for the foaming process. 

To ensure the proper order of these thermal events, the CBA decomposition has to be 

triggered by a greater temperature than the temperature needed for complethg the pellet 

sintering. This makes obvious the need for the processing temperature to be also greater than 

the decomposition temperature of the CBA. Such a relationship between the temperature of 

CBA decomposition and the processing temperature in rotational foam molding is, in fact, an 

additional fine-ce11 foam processing constraint. It is presented in Equation 5.3. 

TCBA decomposirion < Tpmcasing (foaming) (5-3) 

On the other hand, in processing fine-ce11 PP foarns, there is also an upper temperature 

limit (lower than the poiymer thermal degradation temperature) that determines how high the 

processing temperature in rotational foam molding of PP can be elevated without detenorating 

the final quality of the foamed structure. The temperature of ce11 coalescence govems this 

limit. Since the low melt strength is a common charactenstic applicable to PP resins, the ce11 

structure of PP foams cm be easily degraded by ce11 coalescence. Ce11 coalescence is causing 

formation of big bubbles and therefore is not desired in foaming (see Section 2.5.2). It is 

therefore strongly required the processing temperature to be kept below the temperature of 

coalescence at any given time. This is the reason why the prevention of ce11 coalescence is an 

extremely important issue in PP foam processing. Accordingly, the relationship between the 

temperature of coalescence and the processing temperature, expressed in Equation 5.4, 

presents another foam processing constraint. 

TProcessïng ( foaming) Tcoaiacense 
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Equation 5.5 summarizes the relationships between al1 the temperature constraints in 

rotational foam molding discussed before, and clearly sets the boundaries in which the 

processing temperature should be kept by an adequate process control in order to fulfil the 

basic requuements for fine-ce11 PP foam production in rotational foam molding. 

Tsinrering < TCBA decamporirion < Tpiofessing (foaming) < coalescmce < &hem1 degradation (5-5)  

5.5.2 Desired Sequence of Processing Steps for Fine-ce11 PP Foaming 

As a way of achieving a fine-ce11 foam structure by using PP pre-compounded pellets in 

rotational foam molding, a special sequence of processing steps should be maintained. The 

ideai case, e.g., the most preferred sequence of foam processing steps is illustrated in Figure 

3.6 (see also Figure 5.18). 

Step #1: Mold charging. At cycle time b=O, a measured amount of decomposition- 

fiee pre-compounded foamable PP pellets, which include uniformly distributed CBA particles, 

should be charged into the mold. The mold is then closed, rotated, and heated in the oven. 

Step #2: Polymer Sintering. At cycle time ti (ti > tu) because of the temperature 

gradient, the pellets should gradually begin to sinter. If sintenng was good, a continuous 

polymer matrix should be formed as the final sintenng stage of the polymer, at cycle time t2 (t2 

> ti), shortly prior to the commencement of the decomposition of the CBA. 

Step #3: CBA Decomposition. At cycle time t3 (t3 > t2), the temperature of the melt is 

M e r  increased and reaches the decomposition temperature of the CBA. This is the moment 

when the CBA particles dispersed in the molten polymer ma& should start to decompose and 

generate gases. 

S tep #4: Poiyrner Foaming. Cell Nucleution. Simultaneously with the decomposition 

of the CBA particles, at cycle time t3, as a consequence of the generated gases in the vicinity of 
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the CBA particles, bubbles begin to appear. This is how ce11 nucleation sites are created. The 

distribution of the ce11 nucleation sites follows the distribution pattern of the CBA particles. 

This fact shows once again that good dispersion of CBA is crucial for fine-ce11 foaming. 

Ce11 Growth. At cycle time t4 (t4 > t3), once the ce11 nucleation has started, cells 

continue to grow until the CBA gas-generation ability is exhausted. Lowering the processing 

temperature at this stage of the process is a common strategy to preserve and maintain higher 

melt strength of the foaming PP resins, and thereby suppress ce11 coalescence. 

Step #5: Polymer Solidifying. The cooling cycle begins immediately after the heating 

cycle is completed. Because of the cooling action, the polyrner freezes. The actual moment of 

&ezing is always delayed for a certain period of time relative to the moment when the cooling 

is applied. This tardiness has been attributed to the delayed nature of thermal conductivity of 

the polymer. 

Step #6: Molded Article Release. The mold is opened and the part is removed. 

5.5.3 Process Modification #1 

The process diagram presented in Figure 5.19 illustrates the proposed process modification for 

improving the compounding-based rotational foam molding process for producing fie-ce11 PP 

foams that was presented in Chapter 3. It basically concems the foam production stage by 

introducing new processing steps under the condition of reducing the pellet size (3 1-33 pellets 

per gram) in the pellet production stage. It is based on the temperature constraints for fine-ce11 

PP foaming presented in Section 5.5.1. The success of the modified process will depend on 

how well the irnplemented process control during rotational foam molding is capable to 

approximate the processing steps presented in Section 5.5.2. 
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55.4 Experimental Verifîcation of Process Modifi~cation #1 

A typical illustration of the development of the PP foam over t h e  in rotational foam molding, 

obtained from the experimental parametric search by using the modified process for one 

foamable PP composition, is presented in Figures 5.20-5.22. Numerous series of experiments 

of this kind have been perfomed on the foamable PP resins presented in Table 5.2 by 

following the process diagram presented in Figure 5.19 and the temperature profiles presented 

in Section 5.4.2 as well as the experimental procedure presented in Section 4.7. As a result of 

this extensive experimentation, significant improvement of the ce11 morphology has been 

achieved. The overall best results are presented in Figure 5.23. Thereby, the modification has 

been experimentaly proved to be valid. 

The expenmental results revealed a significant advantage in achieving the desired ce11 

size and expansion unifomity in foams obtained by processing the highest-viscosity foarnable 

PP composition, based on PF633 (MFR = 5.5 dghin) without the presence of Zn0 when 

using 6-fold resins for 3-fold expansion (see Figure 5.23 for P 1 13P). This is explained by the 

higher melt strength of PF633 and by the fact that when high-viscosity resins are used the 

foarning process is dominated by sintenng, which indicates that the presence of Zn0 would 

only induce the aiready early decomposition of Celogen AZ-3990 to take place even earlier. It 

is also important to note that by using a 6-fold resin for 3-fold expansion the amount of CBA 

is more than double (1.83% relative to 0.73%). This indicates that the theoretically calculated 

amount of CBA for 3-fold expansion is low due to the unaccounted loss of blowing gas 

through the mold's vent during processing. However, the results obtained by the similar 

foamable PP resin containing lûphr Zn0 are satisfactory as well, due to the low concentration 

of Zn0 that cannot influence dramatically the onset decomposition temperature of Celogen 

AZ-3990. 



5.6 Process Modification #2 

As a logical consequence of the significant improvement of the foams produced in the 

modified compounding-based rotational foarn molding process by using foarnable PP 

compositions with a reduced pellet size, came the proposa1 for regrinding the foamable PP 

pellets pnor to charging the mold. The process diagram presented in Figure 5.24 illustrates 

this modification of the process. 

The foaming mechanism of reground foamable resins in cornparison to the same resins 

in pellet form has been investigated by using a see-through mold and by reviewing the 

videotaped process. The pictorial view of the experimental equipment with the see-through 

mold is presented in Figure 5.25. The flaking phenomena almost disappeared when using 

reground foarnable resins. This indicated that m e r  improvements of the ce11 morphology 

cm be achieved. 'ïherefore, a limited experimental parametric search (by ushg only Pl 13P) 

was performed. The improved ce11 morphologies obtained nom the experiments using 

reground foarnable Pl 13P are presented in Figure 5.26. 

It is important to note that this modification of the compounding-based rotational 

molding process is with limiied applicability because it is valid only for producing skinless 

foams. If foarn with a distinct skin is needed, the foarnable resin must be introduced in the 

mold in a pellet fonn. 



CONCLUD~NG REMARKS AND FUTURE WORK 

6.1 Concluding Remarks 

Since to date compounding based rotational foam molding production of PP articles has not 

been reported, the research presented in this thesis paves the way towards developing a new 

technology for rotational foarn molding of PP. The presented process is also significant 

because it proves that acceptable PP foarns cm be produced without cross-linking. Another 

advantage of the process is the fact that, except the rotational foam molding trials, al1 

experimentation has been conducted by using industrial full-scale equipment. This indicates 

that for industrial implementation of the process a minor modification of the rotational foam 

molding processing parameters would be necessary. 

The main benefit of the melt compounding approach is the thorough and unifon 

dispersion of the CBA into the PP matrix, which cannot be achieved by using the dry-blending 

technique. Another benefit is the reduced sensitivity on powder quality inconsistencies. Since 

the pre-mixed blend is being remelted, remixed and reshaped into pellets during compounding, 

the negative effects that might have been caused by the inconsistencies in powder quality in 

tems of particle size and shape are being removed. 

The properties of the pre-compounded pellets are consûaïned by the required ability to 

foam while being heated and to expand to a predetermined volume by forming a uniform fine- 
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ce11 PP cellular structure while foaming. Therefore, the ideal peUet should be appropriately 

sized and should contain a suscient amount of inactivated CBA particles cornmensurate with 

the required VER, which is thoroughly and uniforrnly dispersed among the other additives, if 

any, throughout the polyrner matrix at inter-particle distances of less than 50 micrometers. 

The foaming process of high-viscosity foamable PP pellets is govemed by sintering. 

Pnor to modifjmg the initially proposed process, it was characterized by the early 

decomposition of the CBA, the late sintering of the PP pellets and the big-celled foam tuially 

obtained. 

in contrast, the foaming process of lower viscosity PP pellets is govemed by ce11 

coalescence. Prior to modifjmg the initially proposed process, good sintering, that occurred 

prior to the decomposition of the CBA and severe ce11 coalescence at long processing times 

were observed from the expenmental results obtained using low-viscosity PP pellets. 

It has been shown in this thesis that the sintering timing in rotational foam molding of' 

compounded foamable PP pellets directly depends on the viscosity of the basic PP resin, the 

size of the pellets, the VER, and the shot size. 

If the foam structure is govemed by sintenng, the approach for obtaining the proper 

sintenng sequence and thereby improving the foam structures in rotational foam molding of 

pre-compounded PP pellets include reducing the viscosity of the PP resins used, reducing the 

pellet size, decreasing (or eliminating) the activator amount and lowering the heating rate. 

By contrast, if the foam structure is governed by ce11 coalescence, another approach is 

needed. It would be necessary then to introduce an activator, or increase its amount if already 

introduced, during pellet compoundhg in order to decrease Tpmwiw, and thereby prevent ce11 

coalescence. But, CBA pre-decomposition problems cm be encountered during compoundhg 

such formulations if more than 50phr Zn0 is used. 
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The first-proposed process modification, which implementation improved significautly 

the process and the ce11 morphology of the produced PP foams, was based on the above 

conclusions, while the second-proposed process modification was denved fiom it. It also 

improved the results, but has a Limited industrial application. 

6.2 Future Work 

6.2.1 Alternative High-viscosity PP Resins 

Since the viscosity of the resin is an advantage in PP foaming, it would be desirable to 

experiment with other PP resins having a higher viscosity than PF633 although sintering 

problems would be possible. 

6.2.2 Temperature Map 

Based on careful analysis of the obtained rotational foam rnolding experimental results and the 

respective time-temperature profiles, a temperature map describing the sintering to 

decomposition timing for a wide range of resin viscosity should be consûucted. It should be 

expected that such a temperature map would confirm the hypothesis that using amounts of 

more than 10 plu of activator arnount for any PP resin viscosity will not be desirable because 

of provoking a too early CBA decomposition in both PP compounding and PP foaming. 

6.23 Appropriate CBA Amount 

In compounding-based rotational foam molding, the gas yield of the CBA, its concentration in 

the pellets and the shot size determine the attainable VER. As mentioned earlier, the rotational 
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foam molding is a low-pressure (atmosphenc) process, therefore a portion of the generated 

gases during the decomposition of the CBA wiU be inevitably lost through the mold vents. 

Consequently, to satis@ a given volume expansion ratio and achieve foarn-filling of the entire 

fiee volume of the mold, the amount of CBA introduced into the polymer should be greater 

than the theoretically needed in order to be able to compensate for the gas losses that will 

occur during foaming. 

Describing the relationship between the various levels of CBA concentration in the 

pellets and the practically achieved volume expansion ratio is not a trivial task. In order to be 

able to predict by how much the theoretically needed concentration of CBA in the pellets 

should be increased to account for the gas losses and achieve a predetermined VER an 

experirnental approach would be needed. 
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Figure 2.4: Schematic of the Open-flame Mold Heating Concept Applied 
on a Rock and Roll Rotomolding Machine 
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Figure 2.5: Schematic of a Hot-oil Jacketed Mold Heating System 



Figure 2.6: Schematic of a Hot-air Recirculating Oven 



Figure 2.7: Schematic of a Box Oven Rotomolding Machine 
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Figure 2.8: Sbuttle-style Rotomolding Machine Principle of Operation 



Figure 2.9: 3-arm VerticaCstyle Rotomolding Machine Priaciple of Operation 
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Figure 2.10: Typical Schematic of a Four-fixed-arm Rotomolding Machine 
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(a) Heating cycle 
(b) Coolhg cycle 
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Figure 2.12:Detailed Independent-arm Rotational Molding Machine Principle of Operation 

Arm 1 completed the oven cycle, while arm 2 loading operation is not 
completed yet. 
Arm 1 erits the oven and begins the cooling in the holding station. 
If loading completed, a m  2 enters oven and starts cycle. If ready, arm 3 
moves to loading station. 
If cooling completed, arm 4 moves to uiloading station. Arm 1 enters 
cooling station. 
Machine is ready to repeat automatic sequence. 
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Illustration of U.S. Pat. No. 4,952J5O (8/1990) 

The container for the foamable resins in closed position 
inside the mold held together by adhesive tape strips. 
The container in open position after the adhesive stripes 
have sofiened and the foamabk charge bas been released 
inside the mold. 
Optional design. A plastic bag that releases its foamable 
content after being niptured by the elevated temperature 
during the rotational molding cycle. 

(Source: IBM Patent Server) 



Figure 2.17: Types of Polymer Structures 
(a) Thermoplastics 
(b) Thermosets 
(c) Elastomers 
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Figure 2.18: Polymerization Reactions 

(a) Addition polymerization 
@) Condensation polymerization 
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Figure 2.19: Schematic of the Chemistry of Polypropylene Preparation 



Figure 2.20: Schematic of Linear and Branched Types of Addition of the 
Propylene Monomer to the Growing PP Chain 

(a) Linear 
(b) Branched 

(Symbols: Big Circle = Carbon Atom; Small Circle = Hydrogen Atom) 



Figure 2.21 : Branched PP 

(Symbols: Big Circle = Carbon Atom; Small Circle = Hydrogen Atom) 



Figure 2.22: Schematic of Head-to-tail and Tail-to-tail Types of Addition of the 
Propylene Monorner to the Growing PP Chain 

(a) Head-to-tail 
(b) TaiCto-tail 

(Symbols: Big Circle = Carbon Atom; Small Circle = Hydrogen Atorn) 



Figure 2.23: Schematic of Same Hand and Opposite Hand Side Types of Addition of 
the Propyleoe Monomer to the Growing PP Chain 

(a) Same band 
@) Opposite hand 

(Symbols: Big Circle = Carbon Atom; Small Circle = Hydrogen Atom) 



Figure 2.24: Schematics of Various PP Chain Geometric Forms 
(a) Isotactic PP 
@) Syndiotactic PP 
(c) Atactic PP 

(Symbols: Big Circle = Carbon Atom; Small Circle = Hydrogen Atom) 
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Figure 2.25: Important Copolymer Formulations 

(Symbols: Black Rectangle = Monomer A; White Rectangle = Monomer B) 
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Figure 3.1: Detailed Process Diagram of the Proposed 
Compounding-basd Rotational Foam Molding Process 

for Producing Fine-cell PP Foams 



Figure 3.2: Typical Screw Arrangements in the Plasticating Zone of a Twin- 
screw Co-rotating Compounder 

Left-band screw 
Righbhand kneading block, left-band screw 
Right-hand kneading block 
Large-pitch left-hand screw 
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Figure 3.3: Typical Scbematic of an Intermeshing Co-rotating Twin-screw Extruder 
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Figure 3.4: Typicat Schematic of a Grinding Head 
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Figure 3.5: Typical Schematic of a High Speed Mixer 



Figure 4.1: The Grinding Equipment Used To Pulverize the PP Resins 
(a) Grinder: uWed~o", Mode1 No. SE42 SP 
@) The static and the rotathg grindhg plates 
(c) The obtained PP powder 



Figure 4.2: The Hi 
(a) Hb 
@) T h  



Figure 4.3: The Intermeshing Co-rotating 1 

(a) Intermeshing co-rotating twu 
Type: ZSK-30 

@) The extrudate exiting the exti 
(c) Typical Mn-screw extruder r 



Figure 4.4: The PeIietizer Used 

(a) Pelietizer: uAutomatic Apparate Machinenebad', Type: ASG 100 
@) View of the peUetizer9s cutting head entrance 



(a) Mold Heating Step 

Mold Watcr 

(b) Mold Cooling Step 

Figure 4.5: Schematic of the Uni-axial Lab-scale Rotational Foam Molding 
Machine Used for Rotational Foam Molding Experimentation 



Figure 4.6: The Lab-scale Uni-axial Rotational Molding Machine 
Used for Rotational Foam Molding Experimentation 



Figure 4.7: The Cylindrical(4" x 1.25") Mold 
Used for Rotational Foam Moldiiig Experimentation in Open Position 
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Figure 4.9: Transition Temperatures of SD812 (pure as supplied) at 10 'Clmin 
by DSC Thermal Analysis: T = 163.8 O C ,  Tc = 127.2 O C  and Tc=-20.5 O C  
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Figure 4.10: Transition Temperatures of MT4390 (pure as supplied) at 10 OClmin 
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Figure 4.11: Transition Temperatures of SDM2 (pure as supplied) at 10 OCfrnin 
by DSC Thermal Analysis: TM = 164.5 O C ,  Tc = 132.4 O C  and Tc =-20.7 O C  
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1 Temperature 1 
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Total Effect: The Onset 

I I Decomposition Temperature 
of the CBA Increases 

Figure 4.15: Effect of the Heating Rate on the CBA Onset Decomposition Temperature 

(a) Exotbermic CBA (Celogen AZ-3990) 
(b) Endothermic CBA 



Figure 4.16: Various Stages of a Rotational Foam Moldhg 
Experiwnt 

(a) Charged mold mounted on the rotating shaft 
@) Mold insertion into oven 
(c) Rotational foam molding 
(d) Mold ewling 



(PlOlP) b,= I l  min (PlOlP) $,, = 12 min 

(PlOlP) 6, = 13 min (PlOlP) b= 14 min 

(PlOtP) b= 15 min 

Figure 4.17: Foam Morphologies of PlOlP (6x6 Toven = 300 O C )  

Magnification = 2ûûY0 



(P303P) t,, = 12 min (P303P) t,,, = 12.5 min 

(P303P) t,-= 14 min 

= 13.5 min 

Figure 4.18: Foam Morphologies of P303P (6x6 Toven = 300 O C )  
Magiillieation = 200% 



(Pd0 1 P) 5, = 9.5 min 

(P401P) t,,, = 10.5 min 

(P401P) b, = I l  min 

Figure 4.19: Foam Morphologies of P401P (6x6 Toven = 300 OC) 
Magnification = 200% 



(P404P) 6, = 12 min 

(P4û4P) t,,, = 14 min (P404P) $, = 14.5 min 

(P404P) = 16 min 

Figure 4.20: Foam Morphologies of P404P (3x3; Toven = 300 O C )  

Magnification = 200Y0 



(P403P) $== 14 min 

Figure 4.21: Foam Morphologies of P403P (6x3; Toven = 300 OC) 
Magnifieation = 200% 



Figure 5.1: SEM Micrograpbs of Fractured Samples 
of PF633-based Compositions 

(a) Pure PF633 rein as suppUed 
@) Compounded pure PF633 
(c) PF633+0.73% Celogen f i 3 9 9 0  
(d) PF633+1.83% Celogen AZ-3990 



Figure 5.2: SEM Micrographs of Fractured Samples 
of SD8l tbasd  Compositions 

(a) Pure SD812 rein as supplieci 
(b) Compoundeâ pure SD812 
(c) SD812+O.'IJ% Celogen AZ-3990 
(d) SD812+1.û3% Celogen AZ-3990 



Figure 53: SEM Micmgraphs of Fractured Simples of 
MT4390-based Compositions 

(a) Compounded MT4390 
@) MT4390+0.73% Celogen AZ-3990 
(c) MT4390+1.83% Celogen AZ-3990 

(Note: MT4390 was supplied in a powder form. Therefore, SEM images of the 
pure resin are not available.) 



Figure 5.4: SEM Microgrphs of Fracturd Simples of 
SD242-based Compositions 

(a) Compounded SD242 
@) SD242+0.73./0 Celogen AZ-3990 
(c) SD242+1.83% Celogen AZ-3990 



Figure 5.5: Isolated Particles of Celogen AZ-3990 in Various PP Compositions 

(a) PF633 
(b) SD812 
(c) MT4390 
(d) SD242 



CObdDOUNOEo PELLE? 

NON.UNLPORM DlSPeRSlOH OF CEA FO AM' 

1 

Figure 5.6: Morphology Change in Rotational Foam Molding of 3-fold Expanded Foams 
Using dfold Pellets 

(PlOlP=PF633+1.83%CeIogea AZ-3990+10phr ZnO) 



(tP,,=l 1 min) (tp,=12 min) (t,,l3 min) 

Figure 5.7: Sintering Stages in a 3-fold Experiment (Tom = 300 OC) 
[3-fold Experiment Using dfold Pellets (PlOlP)] 



HONJJNFORM DISPERSON OF CBA 

ROTA'FION 

LOOSE PELLETS 

NON.SIKIERED PELLETS 

Figure 5.8: Morphology Change in Rotational Foam Molding of Cfold Expanded Foams 
Using Qfold Pellets 

(PlOlP=PF633+1.83%Celogen AZ399WlOphr Zoo) 



(tproC=l 1 min) (t,,,=12 min) ( tpn~13  min) 

Figure 5.9: Sintering Stages in a dfold Erperirnent (Town = 300 OC) 
[dfold Erperiment Using dfold Pellets (Pl01 P)I 



Figure 5.10: Effect of Z n 0  and VER (Celogen AZ-3990 amount and shot sue) 
on the Temperature Prolle of PF633-based Compositions 

Du ring Rotational Foam Molding 



Overlay of Temperature Profiles of SD812-basd Compositions 

Rotiionaly Foam Molded rit T,, = 300 O C  1 

OQ00.0 û4:W.O 08:OO.O I2:ûO.O 16:OO.O 20:oO.O 24:OO.O 28:ûû.O 32:oO.O 36:ûO.O 40:OO.O 

Pr~cssing Timc [min:sccl 

Figure 5.1 1: Ef'fect of Z n 0  and VER (Celogen AZ-3990 amount and shot size) 
on the Temperature Profile of SD812-based Compositions 

During Rotational Foam Molding 



Overlay of Temperature Profiles of MTU9o.ûased Compmldons 
Rotationdy Foam M o l d d  at Ta, = 300 'C 

00:Oo.O 04:OO.O 08:OO.O L2:OO.O 16:Oo.O 20:Oû.O 24:OO.O 28:Oû.O 32:OO.O 36:OO.O 40:OO.O 
Processing Timc (min:secl 

Figure 5.12: Effect of Zn0  and VER (Celogen AZ-3990 amount and sbot sue) 
on the Temperature Profile of MT439Cbased Compositions 

During Rotational Foam Molding 



Ovcrlay of Ttmperaturt Profila OC SD242-bascd Compositions 
Roîaîionaly Foam Moldeâ at T,,,=300 OC 

Figure 5.13: Effect of Zn0 and VER (Celogen AZ-3990 amount and shot size) 
on the Temperature Profile of SD242-based Compositions 

During Rotational Foam Molding 



Temperaîurt Prolües Overlay of PF633, SDBl2, MT43W and SD242 Compositions Contrining Zn0 
Formuiatd and Uscd for 6 t i m c ~  Volume Erpuwion In Rotationri Foam Molding rt T,, = 300 O C  1 

Figure 5.14: Effect of PP Composition Carrier (material viscosity) on 
Temperature Profiles of Compositions Containing ZOO, 

Formulated and Used for dfold Expansion 
in Rotational Foam Molding at T,, = 300 O C  



Temperature Proilles Ovtrlay of PF633,S0812, MT4390 and SD242 Compositions 
Formulaicd and Urcd for btimes Volume Expansion in Rotadonil Foim Molding at T,,, = 300 OC 

- . . _ : _  

- PF633 (P 1 13P, 6% for 6x, 12g) 

S D 8 I 2  (PZl3P, 6x for 6x, 12g) 

- M T W O  (P3 13P. 6~ for 6x, 12g) 

00:OO.O 04:OO.O O8:OO.O 12:OO.O l6:OO.O 20:OO.O 24:OO.O 28:OO.O 32:OO.O 36:OO.O 4O:OO.O 

Ptocessing Time lmin:sccl 

Figure 5.15: Effect of PP Composition Carrier (material viscosity) on 
Temperature Profiles of Compositions 

Formulated and Used for dfold Expansion 
in Rotational Foam Molding at Twen = 300 O C  



Temperature Prollla Ovcrlay of  Pf633, SD812, MT4390 and SD242 Compositions 
Formulated and Used for 3-timc~ Volume Expansion in Rotational Form Molding at T,, = 300 OC 1 

S D 2 4 2  (P4I JP, 3x for 3x, 24g) 
+Ch -i --- 

-Io Y 
00:OO.O 04:OO.O 08:OO.O 12:ûû.O 16:OO.O 20:oO.O 24:Oû.O 28:OO.O 32:OO.O 36:OO.O 40:OO.O 

Processing Time (min:sec J 

Figure 5.16: Effect of PP Composition Carrier (material viscosity) on 
Temperature Profiles of Compositions 

Formulated and Used for 3-fold Expansion 
in Rotational Foam Molding at Tm. = 300 OC 



r 

Temperature ProlüeJ Ovcrlay of PF633, SD812, MT4390 and SD242 Compositfons Formulotcd 
Cor btimes and Uscd Cor 3-timcr Volume Expansion in Rotadonal Foam Molding at T,,,, = 300°C -. 

00:OO.O 04:OO.O 0S:OO.O 12:OO.O 16:OO.O 20:Oo.O 2 4 0 0 . 0  28:OO.O 32:OO.O 36:OO.O 40:OO.O 

Proccssing Timt Imin:secl 

Figure 5.17: Effect of PP Composition Carrier (Material Viscosity) on 
Temperature Profiles of Compositions 

Formulated for Cfold and Used for 3-fold Expansion 
in Rotational Foam Molding at Twm = 300 O C  



Mold ' FOID' 

Mold 

Mold 

Figure 5.18: Desired Sequence of Events in Processing Fine-cell PP Foams in 
Compounding-based Rotational Foam Molding (Ideal Case) 



PP Raia in Pdlet Form 

Xklt Compounding w 
Pellet Production Stage 

Rotationrl Foam Xldding 

Foam Production Stage 

Figure 5.19: Detailed Process Diagram of the Modfied 
Compounding-based Rotational Foam Molding Process 

for Producing Fine-eell PP Foams 
(Modüleation #1) 



(Pl 1 IP) t = 9min (Pl 11P) t = 9.5 min 

(Pl 11P) t = 10.5 min 

(P111P) t =  llmU1 (Pl 1 lP) t = l2min 

Fi y n 5.20: Pl1 l P  Paramehic Search (9-12 min) 
W=12g; Toven=3OO O C ;  Mold RPM=17.5 

(Composition Formulated for dfold and Used for dfold Expansion) 
Magnification : 200% 



(Pl I1P) t = 13 min 

(Pl 11P) t = 15 min 
(Pl 11P) t = 16 min 

(Pl 11P) t = 17 min (P111P) t= 18 min 

Figure 5.21: P111P Parametrie Search (13-18 min) 
W=l2g; Toven=300 O C ;  Mold RPM=17.5 

(Composition Formulated for 6-fold and Used for dfold Expansioa) 
Magnilieation : 200% 



(PI 1 IP) t = 19 min (Pl f 1P) t = 20 min 

Figure 5.22: Pl  11 P Parametric Search (19-20 min) 
W=12g; Toven=300 O C ;  Mold RPM=17.5 

(Composition Formulated for dfold and Used for dfold Expansion) 
Magnification : 200% 





Figure 5.24: Detailed Procesr Diagram of the Modiüed 
Compounding-based Rotational Foam Molding Prwess 

for Producing Fine-eell PP Foams 
(Modifîcation #2) 



Figure 5.25: Pictorial View of the Experimental Setup Using a See-tbrough Mold 



Figure 5.26: Cell Morphologies of Foams Produced by Process Modification #2 
(P113P Reground) t = 22 min (6x3) 

Tor, = 300 O C ;  Mignification = 200% 



Table 3.1 : Chernical Blowbg Agents and Typical Peak Decomposition 

# 
rypical Peak 

rdccomposiiion OC 

- 

Blowing Agent 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
15 
16 
17 
1 8 
19 
20 
2 1 
22 
23 

Diazoaminobeazene 
Benzene sulfonic acid hydrazide 
N,Nt&ethyl-N,N1-dinitrocerephchalamide 
Azobisisobutyronitnle 
Tetramethylene dinitrosodimethyl~~ethane 
p,p-Oxybis (N-aitroso-N-methyl) benzenesulfonamide 
Urea-biuret (33:67) 
beta-Naphthalene sulfonic acid bydrazide 
Sodium bicarbonate-citric acid (4:3) 
Sodium bicarbonate-melamine (955)  
Benzene-1,3 -dlsul fonic acid dihydrazide 
1,6-Di-n-decyl azobisformamide 
Diphenyl-4,4'-di(sdfony1 azide) 
Benzene sulfonic acid N-phenyl hydrazide 
Diphenyl sulfone-3,3'-dlsulfonyl hydrazide 
p,pl-Oxybis (benzenesulfonyl hydrazide) 
1,6-Di-phenyl Azobisfomamide 
Dinitrosopentamethylene tetramine 
Azodicarbonamide 
p,pt-Oxybis (benzenesulfonyl sernicarbazide) 
Trihydrazino-sym-tride 
Bisbenzene sulfonylhydrazide 
Barium azodicarboxylate 



Table 4.1: Typical Properties of the PP Resins Used for Experimentation 

T y p i d  Rein Properties 

Density at 23 OC, &rnJ 
Density &mJ 
T m i l e  Stress at Yield, psi (Mpa) 
Trnsile Strength at Yield, at 2"lrnin psi 
Trnsile Elongation at Yield, % 
Flexunl Modulus, 1% S a t  at 0.05 idmin, psi (Mpa 
Fltxunl Modulus, 1% Semnt psi 
Hardness, Rockwell R 

ASTM 
Method 
Dl238 

l ~ e a t  Distorsion Tempemture a 264 psi 'C 1 DM8 
Notched lzod Impact Strength at 23 OC, ft-lbdin (Dm) D256A 
Room Tempenture [ m p m  118" Specimcn 1 ARMSTD 
Drop weight Impact strength at -29 O C ,  fi-lbs (J) I Montell 
Hornopolyrner/Copolymer 
BranchedMon-bmched 



Table 4.2: Physical Properties of Celogen AZ-3990 

1 Phvsical Properties 

l~hemical Composition 

lGas Composition 

l~hvsical Form 

Bulk Densitv 

i ~ v e r a ~ e  Particle Size 

Modified ~zodicarbonamidel 

65% NZ; 24% CO; 5% COz; 5% NH3 I 
220 cc's @ STP 

205-2 15°C 
--- 

Fine, yellow powder 

Somewhat soluble in polyalkylene 
gl ycols and dimethylformamide. 
Relatively insoluble in benzene, 
~thylene dichloride, acetone, and water. 

2.4-3 .O micrometers 



Table 4.3: Activators Recommended for Celogen 
AZ-3990 and Their Effect On Tdnompiitba 

Activator 

Dinitrosopentamethylene 
tetrarnine 
Zinc Oxide 
Silica and zinc oxide 
Urea 

Celogen AZ-1 



Table 4.4: Transition Temperatures of the PP Resins Used for Experimentation @SC) 

PP Resin 

PF633 
SD812 
MT4390 
SD242 

Onset Melting 
Temperature OC 

144.6 
141.3 
152.4 
149.2 

Peak Melting 
Temperature OC 

159.4 
163.8 
160.6 
164.5 

Peak 
Crys tallization 
Temperature O C  

127.2 
127.2 
1 1  1.2 
132.4 

Glass Transition 
Temperahire O C  

-20.4 
-20.5 
-20.5 
-20.7 



Table 4.5: Effect of Zn0  on the Onset Decomposition Temperature of 
Celogen AZ-3990 at Various Heating Rates 

TGA Sample Content 
I 

Celogen AZ-3990 Pure 
Celogen AZ-3990 + 1 Ophr Zn0 
Celogen AZ-3990 + 30ph.r Zn0 
Celogen AZ-3990 + 50phr Zn0 
Celogen AZ-3990 + 1 00Dhr Zn0 

Heating Rate l 

150 'Clmin 
212.1 1 
198.96 
191.29 
190.48 
182.94 

50 O~lmin 
220.37 
207.46 
196.47 
193.82 
190.20 

100 'Clmin 
220.72 
208.98 
194.39 
190.24 
182.79 



Table 4.6: Compouaded PP Pellets (Average pellet size: 16-18 pellets per gram) 

CODE PP Pellet Formulation VER 



Table 5.1 : PP Pellets Compounded for Reference Purposes by Usiig Pure PP Resins 

# 
L 

1 
2 
3 

v 

4 

CODE 
P105P 
P205P 
P305P 
P405P 

PP Pellet Formulation 
PF633 Pure Compounded 
SD8 1 2 Pure Compounded 
MT4390 Pure Compounded 
SD242 Pure Compounded 



Table 5.2: Compounded PP Pellets (Average pellet sue: 31-33 pellets per gram) 

CODE PP Pellet Formulation VER 




