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Abstract of the Thesis 

Shrinkage Behavior of Polystyrene-based Foam Molded Parts Depending on Volatile 

Matter Content and Other Factors 
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Professor Kenneth D. Mease, Chair 

 

Polymer foam materials play a large role in the modern world. Expanded 

polystyrene (EPS) bead foam is a lightweight, low density, and good thermal and 

acoustic insulating material whose properties make it attractive for a number of 

applications, especially as building insulation. However, EPS also experiences post-

molding shrinkage; it shrinks dimensionally from its molded size after processing. This 

means parts must be stored in warehouses until they are considered stable by the 

industry standard, DIN EN 1603. This often takes 11-18 weeks and is thus very timely 

and expensive. This study aims to decrease the post-molding shrinkage time of EPS 

foam by understanding the mechanisms of shrinkage behavior. Samples were split into 

two groups based on their amount of initial volatile matter content and storage 

conditions, then compared to a control group. Based on thermogravimetric analysis and 

gas chromatography with mass spectrometry, the volatile matter content and 
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composition was found to not be the sole contributor to EPS foam dimensional stability. 

Residual stress testing was done with the hole drilling method and Raman 

spectroscopy. As this type of testing has not been done with polymer foams before, the 

aim was to see if either method could reliably produce residual stress values. Both 

methods measured residual stress values with unknown accuracy.  All samples stored 

at a higher temperature (60 °C) reached dimensional stability by the end of this study. 

Thus, air diffusion into EPS foam, encouraged by the high temperature storage, was 

found to play a significant role in post-molding shrinkage.  
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1 Introduction  

1.1 Bead Foam Technology and Applications 

Bead foams are unique materials, often based on commodity thermoplastics. 

They possess characteristics of low density and complex geometry capabilities [44, 53]. 

Only bead foams can have a high feasibility of free shape and, at the same time, 

maintain a very low density, even below 2% of the compact polymer [53]. Bead foams 

are made up of microgranular polymer beads expanded into foam particles with a 

blowing agent, then welded together with steam [53, 35]. The process of foaming 

generally begins with homogenization of the base polymer with a blowing agent, after 

which cells nucleate, grow, and stabilize in the melt. Cell stabilization is mainly affected 

by an increase in viscosity due to a decrease in temperature [35, 39, 53].  

Bead foams can be classified by numerous factors, including cell size, cell 

population density (conventional, fine-celled, or microcellular), density, and cell 

structure. If cell walls remain intact during processing, the cell structure becomes 

closed-cell. This means that polymer cell wall layers separate each of the pockets of 

space between cells. Additionally, depending on the amount of expansion, blowing 

agent, and pre-foam process, the density can vary from very light (3-50 kg/m3) to super-

heavy (over 700 kg/m3) [39]. They exhibit good impact resistance, energy absorption, 

insulation, heat resistance, and floatation. Thus, bead foams are used in a number of 
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applications, including building insulation, packaging, furniture, and automotive interiors 

[53].  

1.2 EPS Properties and Applications 

The current bead foam market consists of products made of three main base 

polymers. Expanded polystyrene (EPS) is the oldest of these, dating back to 1949. 

Expanded polyethylene (EPE) was the next to be introduced to the market in the 1970s, 

followed by expanded polypropylene (EPP) in the 1980s [39, 53].  

EPS is a light, rigid foam with high impact resistance and good thermal insulation 

used in construction and packaging applications [24]. The basic units of EPS foam, 

micrograules, are into beads by steaming, in a pre-expander and then stabilized in silos 

under atmospheric conditions for 12-48 hours. As a slightly volatile, non-

chlorofluorocarbon material, pentane is used as the blowing agent for EPS, and 

expands the compact microgranules into foam during processing. When pressure is 

released, the pentane blowing agent changes immediately to a vapor, which comes out 

of the solution with the polymer and thus expands the polymer microgranules into 

cellular beads, as shown below in Figure 1. The residual blowing agent then remains in 

the foam cells [39]. Lastly, the foam particles are steam-molded into bulk foam with a 

steam-chest molding machine [39, 53]. 
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Figure 1: EPS beads expand when the pentane blowing agent turns into vapor from a 
release of pressure during processing. [Author] 

 

EPS is among the biggest commodity polymers produced in the world. In 2014, 

its market value totaled $13.9 billion, and this number is expected to reach $22.4 billion 

by 2020 [5]. It is expected to make up 43% of the total volume of polymer foam market 

[6]. The largest share of the worldwide EPS demand is in Asia at 50%, as illustrated in 

Figure 2. Europe as the second-largest share takes approximately one quarter of the 

world’s EPS [67]. 

 

Figure 2: The breakdown of EPS global demand in 2014 based on region. [50] 
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The consumption and demand growth rates of EPS use have been increasingly 

positive since its introduction to the market half a century ago [6, 68]. In Asia, EPS 

consumption grew 110% between 2001 and 2011, and 60% in Europe in the same 

period, detailed in Table 1 [68]. Asia’s new building insulation material regulations, as 

well as packaging, furniture, and automotive industry lightweight material requirements 

have driven this strong growth for polymer foam use in this region [6]. 

Table 1: EPS consumption growth in various regions of the world, from 2001 to 2011. 
[Re-made from 68] 

  Consumption (million tons) 

Region 2001 2003 2005 2007 2009 2011 

Asia 1.447 1.903 1.943 2.330 2.493 3.079 

Europe (incl. Russia) 1.118 1.100 1.266 1.624 1.614 1.801 

North America 0.52 0.551 0.64 0.61 0.488 0.513 

Rest of the world 0.168 0.211 0.25 0.347 0.382 0.44 

Global consumption  3.251 3.765 4.099 4.911 4.977 5.833 

 

The use of EPS throughout the world is predicted to continue to increase in the coming 

years. In Western Europe, 1.6% annual growth is anticipated for the next five years. In 

Asia, consumption of all polystyrene products is expected to grow over 3% annually for 

the next five years [7].  

Being made up of 98% air and exhibiting low density and good sound absorption, 

EPS works well as lightweight thermal and acoustic insulation with consistent 
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performance, making it an attractive material [13, 39]. Due to increased requirements 

for thermal and sound insulation of new buildings as well as increased importance of 

bettering thermal insulation in old buildings, approximately 70% of EPS used in Europe 

is used in the construction industry, as illustrated in Figure 3 [6, 24, 67]. Increase in 

overall wealth, industrial development in more regions of the world, as well as 

infrastructure investment will also continue to support the increasing market for EPS as 

an insulation material [6]. In Asia, large populations and increasing construction and 

packaging industry activities lead to higher EPS consumption because of its attractive 

properties [5]. 

 

Figure 3: Applications of the EPS market in Europe. [Re-made, from 24] 

Overall, the diverse range of applications leads to continuously high worldwide demand 

for EPS [67]. Over 100 companies around the world currently manufacture EPS. This 

number is expected to reach 200 within the next five years [5]. 

Packaging 
(industrial 
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1.3 Research Motivation and Aims 

Despite its highly attractive properties that make EPS one of the biggest 

commodity plastics in the world, the foam also experiences extensive post-molding 

shrinkage. This means it must be kept in storage for long durations of time before it can 

be utilized. If it is used before post-molding shrinkage is stabilized, it leads to highly 

problematic failures in numerous of its applications. For instance, as building insulation, 

EPS is installed as one of many layers that make up the building wall. The surrounding 

layer materials are specifically placed with respect to the size of the EPS boards at the 

time of insulation. Thus, if the EPS is not yet stable, it will continue to shrink in the 

coming weeks after installation. This will then cause the surrounding wall materials such 

as the mortar around brick, the adhesive holding materials together, as well as the 

wooden substrates to critically fail, ultimately leading to demolition of the entire wall. 

Figure 4 below illustrates some of the surrounding materials to EPS in building 

insulation applications.  

 

 



 

7 

  

 

Figure 4: Building wall layers, showing materials that typically surround EPS in 
insulation applications. [Re-made from 11] 

 

From an economic point of view, long-term storage of EPS is costly. The EPS foam 

beads are 40-60 times the volume of the original microgranules. Thus, the final EPS 

product takes up significantly more storage, shown below in Figure 5, inducing high 

warehouse charges. 
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Figure 5: The difference in size of EPS raw material microgranules (left) versus final 
molded parts (right) after processing. This leads to the need for storage space, and thus 

high costs. The microgranules expnd 40-60 times in volume during processing.  [24, 61] 

 

The costly storage of EPS foam after processing is the motivation behind this 

study. In order to investigate the shrinkage behavior of EPS foam used in building 

insulation applications, DIN EN 1603 was adopted in this study. The industry-allowed 

shrinkage amount is defined by the standard, which states that EPS shrinkage is 

considered complete when the dimensional change between the last measurement and 

the measurement 28 days prior is less than 0.2%. This standard applies to EPS boards 

used in building insulation applications, which is a major use of the material throughout 

the world, especially in Europe. The dimensional change is defined as the percent 

difference between two measurements taken along the same axis, illustrated in 

Equation 1 below [62]. This benchmark set by DIN EN 1603 is often reached after 11-18 

weeks of post-molding storage.  

                                 %!!ℎ!"#$ = !!!!"!!!
!!!

!×100!!                  (Equation 1) 
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EPS undergoes two known types of shrinkage after de-molding. De-molding is defined 

as removal of the EPS part from the mold after it is processed. Molding shrinkage takes 

place within the first 24 hours of de-molding, and is approximately the same in all 

directions and not more than 1% when stored at standard room temperature of 

approximately 20 °C [13, 44]. After the first 24 hours, the foam undergoes after-

shrinkage, which is also approximately the same in all directions, but is affected by the 

material density, storage temperature, intermediate ageing duration, and the ageing of 

the finished product. After-shrinkage is hypothesized to occur mainly because of the 

loss of residual blowing agent, and low-pentane raw material products often exhibit less 

after-shrinkage [13]. Figure 6 below illustrates the difference between the two types of 

shrinkage.  

 

Figure 6: Two different types of shrinkage experienced by post-molded EPS foam. 
Understanding after-shrinkage (right) is the focus of this study.  [Author] 

 

When a partial vacuum develops inside foams cells because the structure is not 

strong enough to resist the excess pressure of atmosphere within the cells, after-
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shrinkage occurs. This shrinkage is especially difficult to overcome in low-density, 

flexible, and semi-flexible closed-cell foams [35]. The focus of this study is to 

understand this after-shrinkage in EPS foam, as it takes a long amount of time and 

hence leads to very high storage costs of the foam molded parts after processing. 

A number of factors are known to affect the duration of EPS foam after- 

shrinkage, including material density, storage temperature, intermediate aging duration, 

and residual blowing agent content [13, 35]. Additionally, materials often contain 

residual stresses because of cooling rates through the thickness of the mold after 

processing. When the mold is quickly cooled, the surface solidifies faster than the core. 

This causes shrinkage in the core with more cooling because of thermal contraction, but 

this shrinkage is constrained by the outer region that is already cooled, illustrated below 

in Figure 7. This can lead to undesirable residual stresses in the material that increase 

the likelihood of dimensional stability [42]. Thus, residual stresses, if present in the 

foam, could also be a factor in EPS shrinkage, but this has not been studied in great 

detail in prior literature and thus is not well known.  
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Figure 7: Simplified EPS cellular foam board showing possible residual stresses caused 
by processing. The black arrows signify tensile stresses, while the green arrows 

represent compressive stresses.  [Author] 

 

          To reduce the costly and lengthy storage times of EPS, the main aim of this study 

is to fully understand the mechanisms of shrinkage behavior of EPS by the following 

means: 1) Construction of the correlation between the volatile content in the beads and 

shrinkage behavior; 2) Establish a method to measure the residual stresses in foams, 

since this has not been well-documented previously; 3) And finding a proper method to 

reduce shrinkage times. After understanding the possible mechanisms for shrinkage 

and tailoring the processing to optimize the shrinkage speed, the aim is to decrease the 

time for stabilization according to DIN EN 1603 from 11-18 weeks to less than 6 weeks. 

This would allow for reduction of storage times. 
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1.4 Organization of the Thesis 

The work begins with an introduction of bead foams, specifically EPS as the 

focus, in Chapter 1, as well as outlines the project motivation and aims for research. 

Once the basis of the study is presented, Chapter 2 gives a detailed review of prior 

literature of the materials and mechanisms relevant to the study. The formation, 

structure, and properties of bead foams are first explained, followed by the properties 

and applications of EPS, pentane as its blowing agent, and its general processing. The 

concept of diffusivity, residual stresses, and shrinkage in EPS are also elaborated upon 

in this chapter, as all of these are related to the study’s aim of understanding the 

mechanisms of EPS shrinkage behavior. Chapter 3 presents the details of the study on 

the dimensional stability of post-molded EPS by its three means: 1) Construction of the 

correlation between the volatile content in the beads and shrinkage behavior; 2) 

Establish a method to measure the residual stresses in foams, since this has not been 

well-documented previously; 3) And finding a proper method to reduce shrinkage times. 

The experimental methods are outlined, followed by the results and findings with 

respect to volatile matter content and residual stresses related to EPS shrinkage. Lastly, 

drawing each portion of the study together, Chapter 4 presents major conclusions of the 

thesis and future research possibilities based on the findings.  
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2 Literature Review 

2.1 Bead Foams 

2.1.1 Introduction 

 As explained in Chapter 1, bead foams are polymeric materials highly utilized in 

packinaging and building insulation applications. They are lightweight, low density, 

moisture resistant, and thermally and acoustically insulating. These materials are made 

of many foam particles welded together during processing, traditionally with steam. 

These particles as polymer microgranules impregnated with a blowing agent, expand 

during processing into individual beads, then undergo welding and molding into 

whatever shape is desired. Bead foams are unique in the sense that they combine the 

possibility of producing complex geometries with a low-density material, and are 

desirable for their good energy absorption, insulation, impact resistance, floatation, and 

heat resistance. They share similar properties also with extruded foams of the same 

density, including high energy absorption at impact, acoustic insulation, and low thermal 

conductivity. However, bead foams have the capability, with densities as low as 15-20 

g/L, to achieve more complex geometries at with a lower weight than their extruded 

foam counterparts, also exhibiting higher dimensional accuracy. Thus, these materials 

are highly desired in industrial building insulation applications [39, 53]. 
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2.1.2 Formation Fundamentals 

Bead foams consist of two phases: a solid polymer matrix and a gaseous phase 

that contributes to the cell formation [39]. The bead foam creation process generally 

follows four steps, from homogenization of the polymer with a blowing agent, to cells 

nucleating in the polymer, followed by cell growth, and finally cell stabilization [53]. This 

schematic is illustrated in Figure 9 at the end of Section 2.1.2. 

2.1.2.1 Homogenization 

Homogenization of the polymer with a blowing agent is a mass-transfer process, 

where the blowing agent diffuses into the melt or solid bead and stays in the polymer-

gas solution [53]. The diffusion of the gas is dependent on the pressure and gas 

concentration in the polymer, meaning it depends on time and space; with an increase 

in free volume available, diffusivity increases. Henry’s law describes the gas solubility in 

a polymer depending on pressure. Increasing the temperature leads to an exponential 

decrease in solubility. An increase in shear rate, however, leads to a decrease in free 

volume as polymer chains align, which in turn decreases the solubility [53].   

2.1.2.2 Cell Nucleation 

After the polymer is homogenized with the blowing agent, cells are formed from 

nuclei, which act as the cell centers after a pressure drop or temperature increase 

during processing. This sudden pressure drop or temperature increase leads to a super-

saturated melt with a decreased solubility, which acts as a driving force to decrease the 
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gas content of the polymer-gas mixture. Cell nucleation begins at clusters of gas 

molecules inside the melt, according to nucleation theory, which act as nucleation sites. 

A high pressure drop leads to a high nucleation rate [53].  

For the material, cell nucleation depends on the surface tension between the 

polymer melt and the gas [53]. It involves the transformation of small clusters of gas 

molecules into energetically stable groups or pockets. A minimum energy into the 

system is required to break the free energy barrier [39]. To form cells in the polymer, the 

free energy of the system !" must be increased, as described in the expression below: 

       !" = ! ∙ !                  (Equation 2) 

Here, ! is the surface tension of the liquid and ! is the total interfacial area between the 

gas and polymer [35].  

 Cell nucleation can also occur as a result of elongation or shear stress. 

Extensional stress around growing cells lead to pressure fluctuations, which in turn 

decrease the solubility. The super-saturation of the melt then increases, leading to an 

increase in nucleation rate and higher cell densities. Similarly, shear stresses cause 

micro-voids in the system. This leads to the elongation of currently-existing bubbles, 

which in turn increases nucleation rates and creates higher cell densities [53].  

 There are two types of cell nucleation in a gas-polymer system [53]. In 

homogenous nucleation, cells are nucleated randomly in the polymer melt matrix. It 

requires higher nucleation energy to begin, and nucleation occurs at certain preferred 

sites such as phase boundaries or additive particles. Classical nucleation theory 
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describes microcellular foaming during homogenous nucleation. An increase in the 

saturation pressure or the rate of pressure drop leads to an increase in the number of 

cells nucleated. When the amount of gas in the polymer increases as well, there is a 

higher chance to nucleate more cells. A higher pressure drop, however, requires a 

shorter time period. This means already-nucleated cells do not have the chance to grow 

very much, and thus more gas is used for cell nucleation rather than cell growth. This 

leads to high cell density microcellular foams [39].  

During heterogeneous nucleation, on the other hand, cell nucleation is promoted 

at some preferred sites. Blending fillers enhance the cell population density in the foam 

structure. Sites in the polymer matrix with non-dissolved gas become cells. Due to 

surface tension, the polymer melt cannot fill some micro-pores and gaps between the 

two phases during mixing. Thus, space accumulates for gas, leading to cell nucleation. 

The process requires less gas than homogenous nucleation to make fine cells. The 

surface geometry of the nucleation sites depends on the nucleation agents, the 

presence of unknown additives or impurities, and the nature of the internal walls of the 

processing equipment, thus varying by site. The phase boundaries between the additive 

and the polymer matrix have a lower free energy barrier than in homogenous 

nucleation, so nucleation is more likely to occur there. The amount of additive 

determines the number of cells nucleated with this process. When the additive particle 

size is fine and well-dispersed, a uniformly-distributed microcellular structure results 

[39].  
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2.1.2.3 Cell Growth 

After nucleation, cells continue to grow as the gas diffuses from the polymer 

matrix. A pressure drop or temperature increase during processing leads to super-

saturation in the melt. In turn, the stored gas diffuses out of the melt and into the 

nucleation sites, causing cell to grow [39]. The growth from microgrules to foam beads 

is shown below in Figure 8. Individual spherical cells grow in the liquid polymer with the 

minimal surface area for a given volume in order to minimize the surface area of gas-

liquid interface [44]. If the pressure inside the cells is greater than that of the 

surrounding melt, the cells grow to decrease the pressure difference between the inside 

and outside of the bubbles.  

 

Figure 8: Expansion of EPS microgranules to pre-foam beads by cell nucleation and cell 
growth. [14] 

 

Since the melt is subject to elongation deformation during cell growth, its viscoelastic 

properties are significant, as well as the diffusion coefficient, and diffusion kinetics 

through melt to bubble gas concentration, and number of nucleated cells, which are 

influenced by temperature [39, 44]. Additionally, nucleation times affect cell growth. 

When there is a sudden pressure drop during foam extrusion as the melt passes 
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through the die, nuclei appear at nearly the same time. Cell growth is also affected by 

cell coarsening. When the amount of gas diffusion between close cells is not equal, 

smaller cells shrink at the expense of the larger ones, leading to cell coarsening [44]. 

Cells coalesce because it decreases the total energy by decreasing the surface area of 

the cells, deteriorating the initial cell density [39]. For a given foam volume, the system 

is more stable with fewer large cells, which favors the combination of cell coalescence 

[35].  Cells also merge to coarsen when their neighboring faces fracture [44]. At 

equilibrium, the gas pressure in a spherical cell is larger than the pressure in the 

surrounding fluid, described by the expression below:   

             !" = !!
!                   (Equation 3) 

Here, !!is the radius of the bubble, ! is the interfacial surface tension, and !"!is the 

differential pressure. The differential pressure is larger for small cells at a fixed surface 

tension. Small cells equalize pressures by growing faster, by breaking walls separating 

cells, or when the blowing agent diffuses from small to large cells. At equilibrium, the 

gas pressure in a small cell is larger than in a large cell, with the difference given by: 

            !"!! = 2! !
!!
− !

!!
                (Equation 4) 

Here, !!!! is the difference in pressure between two cells with radii !! and !!. Gas 

diffuses from the smaller cells into the larger ones. Both factors favor losing small cells 

for the increase in size of large ones with enough time [35].  
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2.1.2.4 Cell Stabilization 

Foams are thermodynamically unstable [35]. If cells were to continue to be 

allowed to grow infinitely, they would coalesce, which in turn weakens the final foam 

morphology [53]. Thus, cell growth must eventually be stabilized, which is promoted by 

a number of factors. Increasing the required surface area increases the free energy, so 

an activation energy is necessary for the small area increase needed for. A decrease in 

the surface excess of the absorbed component, which is a surface tension depressant, 

increases the surface tension as cells grown and thin out. Thus, the component flows 

from high concentration of surfaces and brings liquid polymer, leading to a self-healing 

effect [35]. Lastly, increasing the viscosity of the polymer phase, either by cooling or 

further polymerization, is the main factor of cell stabilization [35, 53]. This occurs 

because as the blowing agent diffuses out of the polymer, viscosity increases, since the 

dissolved gas in the polymer acts as a plasticizing agent. Strain hardening is induced by 

long chain branching, the introduction of high-aspect-ratio nano-additives, or blends with 

a fibril morphology. It causes thin sections of the cell walls to be subject to higher strains 

and a higher °ree of chain stretching, making them harder to extend than thicker 

portions of the cell walls. Thus, thick segments are extended more easily, leading to the 

“self-healing affect” of the melt [53]. Cell stabilization is a critical final step in the bead 

foaming process, and can affect the final foam. Too much rupture before stabilization 

leads to collapsing of the foam. Additionally, cooling a closed-cell foam before 

stabilization leads to a decrease in pressure in the cells, then causing shrinkage in the 



 

20 

 

material. Ultimate stabilization occurs because of a chemical reaction to a point of 

complete gelation, or cooling below the second order transition point of the material so 

there can be no more polymer flow [35].  

 

Figure 9: Pentane blowing agent and polystyrene polymer interaction during EPS cell 
formation. [12] 

 

2.1.3 Bead Foam Structure and Properties  

2.1.3.1 Cell Structure  

Bead foams are the only foams to combine a nearly free choice of shape with a 

very low density below 2% of their non-foam polymer counterparts [53]. They consist of 

six main structural levels: 
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• The primary chemical structure of the polymer matrix 

• A secondary structure, which is a space configuration of three-dimensional or 

linear cross-linked macromolecules 

• The super-molecular structure consisting of cell walls 

• A macro-cellular structure based on the type, number, and size of cells 

• A micro-cellular structure depending on the type, number, location, and size of 

microcells 

• A super-cellular structure, which is a distribution of macro- and micro-cells and 

density over the area of the foamed polymer [35] 

Thermoplastic bead foams are categorized by their cell size and cell population 

density (conventional, fine-celled, or micro-cellular), foam density, and cell structure 

(open or closed cells). The foam density is dependent on the level of expansion of the 

original microgranules during processing. High density foams are only expanded up to 

four times their original size, medium density foams undergo four to ten times 

expansion, and low density foams have greater than ten times expanded beads. High 

density bead foams are generally used as construction materials, furniture, and the 

transportation of products, whereas low density foams are found in impact absorption, 

sound insulation, and packaging applications [39]. The polymer state and the cell 

geometry of the foam are closely related, as they are determined by forces exerted 

during the expansion and stabilization phases [35]. The average cell size of foams is 

important for air flow and process quality control in order to avoid uncontrolled face 

fracture which would lead to eventual foam collapse [44].  
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Mechanical stresses during foaming that are not uniformly distributed through the 

plastic foam volume lead to gas bubbles that expand along the directions of minimum 

local stress. The cell stretching in the foaming direction is more prominent in foams 

made by free-rising rather than expansion in a closed space. The lower the density, the 

more stretching can be observed. Certain anisotropy of the foam morphology can have 

a greater affect on the strength of the foam that the chemical nature of polymers, foam 

density, and the number of cells. Most commercial foams have anisotropic cell 

structures, but those foams used in structural applications exhibit isotropic structures.  

Density has the greatest effect on mechanical properties of a given foam 

composition. It is because final density and external forces that are exerted on the cell 

structure before stabilization in the expanded state determine the cell shape. If there are 

no external forces, spherical or ellipsoidal cells result with 70-80% of the total gas 

volume. The higher the gas volume, the more packed and regular dodecahedron shape 

the cells have. The presence of external forces, on the other hand, would lead to 

elongated or flattened cells [35].  

2.1.3.2 Open versus Closed Cells  

The cell structure of bead foams can be classified into two possibilities: open cell 

or closed cell, differentiated below in Figure 10. Open cell foams have inter-connected 

cells through which air can freely pass [35, 39, 44]. They have higher absorptive 

capacity for water and moisture and higher permeability to gases and vapors. They are 

less effective as insulation for heat and electricity and have better sound absorption and 
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dampening than closed cell foams. Open cell foams are often a created with elastic 

polymers as the raw matrix material [35].  

 

Figure 10: The two different types of possible cell structures: open cell (left) and closed 
cell (right). [9] 

 

If the cell membranes around bubbles remain intact, on the other hand, closed-cell 

foams arise. Examples include foams made from epoxy resins, polyurethanes, 

silicones, and polystyrene [35]. Closed-cell foams have no openings in their cell walls. 

This allows for further expansion of each cell in the foamed beads during the bead 

foaming process without loss of expansion agents through cell wall openings [39, 44]. 

They have discrete walls where the gas phase of each cell is independent of that in 

other cells. Closed-cell foams are produced when cell membranes are strong enough to 

withstand rupture at the maximum foam rise and the modulus of the polymer increases 

quickly to a high level so the cells are dimensionally stable despite the partial vacuum 

development within. The isolated cells of these foams contain hydrogen, carbon dioxide, 

and volatile liquids that depend on the blowing agent. Over time, this matter is replaced 

by air from diffusion, which affects the shape stability of the foam [35]. Dry closed cell 
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foams generally have three faces that meet at each edge of 120° if the surface energy 

is minimized, and three cells and four edges that meet at each vertex. When spherical 

beads are steamed during molding, they expand into approximately polyhedral shape. 

Since they have polyhedral cells, they obey the space-filling packing rules of polyhedral. 

Euler’s formula states that for any convex, three-dimensional polyhedron with ! edges, 

! faces, and ! vertices:  

          ! − ! + ! = !2!                             (Equation 5) 

Bead boundaries often become fracture surfaces in closed-cell foams. Additionally, 

open air-filled channels can exist between three beads, which connect into a continuous 

network that helps with long-distance steam and gas flow during molding [44].  

 Even for the same density and number of open- or closed-cells, the strength and 

thermophysical parameters can differ for bead foams with the same polymer due to 

differences in cell shapes and sizes. Increasing the cell size above a certain threshold 

value, which is approximately 2-5 mm, leads to convective fluxes in the gas-filled cells 

[35]. The average cell size is important for gas flow resistance in open-cell foams, and 

since different cell sizes affect the shape of stress-strain curves in open-cell foams. In 

closed-cell foams, the mean cell size affects the gas diffusivity and thus high strain 

creep mechanisms, in addition to having a small influence on heat transfer [44].  
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2.1.3.3 Properties  

 Compared to their solid plastic equivalents, bead foams exhibit higher specific 

tensile strength, higher toughness, better thermal and sound insulation, and are much 

lighter [39]. Their properties depend on the composition (properties of parent polymer 

and gases) and geometry of the foam structure. The condition of the polymer phase, 

such as the orientation, crystallinity, previous thermal history, and chemical 

composition, determine the properties of the phase. Increasing the density increases 

the flexural, compression, and tensile strength and moduli. Varying the cell size and cell 

wall thickness, in turn, can control the density of the foam; foams of the same density 

have cells of different sizes. The cell size affects mechanical, optical, and thermal 

properties, and polymer composition, density, and cell shape affect tensile strength. 

Increasing the cell size makes more paths available for heat transfer by radiation or 

convection, which in turn increases the thermal conduction of the foam. It also increases 

the Young’s modulus of both flexible and rigid foams, and decreases the compressive 

strength of foams under high compressive loads. Decreasing the cell size, however, 

increases the tensile strength and ultimate elongation of flexible foams [35].  

 In lightweight plastic foams, the cell structure fails when the ribs of the weakest 

transverse layer fail. Lightweight foams generally have three well-defined regions of 

their compressive diagrams. They begin with an initial region of sharp increase in 

deformation, corresponding to the compression and bending of cell ribs and walls until 

they buckle due to total loss of resistance, followed by a plateau region with a slight 
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increase in strain. During this second region, the ribs either buckle and fail leading to a 

sharp drop in load, or they bend due to forced elastic strain and thus lead to a minor 

increase in load. Lastly, there is an area of sharp decrease in resistance to deformation, 

defined by the final crumpling of buckled ribs and gradual compaction of the polymer 

[35].  

 The thermal conductivity of bead foams, !, is determined as the sum of the 

thermal conductivities of each phase and composition: 

     ! = !! + !! + !! + !!              (Equation 6) 

Here, !! is the thermal conductivity of the solid phase, !! is the thermal conductivity of 

the gas phase, !! is the radiative component, and !! is the convective component, 

which is usually ignored because most cell diameters are less than 4 mm. If the bead 

foam is used as an insulating material, each term contributing to the total thermal 

conductivity, !, must be minimized. The solid phase contribution, !! is very small 

because the polymer thermal conductivity is intrinsically never high, and the polymer 

phase only makes up a small fracture of the foam volume. A further decrease in the !! 

contribution by decreasing the solid volume fraction, however, is not always possible 

(because it is not necessarily possible to produce a polymer at very low density), 

feasible (for economic and technical reasons), or desirable (because decreasing the 

density leads to lower strength of the foam). The gas in cells does most of the heat 

transfer, as the foam is over 90% gas by volume. However, since many blowing agents 

are available depending on the specific bead foam and application, !! varies. The 
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radiative contribution to heat exchange depends on the radiative capacity of the starting 

polymer material, and is also influenced by the temperature gradient between the 

sample surfaces according to the Stefan-Boltzmann law. The proportion of total heat 

exchange because of radiative heat transfer depends on cell size and wall 

transparencies. Radiative heat transfer occurs through the wall separating any two cells 

in a particular orientation. Thus, a foam with a large amount of small cells has less 

radiative heat transfer than one with few larger cells. This means that increasing cell 

size affects the overall thermal conductivity more than increasing the density. Since 

most commercially-produced foams have smaller cell sizes, the convective heat 

exchange contribution to total heat transfer is very small, only detectable in very 

lightweight foams. Ultimately, the different mechanisms of heat conductivity in bead 

foams depend on the cell size. Low density and small solid polymer content foams have 

large cell size and thus favorable conditions for heat transfer. High density means a 

greater number and thickness of cell walls, which leads to increased heat insulating 

screens between cells and thus a smaller radiative component [35].  

2.1.4 Blowing Agents  

2.1.4.1 Introduction  

 Bead foams contain blowing agents, which serve as the means of expansion 

from their original, compact microgranules to light, cellular foams. The impregnation of 

bead foams with their blowing agent involves saturating the solid polymer beads with a 
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gas close to the polymer’s melting temperature, then releasing the material full of 

blowing agent into an expansion vessel. The beads are then washed to remove any 

residual suspension stabilizer, which would inhibit proper bead welding later in the 

processing [53]. A homogenous polymer and blowing agent solution is crucial for the 

final cell morphology and mechanical properties of the material [39].  

 The amount of blowing agent injected into the polymer is a significant factor in 

the final product. It must be below the solubility limit of the processing pressure and 

temperature to allow for complete mixing and dissolving of the gas into the polymer. If 

excess blowing agent cannot be dissolved into the polymer, large voids form in the 

foam. Thus, the solubility of the blowing agent that can be absorbed or dissolved into 

the polymer at different temperatures and pressures must be determined. The 

maximum solubility of gas into a polymer varies by system, and is described by Henry’s 

law: 

           !!! = !!!               (Equation 7) 

Here, !! is the solubility of gas in the polymer (cm3/g or ggas/gpolymer), !! is the saturation 

pressure (Pa), and !!is Henry’s law constant (cm3 [STP]/g-Pa), defined as:  

                                               ! = !! exp − !!!
!"               (Equation 8) 

Here, !! is the solubility coefficient constant (cm3 [STP]/g-Pa), !!! is the molar heat of 

sorption (J), ! is the gas constant (J/K), and ! is the temperature (K). When a blowing 

agent dissolves in a polymer, the weight of the impregnated blowing agent increases 
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the polymer’s molecular weight. Thus, weighing the polymer in a pressurized gas gives 

the solubility and diffusion coefficient of the gas [39].  

 As a good blowing agent is crucial for proper material mechanical and heat-

insulation properties, a number of traits are sought after when choosing a blowing agent 

for a system [30]. It is primarily desirable to have high solubility at high processing 

temperatures and low solubility at ambient temperatures, as this improves the 

processibility because of a lower system pressure, better mixing, better size control, and 

less plasticization of cellular polymers. As further features, ideal blowing agents should 

have low toxicity, low ozone depletion potential, low global warming potential, low 

flammability, and be low cost [35].  

2.1.4.2 Chemical versus Physical Blowing Agents 

 Blowing agents are classified as chemical if they are compounds that undergo a 

chemical transformation during the foaming process, or physical if they are not subject 

to chemical transformation and rather are gases used for foaming [35]. Chemical 

blowing agents decompose at certain processing temperatures and evolve gases such 

as carbon dioxide and nitrogen. They can in turn be divided into two groups based on 

the enthalpy of reaction being exothermic and thus releasing energy during the gas 

generation reaction, or being endothermic and absorbing energy during this process 

[39].  
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 Physical blowing agents, on the other hand, are injected into the polymer system 

as a liquid or gas, some of which, such as pentane, have a low boiling point and thus 

stay in liquid state in the polymer under the melt pressure. When pressure is released, 

the blowing agent changes immediately to a vapor, which comes out of the solution with 

the polymer and thus expands the polymer melt [39]. Physical blowing agents ideally 

should have the following characteristics: 

• An inert liquid phase so they don’t affect the chemical and physical properties of 

other components or the polymer  

• Sufficiently soluble in or mix readily with foaming formulation 

• Have a gaseous form that is thermally stable and chemically inert 

• Have low vapor pressure at room temperature to facilitate storage 

• Be highly volatile under external heat or reaction heat, and have low heat 

capacity and low latent heat of vaporization 

• In gaseous form, hey should have a lower rate of diffusion in the polymer than air 

to migrate shrinkage 

• Be properly compatible with materials 

• Not be highly flammable or combustible 

• Nontoxic, odorless, economically feasible, and environmentally safe  

Common blowing agents include low-boiling, volatile liquids, such as aliphatic and 

halogenated hydrocarbons such as chlorofluorocarbons and hydrofluorocarbons, low-

boiling alcohols, ethers, ketones, aromatic hydrocarbons, and solid adsorbents 
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saturated with gases or low-boiling liquids [35, 39]. The most frequently used blowing 

agents in industry include fluorocarbons, chlorofluorocarbons, pentane, and butane. 

Due to their high solubility, these blowing agents can be dissolved in large quantities 

into polymer matrices. This allows for a foam structure with a high void fracture at low 

processing pressure and large volume expansion because of the small amount of gas 

loss. A large blowing agent molecule size, additionally, leads to low diffusivities and thus 

less gas lost out of the foamed extrudate and a low foam density in the final product 

[39].  

6 

2.2 Expanded Polystyrene (EPS) Foam 

2.2.1 Polystyrene  

 Polystyrene is a clear, brittle, versatile thermoplastic resin [35]. It is found 

naturally in plants and different foods such as fruits, vegetables, and nuts, and is also 

produced at the industrial level from ethyl benzene [13]. Polystyrene is used in a variety 

of applications due to its properties. With an annual consumption of 11.5 million tons in 

2004, it is one of the most quantitatively significant chemicals [41].  

 At temperatures below its glass transition temperature (Tg) of 100 °C, polystyrene 

is a solid, glassy polymer. Above its Tg, the polymer is malleable and rubbery with 

viscous liquid properties, making it possible to process [19, 41]. 

 EPS bead foam is made from expandable polystyrene beads, which are rigid 

cellular plastics containing pentane as a blowing agent. Since pentane is contained in 
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petroleum and styrene is a petroleum derivative, both substances are pure 

hydrocarbons, and thus EPS is made up of only carbon and hydrogen [13].  

2.2.2 Properties and Applications 

2.2.2.1 Advantages and Disadvantages  

 EPS is the most widely used bead foam material because of its low price and 

high availability [53]. Its low density, thermal and acoustic insulation capabilities, as well 

as consistent performance make it commonly used in insulation and packaging 

applications [39, 53]. The low density also gives EPS low strength and stiffness 

properties. This makes EPS idea for cushioning applications (because of its low 

stiffness), energy absorption (because of its low strength and large compression), and 

thermal insulation (because of its low thermal conductivity) [35]. Compared to EPP 

foam, EPS has a worse compressive set and is therefore less used in applications with 

multiple impact deformation. However, since EPS microgranules are able to retain the 

blowing agent within, transportation of the material is much cheaper than EPP, since 

EPP must be transported as foamed beads which occupy more space than EPS 

microgranules [53].  

2.2.2.2 Mechanical Properties 

 The mechanical properties of EPS depend on the density of the foam and 

welding quality of the beads, and involve three interacting levels: the polymer 

microstructure that affects the mechanical response, the cell edges and faces, as well 
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as the cell geometry [13, 35, 44]. The polymer contribution of the foam, however, 

dominates the mechanical properties [44]. The mechanical strength of EPS when it 

undergoes short-term and sustained loading is significant; the compressive stress 

values correspond to less than 2% of the compressive strain [13]. As foam, EPS is 

softer than its solid counterpart, thus Young’s modulus is measured in compression 

rather than in bending or shear. Increasing the material’s temperature at a constant rate 

leads to temperature dependence of the elastic moduli [44]. At low densities, the tensile 

modulus is approximately linearly related to the density of EPS, but it increase at high 

densities with high power of density. Increasing the density as well as the cell size also 

leads to a linear increase in tearing energy [35]. 

2.2.2.3 Thermal Properties 

98% of EPS is air, thus making the foam a good thermal insulator with so much 

air trapped within the cells. Additionally, since air stays within the cells, the insulation 

also remains constant [13]. Convection is neglected, as most cells are less than 3 mm 

in diameter, but conduction occurs through the solid cell walls as well as the gas within 

cells. The polymeric matrix conduction is affected by the crystallinity and orientation, 

which in turn are affected by the foaming process. For low densities, the cell gas 

conduction dominates the thermal transport over the solid polymer due to its high 

volume fraction. For very small cells, cell gas thermal conductivity decreases. Radiation 

of EPS is dependent on cell morphology and temperature. Adding graphite decreases 

the thermal radiation, which in turn decreases overall conductivity, as the graphite 
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particles are reflectors for infrared radiation [53]. The thermal conductivity is density-

dependent; at 10 °C for EPS foam with density 20 kg/m3, it is between 0.035-0.037 

W/(m∙K) [13]. As the specific heat of cellular polymers is the sum of the specific heats of 

each component, the contribution from the gas is neglected because it is so small [35].  

2.2.2.4 Other Properties  

EPS is a non-hygroscopic material, meaning it does not keep any water 

molecules it may absorb. Because of its waterproof cell walls, water can only penetrate 

the foam through any possible inter-bead channels. Thus, the amount of water the final 

product takes in depends on how the raw material behaves when it is processed, as 

well as upon the processing conditions, but is independent of density [13]. Its ability to 

resist °radation from water absorption makes it attractive in its numerous packaging and 

insulation applications [24].   

Compared to basic polystyrene products, EPS is less resistant to chemicals. Its 

cell structure allows for a higher surface area of material, and thus quicker and more 

damage form chemicals, especially for low-density products. It is, however, very 

resistant to aging, and undergoes no rotting over time [13].  

2.2.2.5 Applications 

With a makeup of 98% air and low density, EPS offers excellent thermal 

insulation, and is cost-effective with a better price/performance ratio and lifetime 

durability compared to other insulation products [24, 39, 53]. Thermal insulation is the 
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largest application for rigid cellular foams because of the thermal conductivity, 

application ease, cost, moisture absorption, and water vapor transmission of the 

materials. Their use in construction for wall and ceiling insulation for residential 

buildlings has increased over 200% in the past decade [35]. Additionally, with such high 

air content, its lightweight nature saves fuel and transportation costs significantly [53]. It 

is also used to ensure safety from transportation damage as energy absorbers or 

spacers in packaging [39, 53]. It is attractive for packaging applications due to its low 

cost, ease of application and fabrication, moisture susceptibility, thermal conductivity, 

and mechanical properties [35]. Its ability to absorb both impact sound in floating floors 

and airborne sound for walls makes it desirable as acoustic insulation. Because EPS 

does not retain or degrade from absorbed water, its moisture resistance also makes it 

applicable as packaging or cooling material for perishable goods [24, 39, 53]. 

Additionally, the production process is highly flexible, making the material’s mechanical 

properties adjustable to fit more applications. The manufacturability of EPS into many 

size and shape molds combined with its compatibility with a variety of materials makes it 

also very versatile [53].  

2.2.3 Pentane Blowing Agent  

Amorphous thermoplastic resins like polystyrene only retain blowing agents in 

their solid state, i.e. at temperatures below Tg. Impregnated polystyrene granules 

containing trapped blowing agent within are expanded before the welding process 

during the pre-expansion stage of processing. This allows for efficient transportation of 
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the un-foamed blowing agent impregnated polymer, as well as density control by the 

manufacturer who is making the EPS foam itself. The expandable polystyrene beads 

are made by suspension-polymerization with the pentane blowing agent. Granules are 

first formed during polymerization, then the pentane is added and diffusion occurs into 

the granules [53]. As a low-boiling liquid, pentane is dissolved into the polymer and then 

converted to gas by heating or decreasing the pressure [35]. The pentane acts as a 

polymer plasticizer [30].  

Increasing the amount of blowing agent in EPS leads to greater expandability. 

However, too much blowing agent leads to rapid permeation, and can cause both 

shrinkage collapse and heat sensitivity of the foam. Additionally, increasing the amount 

of time that the blowing agent remains in the EPS beads increases expandability and 

decreases shrinkage rate [31]. 

2.2.4 Processing – General  

2.2.4.1 Microgranule Formation  

 EPS is made from pentane-impregnated polystyrene microgranules which are 

later expanded during processing. To make the initial microgranules, pentane is 

introduced to suspension-polymerized polystyrene, and the polystyrene beads are left to 

absorb up to 8 wt% of the pentane. Since pentane is a plasticizer, it decreases the 

polymer’s glass transition temperature from 100 °C to about 60 °C, depending on the 

amount. Microvoids formed inside the beads serve as sites for cell expansion later [44]. 
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Figures 8 and 9 in Section 2.1.2 shows the changes in the foam with respect to the 

blowing agent during the course of the processing lifetime. These microgranules with 

pentane within are then transported as EPS raw material.  

2.2.4.2 Pre-Expansion 

Once received by EPS producers, the microgranules undergo the first step of 

processing as per Figure 11 below, pre-expansion, where they are expanded at 100-

110 °C with input steam [13]. This temperature is chosen because heating to less than 

100  °C results in a stiff polymer and thus sluggish expansion, 110-120 °C causes bead 

sensitivity to shrinkage and heat, and over 120 °C softens the polymer too much, thus 

leading to too rapid of a loss of blowing agent [31].  

 

Figure 11: EPS processing lifetime, from raw material to final product, in 3 main steps. 
[24] 
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The high temperature softens the beads and the blowing agent inside expands the 

beads 40-60 times their original size [13]. During this step, the density falls from 

approximately 630 kg/m3 to between 10-35 kg/m3 [24]. The final bulk density, which 

determines the foam density, depends on the temperature and steaming time [13]. The 

primary expansion step is controlled by temperature and time. Increasing the 

temperature leads to a softer polymer, a higher expansion rate which thus leads to 

uneven expansion because of inconsistent pentane content, bead size, or cell structure, 

and an increased permeation rate of the blowing agent [31]. During the expansion step, 

the microstructure also changes. Microvoids that formed earlier expand into near-

spherical voids. The compact microgranule beads turn into cellular, plastic beads with 

small closed-cells that hold air in the interior, illustrated below in Figure 12 [24, 44].  

  

Figure 12: Microstructure changes that take place during EPS processing from 
microgranules (left) to pre-foamed beads (right). [65, Author] 

 

 Pentane within the EPS beads breaks down into CO2 and water in the earth’s 

atmosphere during the pre-expansion step [13]. As the polystyrene beads are heated, 
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EPS  pellets 65°C 65°C – higher
magnification of crazing

85°C, expanded pellets 

95°C, cloudy phase cloudy phase – higher
magnification 

115°C – bubbles formation 115°C  – higher
magnification of bubbles

500 µm

200 µm 500 nm

500 µm 2 µm 200 µm

200 µm 20 µm

(a)

(d1) (d2) (e1) (e2)

(b1) (b2) (c)

Fig. 3. Effect of temperature on the micro-structure of EPS sample using loading protocol 1: (a) EPS pellets; (b1) 65 ◦C; (b2) 65 ◦C—higher magnification
of crazing; (c) 85 ◦C, expanding pellets; (d1) 95 ◦C, cloudy phase; (d2) cloudy phase—higher magnification; (e1) 115 ◦C—bubbles formation; (e2)
115 ◦C—higher magnification of bubbles.

single phase melt as shown in Fig. 4c where the melt is form-
ing from the top. With further melting, the pressure started
to drop. At this point, the sample was compressed by mov-
ing both pistons inward to increase the pressure within the
system above 100 bar. The entire test section then formed a
transparent single phase melt at 100 ◦C (Fig. 4d). No bubbles
were observed during the entire process. SEM observation
of the sample also did not show the presence of bubbles.

The above sequence shows that a single phase melt of the
polystyrene loaded with pentane can be obtained in MPR
when heated under high pressure. This was necessary in
order to study the nucleation and bubble growth of polymer
foams by subsequent decompression.

3.3. The evolution and growth of bubbles during
decompression

Having established a single phase melt, the evolution of
nucleation and bubble growth during decompression of the
EPS melt is shown in Fig. 5. The decompression process
of the melt involves a phase transition of the dissolved gas
from solution in the melt to a gaseous phase. This transition
is caused by a change in volume and corresponding pres-
sure of the system. Fig. 5a shows a photograph of a single
phase melt at 140 ◦C at 190 bar. The pressure is then reduced
by moving both pistons apart by 7.7 mm on each side at a
speed of 1 mm/s, hence increasing the overall MPR chamber
volume by 21%. There was a lag period of few seconds be-
fore the first bubble was optically visible (Fig. 5d). As the
pressure drops, nucleation appears to occur randomly lead-
ing to subsequent bubble growth from these sites. With time,

more bubbles nucleate and grow. During the initial growth
phase, all the bubbles are spherical, however, after reaching
a critical diameter, the bubble becomes elliptical with the
vertical axis of the MPR forming a major axis (Fig. 5h). For
most conditions studied, the growth appears to be a slow
process taking more than 1 min for the bubbles to reach their
maximum limiting size.

Fig. 6a follows the time evolution of a single bubble (ob-
tained from Fig. 5) during decompression. The figure also
shows the effect of change in MPR piston position on the
overall pressure of the system, hence leading to subsequent
bubble formation and growth. For clarity only the bottom
pressure and bottom piston position are shown as both the
top and bottom pressures and pistons profiles were identical.
The increase in overall chamber height is represented by a
reduction in pistons position. Most of the pressure drop oc-
curs for a very small piston displacement (<2 mm) shown
by two vertical dotted lines XX′ and YY ′ which gives the
initial pressure release rate of ca. 75 bar/s. There is then a lag
period of few seconds before the bubble becomes visible. Af-
ter the lag period, the bubble formation and growth is spon-
taneous. Initially a microscopic dot appears within the melt
and spherical bubble growth occurs. In the next 20–30 s, the
bubble reaches its maximum spherical size having a diame-
ter of ca. 400–500 !m. After this critical spherical size, the
bubble then tends to grow more along the vertical axis than
the horizontal axis as shown on the figure (defined as height
and width, respectively). In less than 2 min, the bubble has
reached its maximum size after which there is no further
growth. The width of the barrel is fixed and during decom-
pression, the piston is moved apart from each other creating
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the pentane evaporates at approximately 50 °C. Longer heating times lead to cell 

collapsing, since pentane escapes faster than air diffuses into the cells [44]. Cell growth 

is dependent on the pressure difference between the inside cell and the surrounding 

medium. Decreasing the external pressure or increasing the internal cell pressure leads 

to a greater pressure difference [35].  

2.2.4.3 Intermediate Ageing  

 After leaving the pre-expander, the EPS beads are left to cool and stabilize in 

silos for approximately 12-48 hours so that the pressure between the internal cells and 

the atmosphere equilibrates [13, 39]. The residual blowing agent condenses and 

desorbs, causing a partial vacuum within individual cells, shown below in Figure 13; this 

pressure is equalized by storing the beads to allow air to diffuse slowly into the beads 

[13, 30, 31]. 

 

Figure 13: Schematic representation of residual blowing agent condensation in EPS 
foam cells after de-molding, causing an internal vaccum and thus shrinkage.  [Author] 

00 
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Decreasing the blowing agent level is key during the ageing step, as too high blowing 

agent levels can lead to excessive cooling times and high molding sensitivity. The 

beads are susceptible to collapse from thermal shock or over-expansion, crushing 

because of the internal vacuum, or shrinkage due to rapid blowing agent loss [31]. 

Cooling is affected by vaporization of the blowing agent, gas expansion, and heat loss 

to the environment [35]. This ageing step allows the beads to have better mechanical 

elasticity and expansion capacity, as an internal vacuum makes the beads susceptible 

to deformation [13, 31]. 

2.2.4.4 Steam-chest Molding 

 During the final EPS processing step, pre-expanded foam beads are welded 

together with steam-chest molding. Steam passes through a metal mold with the beads 

at a pressure of approximately 1.29-1.98 bar, which corresponds to a temperature of 

107-120° C, above the Tg of the polystyrene with pentane [13, 44]. The high pressure 

steam softens bead surfaces, causing inter-diffusion of polymer chains between 

different beads and thus bead cohesion. Better inter-bead cohesion and fewer macro-

voids result in better mechanical properties of the foam [53].  

 The five basic steps of steam-chest molding process are illustrated in Figure 14. 

During the steam-chest molding process, polymer chains diffuse across inter-bead 

regions during heating. The final cooling freezes the physical entanglement of the 

polymer chains at the inter-bead boundaries, leading to bonding. In the mold-filling 
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second step, the pre-expanded beads are drawn by air pressure into the mold by an 

injector according to the Venturi principle. This step is critical for homogeneous bead 

distribution inside the mold. The steaming third step is crucial for good welding; high 

temperature, sufficient steam time, and high contact area and force between beads are 

desired. During the final two steps, the mold is sprayed with water until it reaches a 

cooled temperature of approximately 80° C. This step is critical, as ejection without 

cooling means further bead expansion and thus deviation from the originally intended 

size [53].  

 

Figure 14: Steam-chest molding processing steps, showing 1) closing of the mold, 2) 
filling of the mold, 3) steaming, 4) stabilizing by pressure controls, and 5) ejection of the 

part.  [Re-made from 53] 

2.3 Diffusivity  

 Gas diffusion in closed-cell polymeric foams is more complicated than through 

solid polymer films because of the additional variables of cell size, wall thickness, 

density, and porosity. It is related to diffusivity of the polymer and foam structure [44]. 

Penetrants with very small molecules have concentration-independent diffusion 

coefficients; large organic molecules, however, have concentration-dependent diffusivity 
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[39]. Foam is a multi-layer laminate of thin polymer films and thick gas layers [29]. The 

pentane blowing agent must dissolve on one side of the polymer film, diffuse through 

the film, constrained by the solubility limit, and then diffuse through the polymer by 

molecule diffusion. It detaches from the other side of the membrane, transports through 

the gas layer by conduction or convection, diffuses out of the cells, and repeats this 

process until it moves out of the entire foam [29, 34]. This schematic is illustrated in 

Figure 15.  

 

Figure 15: Hierarchical illustration of gas molecules (red) diffusion across EPS foam 
(black).  [34] 

 

If beads are poorly welded during processing, additional pathways for the gas to exit the 

foam can be formed, thus increasing the effective diffusion rates [34]. These pathways, 

as introduced by Kannan et al. in 2010, are illustrated in Figure 16: 

pre-expansion step [1]. The diffusing gas, within each of these polymeric
membranes, first gets adsorbed on the cell surface, dissolves in the solid
polymer constrained by its solubility limit, diffuses through the polymer
by molecular diffusion, desorbs (detaches) from the other side of the
membrane, transports through the gas phase by conduction and possibly
convection, and the process continues until the gas diffuses out of the
bead and ultimately out of the pattern. Apart from the beads, there also
exists a pathway between poorly fused beads that may contribute
significantly to the overall gas transfer process. Such is expected to
result in higher effective diffusion rates through the foam. Prior
investigations [2] assume that the entire diffusion phenomenon is
controlled by gas diffusion through the solid polymeric cell wall, because
the gas penetration through the polymer is very slow when compared to
the flux through the gas phase inside the bubble, and totally ignore
interconnected voids. This work is an attempt to clarify the differences
in the existing approaches in the literature and propose a possible and
improved model for gas transport in EPS foams.

Figure 2 illustrates the multiscale nature of the morphology of EPS
foam. Figure 2(a) shows an SEM micrograph of a single pre–EPS bead at
200! magnification. The term ‘pre-expanded’ means that the PS has
been partially expanded, having been processed in a pre-expander
during postsynthesis processing [3]. Figure 2(b) is a micrograph of
the cut section of an EPS foam pattern at 50! magnification, and
Figure 2(c) is a micrograph of a cut section of a single expanded bead at
200! magnification. These figures clearly depict the various morpholo-
gical features of the foam, including individual cells, voids (where there
is no bond between the beads), and struts (fused bead walls). The image
in Figure 2(b) appears in a publication by Grahm [4], however, is of the
same origin, for example, from the same supplier and produced by the

PS foam Solid polymer filmCell wall

Figure 1. Schematic representation of the gas diffusion process in EPS foams.
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Figure 16: Inter-cellular space between individual cells in molded EPS foam, which can 
lead to faster diffusion by more pathways for gas to exit.  [34] 

 

The gas diffusivity of closed-cell foams is important because it affects creep and thermal 

conductivity, since the blowing agent can have lower conductivity than air [44]. 

Polystyrene has high melt strength in a wide temperature range, and low diffusivity of 

the blowing agent. This low gas diffusivity is favorable for keeping the blowing agent in 

the beads for a long time and thus being able to transport the impregnated 

microgranules with pentane [39]. However, the amount of residual pentane in EPS 

affects the strength and dimensional stability of the final material [29].  

 During steam-chest molding, steaming causes the bead surfaces to soften, which 

in turn causes wetting and van der Waals forces then dominate the cell welding 

are assumed to be straight and extend throughout the length of the
foam (Tfo).

Depending on the size of the pore, Knudsen diffusion (Dk) and/or gas
phase molecular diffusion (DAB) might control diffusive transport
through the intercellular pores. Dk is related to the pore radius using
the following relationship:

Dk ¼
2

3
Rp

ffiffiffiffiffiffiffiffiffiffi
8RT

!M

r
, ð8Þ

where Rp is the radius of the cylindrical pore and M is the molecular
weight of the diffusant, argon in this case. Knudsen diffusion is
predominant when pore sizes are of the order of diffusing gas mean
free path. Hence, the contribution from Knudsen type diffusion to the
overall diffusion is negligible because observed pores are much larger
than the mean-free path at the experimental temperature and pressure.
On the other hand, gas phase molecular diffusivity accounts for

Tfo

Fully fused
‘Pilon’ structure

Percolated
pathways

Intercellular
space

Figure 6. Schematic of a simplified model of foam architecture proposed in this study.
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process. After, healing occurs by inter-diffusion of the polymer chains across beads 

surfaces, shows in Figure 17 [53].  

 

Figure 17: Arrangement of molecules in EPS before (left) and after (right) processing. 
There is a clear divide between beads prior to molding, which disappears as polymer 

chains across bead interfaces weld and form solid bonds.  [53] 

 

Polymer inter-diffusion across interfaces depends on the molecular weight, chain end 

distribution, and temperature history. [53]. Cell faces act as barriers to gas flow; 

diffusion occurs quickly across cells, and then slows down at the faces. The cells within 

the EPS beads act as constant pressure reservoirs with pressure gradients across the 

cell faces, with gas seeking the easiest route through the cell face network [44].  

Fick’s law, Case II behavior, or free volume theory is often used to describe 

blowing agent gas diffusion in EPS polymer. Fickian diffusion describes small molecules 

diffusing in a homogeneous matrix without entanglements, like so: 

                                          !"!" =
!
!" ! !"

!!               (Equation 9) 
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Here, !(!, !) is the concentration of the gas in position !!apart from the centerline of the 

sample at time !, and !(!, !) is the concentration-dependent diffusivity. With symmetric 

samples, the following initial boundary conditions can also be assumed: 

! !, ! = 0 = !! 

                                         !"!" !!!,!
= 0                   (Equation 10) 

! ! = !, ! = !! 

Here, !! and !! are the initial and saturation concentration [39, 53]. With Case II 

diffusion, however, small molecules diffuse or dissolve in a network of entangled chains. 

This, in turn, causes swelling and thus increases the entanglement density, changing 

the polymer relaxation mechanism [53]. The free volume theory assumes competition 

between penetrants for unrelaxed free volume can lead to differences in mass transport 

in gaseous mixture systems [34]. The free volume within the polymer has three 

components: the macromolecular occupied volume; the interstitial free volume, which is 

small and uniformly distributed in the material; and the cell free volume, which is excess 

free volume large enough for gas transport, and is especially significant for glassy 

polymers with chains not in equilibrium [19]. The temperature dependence of gas 

diffusivity in a polymer is described with an Arrhenius type equation:  

                                          ! = !! exp − !!
!"           (Equation 11) 
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Here, !! is the diffusivity coefficient constant, !!is the gas constant, ! is temperature, 

and !! is the activation energy for diffusion. The rate of diffusion can be increased by 

processing the polymer and gas mixture at a higher temperature [19, 39]. 

 After molding, approximately 40% of the original blowing agent content of 

pentane remains in EPS. This residual pentane plasticizes the foam, decreasing its 

tensile strength and maximum usable temperature. As the foam ages, the pentane 

diffuses out, and EPS becomes stronger and smaller, with a higher temperature 

capability [29]. The diffusion rate is generally high the first couple of days, then 

decreases. EPS normally contains approximately 2 wt% pentane three months after de-

molding [39].  

2.4 Residual Stress and Creep 

2.4.1 Strength of Thermoplastics  

 Rigid cellular polymers such as EPS do not usually have a definite yield point in 

their stress-strain behavior; rather, they undergo increased deviation from Hooke’s law 

with increasing compressive load. The plastic phase composition, density, cell structure, 

and plastic state are all structural variables that affect the compressive strength and 

modulus. The cell shape and geometry of thermoplastic bead foams affect the 

compressive properties. The cell structure is thus often controlled during processing to 

optimize certain physical properties.  

        !"#$%&"ℎ!!"!!"#$%$& = !!!                 (Equation 12) 
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Here, ! is the representative foam density, and !,!!are constants. Decreasing the 

temperature increases the strength and modulus [35].  

 EPS foam contains inter-bead channels that are nearly isotropic. Thus the rate of 

creep, or change in dimensions caused by constant stress, accelerates quickly [35, 44]. 

Short-term creep exists in foams at all stress levels, but long-term creep only results 

after a certain threshold stress level [35]. When creep stresses in closed-cell foams are 

not enough to cause yield, they have low creep strain and no geometric nonlinearity 

[44]. Thermoplastic injection moldings contain residual stresses because of cooling 

rates through the thickness of the mold [42]. The time available for fusion of bead 

surfaces is approximately 10-100 seconds, depending on the mold. Thus, rapid cooling 

of the mold causes the outer, surface layers to solidify before the inner portions [42, 44]. 

The core then shrinks with more cooling because of the thermal contraction, but this 

shrinkage is constrained by the solid outer region which is already cooled, resulting in 

tension residual stresses in the core balanced by compressive stresses in the other 

region. These stresses decrease life expectancy of the foam, increases likelihood of 

dimensional instability, and lead to environmental stress cracking [42].  

2.4.2 Stress-strain Responses 

 Various bead foams exhibit different stress-strain responses depending on their 

processing and shape. Polymers are assumed to be either linearly elastic and isotropic 

with Young’s modulus, !, and Poisson’s ratio !, or to be elastic-plastic with a yield 

stress that increases with strain. At less than a few percent strain, the foam is idealized 
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as linearly elastic and isotropic. The linear elastic relationship between tensile and 

compressive stress and the corresponding strain is related linearly by a constant, E:  

                                                            !! = !!!              (Equation 13) 

In tensile and compressive tests, strains in other directions are related by Poisson’s 

ratio, !: 

                                                  !! = !! = −!!!                (Equation 14)  

The linear elastic model is used to describe materials with small strains, stress 

proportional to strain, no dependence on loading or strain rate, and materials that return 

to their original shape when the loads are removed with an unloading path which is the 

same as the loading path [44]. 

 When the applied stress exceeds the limit of the yield stress, some strain 

remains permanently after the stress is removed. This behavior is less ideal for 

polymers than metals in general, because the slowness of the viscoelastic recovery can 

make the strains seem permanent. Therefore, the foam exhibits and elastic-plastic 

response. EPS has compressive yield stress and residual compressive strain on 

unloading. As a closed-cell foam, it also hardens (yield stress increases with increasing 

strain) because of gas compression within the cells [44].  

 At strains below 5%, polymer viscoelasticity dominates the compressive creep 

response of closed-cell foams, and at high strains cell gas dominates. Glassy polymers 
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such as polystyrene have much lower gas diffusivities than semi-crystallines. Thus, the 

gas contributes less to high strain creep [44].  

2.4.3 Origins of Residual Stresses 

 Residual stresses are stresses that remain in a body that is no longer being 

subjected to external forces [70]. They arise during most manufacturing processes with 

material deformation, heat treatment, machining, or processing operations which 

somehow change the shape or properties of the material [33, 70]. In a freestanding 

body, there must be stress equilibrium, meaning the tensile residual stresses must be 

balanced by compressive residual stresses elsewhere in the body. Surface tensile 

residual stresses are undesirable; they lead to fatigue failure, quench cracking, and 

stress-corrosion cracking. Surface compressive residual stresses, on the other hand, 

increase fatigue strength, resistance to stress-corrosion cracking, and bend strength 

[33].  

 Residual stresses can be classified based on their origin. Mechanical residual 

stresses are often a result of manufacturing processes that produce non-uniform plastic 

deformation, and chemical ones are caused by volume changes associated with 

chemical reactions or phase transformations [33]. Shear residual stresses result from 

non-isothermal polymer melt flow into the mold, and entropy stresses from non-

equilibrium molecular polymer chain orientation [66]. Inhomogeneous heating or cooling 

operations, on the other hand, cause thermal residual stresses [33, 66]. They lead to 

several thermal gradients and thus large internal stresses when coupled with material 
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constraints in the bulk of large components, as so occurs when EPS foam is cooled 

after processing, illustrated in Figure 7 from Chapter 1 [33]. 

 They are also classified by their size, with respect to the body. Type I are macro 

residual stresses, which vary within a body over a range much larger than the grain 

size. Type II are micro residual stresses, which occur due to differences in 

microstructure of the material at the grain size level such as different phases or 

constituents. These can be expected to exist in single-phase materials because of the 

anisotropy in each grain, as well as in multi-phase materials because they contain 

different proportions of different phases. Lastly, Type III are micro residual stresses at 

the atomic level, and occur for similar reason as Type II, but additionally because of 

dislocations or other crystalline defects [33].  

2.5 EPS Shrinkage  

 During this post-processed period, EPS is known to undergo shrinkage that 

affects its ability to be used until it is stabilized. The shrinkage is affected by diffusion of 

the gases from the cells to the inter-bead channels and thus to the external atmosphere 

[44].  

EPS undergoes two known types of shrinkage after de-molding: molding 

shrinkage and after-shrinkage, defined in Section 1.3. When a partial vacuum develops 

inside foams cells because the structure is not strong enough to resist the excess 

pressure of atmosphere over that within the cells, after-shrinkage occurs. This 
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shrinkage is especially difficult to overcome in low-density, flexible, and semi-flexible 

closed-cell foams [35]. The focus on this study is understanding this after-shrinkage in 

EPS foam, as it takes a long amount of time and hence leads to very high storage costs 

of the foam molded parts after processing.  

 After the EPS foam production process is complete, the blowing agent within is 

replaced with air by diffusion until equilibrium is reached, based on five main factors. 

The chemical nature of the polymer and gas, especially the permeability of the polymer 

cell walls to the given gas, the ambient temperature and humidity conditions during 

storage, as well as the fraction of closed cells and whether or not there is a compacted 

skin layer, are primarily significant. Additionally, cell size affects the foam’s ability to 

reach equilibrium, as a large number of small cells resist gas exchange better than a 

few large cells. The foam article shape itself also plays a role. As gas is replaced by the 

surrounding air first in the surface portions of the specimens and then in deeper zones, 

thicker articles take longer to reach equilibrium [35].  

 Assuming polystyrene behaves viscoelastically, decreasing the intracellular 

pressure and temperature to room temperature and pressure leads to EPS shrinkage. 

After de-molding, each cell’s inside is overly-pressurized relative to the ambient 

environment until it reaches atmospheric conditions, illustrated in Figure 13 in Section 

2.2.4.3 [27].  

 The amount of time needed to age EPS foam so that the shrinkage is stabilized 

is controlled by various factors. Increasing the density of the material, the blowing agent 
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molecular complexity, as well as the polymer molecular weight increases the time. 

Decreasing the bead size, however, decreases the time required for aging. The storage 

environment also plays a key role. Decreasing the airflow or increasing the ambient 

temperature decreases the time [31].  
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3 Dimensional Stability of Post-molded EPS 

3.1 Introduction 

After the explanation of bead foam materials an EPS, as well as outlining the 

motivation for this study, this chapter presents the experimental work done in this study. 

With the aim of understanding the shrinkage behavior of EPS foam after processing, 

Table 2 below outlines the testing methods used as well as their functions. 

Table 2: Overview of the testing methods for each function of interest in this thesis. 
[Author] 

Function Method 

Crystallinity & glass transition 

temperature 
Differential scanning calorimetry (DSC) 

Volatile matter content Thermogravimetric analysis (TGA) 

Volatile matter composition Gas chromatography with mass spectrometry (GC-MS) 

Residual stresses Hole drilling method & Raman spectroscopy 

Dimensional shrinkage Length measurements 

Microstructure Scanning electron microscopy (SEM) 
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3.2 Experimental Methods 

3.2.1 Materials and Preparation 

 All experiments were performed with one type of EPS material, BASF 300E 

Peripor, which is a common material used as building insulation, in order to eliminate 

influence of material difference. The raw material was received from BASF as 

microgranules, then pre-expanded and molded into plates using steam-chest molding. 

Two different batches of 300E Peripor microgranules were used. One batch, referred to 

as “new,” came from a previously un-opened, sealed BASF container. These 

microgranules were measured with thermogravimetric analysis (TGA) to have 4.61 wt% 

volatile matter. The other batch, referred to as “old,” came from a prior opened BASF 

container. These microgranules were measured with TGA to have 4.08 wt% volatile 

matter. The differences in the two groups are outlined in Table 3. 
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Table 3: Two types of BASF 300E Peripor raw material microgranules used in this 
study. Volatile matter content was measured with TGA. The destination describes the 
final sample groups that were created by each set of raw material, further explained in 

Section 3.2.2. [Author] 

Raw Material Batches 

  Material Origin 

Initial 

Volatile 

Matter (wt%) Destination 

"New" 

BASF 

300E 

Peripor 

prior unopened, 

sealed BASF 

container 4.61 Groups 1A & 2 

"Old" 

BASF 

300E 

Peripor 

prior opened 

BASF container 4.08 Group 1B 

  

During pre-foaming, the Kurtz X-Line 3.0 machine was pre-pressurized at 740 

mbar for 11 seconds before the microgranules were pressurized at 240 mbar until the 

desired amount was reached. Temperature changes were controlled by pressure in 

order to achieve greater accuracy. The “new” group of microgranules were steamed for 

48 seconds to reach a pre-foam density of 23 g/L, whereas the “old” group of 

microgranules was steamed for 90 seconds to reach the same density, since they 

contained less blowing agent (shown by their lower starting weight percent of volatile 

matter) and thus needed a longer amount of time to effectively expand the 

microgranules into foam particles. The pre-foamed material was then stored for 48 
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hours to allow for equilibration of the pressure between the internal cells and the 

atmosphere. This ageing step allows the beads to eventually create foam with better 

mechanical elasticity and expansion capacity [13, 31, 39]. After storage, the pre-foamed 

was molded into plates of size DIN A4 with a thickness of 22 mm using a Teubert TVZ 

162 steam-chest molding machine. Figure 18 below simplifies the size and shape of 

samples produced.  

 

 

 

 

 

 

 

Figure 18: Size and shape of EPS foam samples used in this study.  [Author] 

3.2.2 Sample Organization  

 Samples were split into three different groups for the purpose of this study based 

on the origin of their raw material microgranules (described in Table 3 from Section 

3.1.1) as well as their storage conditions after molding. The first split was based on the 

temperature of storage after processing, summarized below in Table 3. Group 1 

DIN A4 297 mm 

210 mm 
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samples were stored in a climate-controlled cellar at standard room temperature and 

pressure. Group 2 samples were stored in an air-circulated oven at an elevated 

temperature of 60° C. The samples in Group 1 were also further split based on the 

microgranules from which they were made. Group 1A as well as Group 2 samples were 

made from the previously described “new” microgranules (refer to Table 3). Measured 

with TGA, these microgranules contained 4.61 wt% volatiles. Group 1B samples, 

however, were made with the “old” batch of microgranules (refer to Table 3). These 

Group 1B microgranules were measured to have an initial volatiles content of 4.08 wt%.  
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Table 4: Separation of samples used in this study into three groups based on raw 
material (microgranule) origin and storage conditions (temperature). The definition of 

“New” and “Old” microgranules is defined in Table 3.  [Author]  

Sample Grouping 

  Group 1A Group 1B Group 2 

Material 

BASF 300E 

Peripor 

BASF 300E 

Peripor 

BASF 300E 

Peripor 

Microgranules "New" "Old" "New" 

Origin 

prior 

unopened, 

sealed BASF 

container 

prior 

opened 

BASF 

container 

prior 

unopened, 

sealed BASF 

container 

Initial Volatile 

Matter (wt%) 4.61 4.08 4.61 

Storage 

Location 

Climate-

controlled 

cellar 

Climate-

controlled 

cellar 

Air-circulated 

oven 

Storage 

Temperature 21°C 21°C 60°C 
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The results of comparing Group 1A and Group 1B will be used to investigate the effect 

of the amount of intial volatile matter content on shrinkage behavior of EPS foam. 

Comparing Group 1A and Group 2 will reveal the influence of high temperature storage 

conditions on the shrinkage behavior. These three groups together can help isolate 

which factors contribute more than others to the shrinkage and ultimately dimensional 

stability of EPS foam. 

3.3 Phase Transitions and Crystallinity 

3.3.1 Background  

 Differential scanning calorimetry (DSC) was applied to eliminate the effect of 

material crystallinity by confirming the polystyrene in the EPS used in this study was 

amorphous. DSC is used to determine thermal transitions by measuring the heat 

absorbed. It can provide the glass transition temperature (Tg), crystallization 

temperature (Tc), and melting temperature (Tm) of a material of interest, as shown in 

Figure 19 below.  
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Figure 19: A typical DSC curve showing the glass transition temperature, crystallization 
temperature, and melting temperature peaks.  [2] 

 

However, the Tc and Tm peaks are only seen if the material is crystalline. Most 

commercially-used polystyrene is atactic, meaning it has no order to which side of its 

chain phenyl groups attach, and thus amorphous. Atactic polystyrene is produced with 

free radical polymerization, and is cheap, easy, and quick to make, thus very often used 

in industry. Polystyrene could also, however, be syndiotactic, meaning phenyl groups 

attach to alternating sides of the polymer backbone chain to produce a crystalline 

material. The two types of polystyrene are visually shown in Figure 20 below. This 

syndiotactic type of polystyrene is produced with metallocene polymerization, which is 

significantly more expensive than producing atactic polystyrene, and has melting 

temperature of 270 °C. There exists also a third type of polystyrene, isotactic 
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polystyrene, but this type is rarely used in industrial applications, and therefore was 

assumed to not be present in the EPS samples in this study  [2, 8].   

 

Figure 20: The difference in structure between syndiotactic (left) and atactic (right) 
polystyrene. Syndiotactic polystyrene’s regular arrangement allows for crystallinity, 

whereas atactic polystyrene is fully amorphous.  [8] 

 

DSC was used to determine the glass transition temperature of the EPS material in this 

study, as well as to test if it was made with fully amorphous or rather semi-crystalline 

polystyrene. Semi-crystalline polystyrene would be possible if BASF uses syndiotactic 

polystyrene in its raw material Peripor microgranular beads. Its production is quite 

expensive because it is made with metallocene catalysis polymerization rather than 

merely free radical polymerization like the commonly-used atactic, amorphous 

polystyrene. Because of its crystallinity, syndiotactic polystyrene retains the blowing 

agent for a longer amount of time. The orderly packing nature of the atoms makes the 

crystalline structure less conducive (compared to the more free atoms of an amorphous 
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structure) for residual blowing agent molecules to diffuse out after processing. 

Therefore, it would be attractive as a producer to include syndiotactic polystyrene for 

longer raw material microgranule warehouse storage possibilities, with a trade off of the 

extra high cost compared to atactic polystyrene.  

 

Figure 21: The difference in atomic packing between crystalline (left) and amorphous 
(right) solids. Syndiotactic polystyrene’s regular arrangement allows for crystallinity, 

whereas atactic polystyrene is fully amorphous.  [1] 

 

Additionally, the Tg is known to decrease with increasing amount of volatiles for EPS. 

The Tg of pure polystyrene is 100 °C, but decreases with more volatile matter content. 

Therefore, the phase transitions measurements with DSC were also used to determine 

the Tg of the raw material microgranules used in this study.  

3.3.2 Testing Methodology  

 To find out if the polystyrene used in this study had any amount of crystallinity, 

the microgranules from both types of raw material were tested with DSC. Both the “new” 

and “old” microgranule samples were tested three times to obtain statistically significant 
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values. A Mettler-Toledo instrument was used, following a method that heated each 

sample twice from 25-310 °C at a rate of 10 K/min with nitrogen gas in an inert 

atmosphere. A final temperature of 310 °C was chosen because it is well above the 

melting temperature of sydniotactic PS, which is 270 °C. Thus, if the microgranules in 

this study contained any amount of syndiotactic, crystalline polystyrene, a melting peak 

around 270 °C should be observed. The second heating curve was examined for the 

presence of Tc or Tm peaks because the first heating cycle is used to evaporate the 

volatile matter in the EPS. After the volatiles evaporate, the leftover polystyrene material 

is analyzed from the results of the second heating cycle for crystallinity.  

3.3.3 Results 

After testing both the “new” and the “old” microgranules, every sample tested 

obtained a second heating curve following the same shape as the one shown below in 

Figure 22.  
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   Figure 22: DSC curve for a raw material “old” microgranule, showing a clear Tg 
(marked) but no Tc or Tm peaks.  [Author] 

 

In every measurement for both the “new” and “old” microgranules, a clear glass 

transition temperature shift was seen near the polystyrene Tg of 100 °C, but no other 

peaks were measured. The specific value of the Tg was evaluated as the midpoint of 

this area of shift in the second heating curve. Both microgranules showed similar Tg 

values: for “new” microgranules, the average Tg was calculated to be 95.2 °C; for “old” 

microgranules, the average Tg was 94.3 °C. The Table 5 below elaborates upon the 

values obtained for Tg per sample each time it was run through a DSC cycle. 
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Table 5: Tg measurements for all microgranule samples tested with DSC.  [Author] 

Sample Tg (°C) 

    

Mikro_new_1 94.92 

Mikro_new_2 94.12 

Mikro_new_3 96.48 

"New" Microgranules Average 95.17 

    

Mikro_old_1 93.32 

Mikro_old_2 94.34 

Mikro_old_3 95.25 

"Old" Microgranules Average 94.30 

 

 Additionally, no clear Tc or Tm peaks were observed in the second heating cycle 

to signify crystallinity, or the presence of syndiotactic polystyrene. If there was any 

syndiotactic polystyrene at all present in the EPS material used in this study, its amount 

was too low to have an impact on foaming or storing behavior, or else it would have 

been clearly detectable with the DSC trials. It is unlikely that there was any syndiotactic 

polystyrene within the microgranules also because of its high production cost compared 

to atactic polystyrene, and it would not be worth putting in such a small amount that 
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makes no different to the material performance. Thus, the EPS in this study was found 

to be fully amorphous, atactic polystyrene.  

3.4 The Effect of Volatile Matter Content on EPS Shrinkage 

3.4.1 Background  

 After processing, volatile matter from the blowing agent remains within EPS, 

affecting its shrinkage and thus dimensional stability. After processing, the residual 

blowing agent remaining within individual cells condenses. This causes a partial 

vacuum and leads to dimensional instability, because the cell structure is not strong 

enough to resist the excess pressure of the atmosphere over that within the cells [13, 

35]. Therefore, the content of volatile matter in EPS plates was tracked in this study with 

TGA and further analyzed qualitatively by gas chromatography coupled with mass 

spectrometry (GC-MS) to learn the composition of the matter.  

 Twelve samples from Group 1A and twelve samples from Group 1B were 

dedicated to TGA testing for the entire duration of time. Each time, three of these twelve 

plates were measured, alternatively cycling through each of the samples. 

Measurements were taken once per week once the molded parts were made for 61 

days. Prior to molding, TGA measurements were also taken of the “New” and “Old” 

microgranules and pre-foam materials (refer to Table 2 for definition of “New” and 

“Old”). From Group 2 (high-temperature storage plates), one sample was removed from 

the oven at each time interval and tested at three points with TGA in addition to all of 
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the previously removed Group 2 plates. Three points were chosen to test per 

measurement point in order to minimize the instrument use because of its time and 

availability constraint, while also still obtaining statistically significant values. 

3.4.2 Testing Methodology 

 The volatile matter content of the EPS material in this study was measured 

primarily using TGA, which measures the changes in the physical and chemical 

properties as a function of increasing temperature (with constant heating rate) or a 

function of time (with constant temperature) for materials which exhibit a loss of 

volatiles. Testing was done using a Mettler-Toledo instrument, with which samples were 

heating from 25-130 °C at a rate of 10 °C per min, then held at 130 °C for 10 minutes 

during which the weight loss was measured as volatiles diffused out. The TGA testing 

was done periodically at various points before, during, and after processing, following 

approximately the same frequency as the dimensional testing to allow for comparison of 

final data.  

 Since TGA gives the amount of entire volatile matter inside a material, GC-MS 

was also performed periodically to analyze the exact make-up of the volatile matter. 

This technique is used for the analysis and quantification of organic volatile and semi-

volatile compounds. The gas chromatography portion is used to separate a mixture into 

individual components with a temperature-controlled capillary column. Small molecules 

with lower boiling points travel faster down the column, and are thus separated and 

detected sooner than larger molecules. The MS portion then identifies the individual 
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components from their mass spectra [Evans Analytical Group, Bristol Univ]. An Agilent 

Technologies 5977A MSD instrument with an Agilent Technologies 7890B gas 

chromatography (GC) system was used in this study. Helium was used as the carrier 

gas, and a quadrupole mass analyzer was used as a detector for the mass 

spectrometry (MS) portion. Testing was done qualitatively, to be coupled with TGA 

results in order to determine quantitative amounts of specific substances within the 

volatile content of EPS.  

3.4.3 Measurement of Volatile Matter Content 

 Testing with TGA, curves like the one below in Figure 23 were obtained showing 

the weight percent (compared to the starting mass of the inserted sample) of EPS over 

temperature.  

 

Figure 23: Example of volatile matter content curves obtained from TGA testing, 
showing volatile matter content over temperature. The weight loss starts at 90° C and 

ends at 120° C. The Tg was measured by DSC to be 94.3° C, Section 3.3. [Author] 
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The curve is an example of a TGA test done on an “old” microgranule sample, showing 

weight loss beginning at approximately 90 °C and ending at approximately 120 °C. This 

“old” microgranule sample lost approximately 4% of its weight during heating, 

corresponding to its volatile matter content. The weight loss begins at a temperature 

above the normal boiling point of the compounds which make up the volatile matter, as 

determined by GC-MS. This occurs because the compounds are trapped within the 

solid polystyrene cells and only come out around the Tg of the polystyrene (94.3 °C, as 

determined by DSC), after the polymer has softened.  

 The values measured for volatile content by TGA were then plotted with respect 

to time for each of the sample groups for comparison. Group 1A and Group 1B samples 

were plotted together to see the effect of initial volatile matter content on final volatile 

matter content. Group 1A and Group 2 samples were plotted together to learn the effect 

of high temperature storage on final volatile matter content. The results are shown 

below.  
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Figure 24: Volatile matter content of Group 1A and 1B over time, used to compare the 
effects of initial volatiles amount on final volatiles amount. The starting point of 0 is 

taken as 24 hours after de-molding. [Author] 

 

The zero point on this graph is taken as 24 hours after de-molding of the EPS plates to 

allow for stabilization by cooling of the parts. Fit lines are added to guide the eye 

through the points measured. Prior measured points for Group 1A and Group 1B of the 

microgranule and pre-foam material volatile content, measured before and during 

processing are shown in Table 6 below. 
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Table 6: Volatile matter content of samples prior to molding. Note that “stabilizing” refers 
to the 48 hours that samples were stored in silos between the pre-foam step and the 

steam-chest molding step.  [Author]  

  Group 1A Group 1B 

Processing 

Step 

Volatile Matter 

Content (wt%) StDev 

Volatile 

Matter 

Content 

(wt%) StDev 

Microgranules 4.61 0.02 4.08 0.03 

Pre-foam 

(pre-

stabilizing) 2.75 0.10 2.28 0.09 

Prefoam 

(post-

stabilizing) 1.81 0.07 1.01 0.14 

 

From Figure 24 above, we see that despite the different amounts of volatile matter in 

each of the group’s raw material microgranules (Group 1A with 4.61 wt% and Group 1B 

with 4.08 wt%), at the end of the duration of this study, both groups end up with 

approximately the same amount of volatiles. This shows that the initial amount of 

volatile matter in the raw material microgranules does not seem to affect significantly 

the amount of volatile matter in the molded parts over time.  
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Figure 25: Volatile matter content of Group 1A and 2 over time, used to compare the 
effects of a high storage temperature on final volatiles amount. The starting point of 0 is 

taken as 24 hours after de-molding. [Author] 
 

The zero point on the graph in Figure 25 is taken as 24 hours after de-molding of the 

EPS plates to allow for stabilization by cooling of the parts. Fit lines are added to guide 

the eye through the points measured. Three different sections of Group 2 samples are 

shown here, one group heated just 1 Day, another group heated 7 Days, and another 

group heated for 33 days. After the 1, 7, or 33 days in the oven, the samples were 

stored at 21 °C with Group 1A and Group 1B samples, and the volatile matter tracking 

began. Thus, the data for those samples stored 7 days in the oven begins at a time of 7 

days and not earlier. All of the samples from Group 2 heated in the oven at 60 °C show 

lower volatile matter content during the earlier days of the trial. This is because higher 
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storage temperature, leading to less leftover matter while the oven storage. Increasing 

the temperature increases the diffusion of small, high-energy gas molecules, meaning 

molecules move out of the entire plate faster [Castro, Vilaplana], as seen in the 

difference between Group 2 volatile matter and Group 1A. For instance, at Day 19, 

Group 1A samples had an average of 0.79 wt% volatile matter, while 7-day-heated-

Group 2 samples had an average of 0.32 wt% volatile matter. However, by the end of 

the trials, all samples stored in the oven, regardless of the duration of time heated, 

reached approximately the same amount of volatile matter content. From the 

dimensional shrinkage measurements, presented in Section 3.6, it was found that only 

the samples in Group 2 were found to reach stability by the end of the duration of the 

trials. This leads to the conclusion that the amount of volatile matter content in EPS 

foam is not the final influencer of dimensional stability.  

3.4.4 Qualitative Composition of Volatile Matter 

 EPS samples were also measured with GC-MS at different points along the foam 

production and lifespan to track the distribution of how specific compounds within the 

volatile matter change over time. The volatile matter content is known to be made up of 

mostly pentane from the blowing agent used to expand the EPS, but GC-MS tests were 

conducted to see the changes in the specific distribution of other compounds along the 

processing and post-processing lifetime of the material. This data can then be used with 

dimensional measurements to evaluate the volatile matter composition effect on EPS 

stability. The testing was conducted at various points based on the timing and 
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availability of the GC-MS instrument. The Group 1A and Group 2 samples were tested 

at five points, while the Group 1B samples were tested at four points along the lifetime 

of the foam during the course of this study.  

 Qualitative measurements of the amount of each compound relative to the others 

within the volatile matter makeup were obtained for each sample. First, using gas 

chromatography, the peak intensity distribution was analyzed, such as for instance the 

one shown below in Figure 26.  

 

Figure 26: Peak intensity distribution of “Old” microgranules using GC-MS. [Author] 

According to their boiling point and molecular size, the molecules of various volatile 

matter travel through the capillary column at different speeds. This thus affects the rate 

at which they are detected, and the peak maps shown above are further analyzed with 

MS. First, an integration peak list, such as Table 7, is produced.  
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Table 7: Integration peak list of “Old” microgranules using GC-MS. [Author] 

Peak Start RT End Area AreaSum% 

1 1.831 1.922 1.942 766101.63 7.77 

2 1.945 1.991 2.046 8183281.23 83.04 

3 2.205 2.231 2.259 101700.24 1.03 

4 6.952 6.989 7.021 33372.37 0.34 

5 7.536 7.578 7.64 460287.77 4.67 

6 8.19 8.213 8.236 11274.39 0.11 

7 8.667 8.714 8.764 16463.38 0.17 

8 10.293 10.316 10.501 237239.57 2.41 

9 10.544 10.614 10.639 29138.29 0.3 

10 13.885 14.024 14.107 15723.04 0.16 

 

The integration peak list lists the area of each peak, and thus the software calculated 

the amounts of each peak relative to all other peaks detected by the instrument. The 

MS portion of the analysis was further used to identify each of the peaks to a specific 

compound based on the counts versus mass-to-charge graphs, similar to Figure 27 

below.  
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Figure 27: Identification of particular peak in “Old” microgranules. [Author] 

The instrument software compared peak distribution to its library of compounds to 

identify the distribution of volatile matter. When a compound of matching peak 

distribution was found, the identity of the volatile matter was determined, as shown in 

Figure 28 below as an example.  

 

Figure 28: Comparison of intensity distribution of particular peak to library spectrum to 
identify compound identity in “Old” microgranules. [Author] 

 

The results of the samples tesed in all groups is presented in Table 8 below, showing all 

the compounds that made up the volatile matter at various points in the experimentation 

timeline. A prior-made EPS Peripor 300E sample was also tested in order to see what 
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the volatile matter distribution was in a fully stable sample, and thus see which 

compounds do not affect EPS shrinkage in the long term. 

Table 8: Composition history of volatile matter in each of the sample groups (continued 

until page 79). [Author]  

Group 1A Volatile Matter Composition (%) 

  Microgranules 

Pre-foam (pre-

stabilization) 

Pre-foam (post-

stabilization) 

Day 

19 

Day 

61 

Isopentane 9.51 17.69 19.19 55.415 88.30 

n-Pentane 81.97 74.99 65.82 19.6 0 

1-Pentene 0.50 0.52 0.56 0 0 

Ethylbenzene 0.88 1.15 2.22 3.825 0.80 

Styrene 4.10 4.03 8.63 12.76 2.30 

1-Methylethyl-
benzene 
(Cumene) 

0.24 0.41 0.68 1.515 1.60 

2-Propenyl-
benzene 

0.05 0 0 0 0 

Propyl-benzene 0.23 0.22 0.62 5.07 0 

Acetophenone 2.02 0.69 1.58 0.43 2.78 

1-Methoxyethyl-
benzene 

0.29 0.31 0.69 1.38 0 

1-Difluoro-2-
methyl-3-ethyl 
cyclopropane 

0 0 0 0 1.45 

Isopropyl alcohol 0 0 0 0 2.775 
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Group 1B Volatile Matter Composition (%) 

  Microgranules 

Pre-foam (post-

stabilization) Day 19 Day 61 

Isopentane 7.77 23.03 58.92 69.11 

n-Pentane 83.04 66.91 33.915 3.25 

1-Pentene 1.03 1.04 0.95 0.98 

Ethylbenzene 0.34 0.49 1.14 1.05 

Styrene 4.67 6.27 11.03 10.00 

1-Methylethyl-
benzene (Cumene) 

0.11 0.53 1.255 1.15 

Propyl-benzene 
0.17 0.26 0.285 0.84 

Acetophenone 
2.41 1.05 5.115 9.80 

1-Methoxyethyl-
benzene 

0.30 0.41 1.84 1.92 

Dicumyl peroxide 0.16 0 0 1.90 
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Group 2 Volatile Matter Composition (%) 

  

Micro- 

granul

es 

Pre-foam (pre-

stabilization) 

Pre-foam 

(post-

stabilization) 

Day 

19 

Day 

61 

Isopentane 9.51 17.69 19.19 73.56 84.16 

n-Pentane 81.97 74.99 65.82 15.81 0 

1-Pentene 0.5 0.52 0.56 0 0 

Ethylbenzene 0.88 1.15 2.22 0 2.3 

Styrene 4.1 4.03 8.63 0 2.55 

1-Methylethyl-benzene 
(Cumene) 

0.24 0.41 0.68 1.41 1.96 

2-Propenyl-benzene 
0.05 0 0 0 0 

Propyl-benzene 
0.23 0.22 0.62 0.705 0.88 

Acetophenone 
2.02 0.69 1.58 5.015 3.33 

1-Methoxyethyl-benzene 
0.29 0.31 0.69 0 0 

1-Difluoro-2-methyl-3-ethyl 
cyclopropane 

0 0 0 0 0 

Isopropyl alcohol 
0 0 0 0 0 

Dicumyl peroxide 
0 0 0 0 2.28 

1-Methyl-1-phenylethyl 
hydroperoxide 

0 0 0 3.5 2.53 

 

In all of the sample groups, most pentane (n-pentane and isopentane) was measured 

throughout the foam material lifetime, in agreement with prior studies and the blowing 
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agent content. In Table 8, the isopentane amounts are highlighted in blue, while the n-

pentane amounts are shown in red to allow for easy following of the compositional 

change of these two compounds. This pentane is residual blowing agent left over from 

the foam expansion process. Other compounds that were measured, all at relatively 

very small amounts, were all high molecular weight compounds used either in the raw 

material production or contaminants. The contaminants could have come into contact 

with samples throughout storage and transportation across various surroundings. 

Acetophenone was seen in all samples tested, and is commonly used as a special 

solvent for plastics and resins, as well as a catalyst for olefin polymerization [48]. 

Cumene was also present, which is used in the manufacturing of acetophenone. The 

compound also often forms peroxides, which were seen in samples at later 

measurement points, after storage in contact with air [46]. Ethyl benzene is used in 

styrene manufacturing, whereas isopropyl alcohol (IPA) was most likely caused by 

contact of some samples with surfaces that were cleaned with IPA-containing cleaning 

supplies [47].  

A prior-produced (over 1 year ago, with the same production conditions) Peripor 

300E EPS plate was also tested with the same GC-MS procedure, and produced a very 

similar distribution of the compounds making up the volatile matter remaining within.  
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Table 9: Composition of volatile matter in a prior-produced EPS Peripor 300E sample 
over time. [Author]  

>1 Year Old EPS Plate 

Volatile Matter 

Distribution (%) 

Isopentane 62.91 

n-Pentane 2.39 

Ethylbenzene 4.46 

Styrene 2.54 

1-Methylethyl-benzene 
(Cumene) 

3.81 

Propyl-benzene 1.76 

Acetophenone 9.54 

1-Methoxyethyl-benzene 9.27 

Dicumyl peroxide 3.32 

 

The purpose of testing this prior-produced sample was to see which compounds remain 

in EPS after it has completely stabilized according to the industry standard, and hence 

which compounds have no effect on the shrinkage of the the same material. Its very 

similar distribution of volatile matter to the new EPS plates produced for this study 

showed that after a certain point, the volatile matter content no longer affects 

dimensional stability.  

From the GC-MS results, the largest shift in the distribution of volatiles noticeably 

came from the fastest diffusing out of n-pentane, thus isopentane becoming the majority 
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compound in the volatile matter makeup as time went on. The combination of GC-MS 

and TGA results plotted onto the same plots, shown below in Figure 29, allow for 

visualization of the shift of the portions of isopentane (shown in blue) verses n-pentane 

(shown in red) in the volatiles over time for all three groups of samples, plus the other 

contents in various shades of grey.  
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Figure 29: Comparison of volatile matter over time, with n-pentane, (red) isopentane 
(blue), and other volatiles (greys). [Author] 

 

Both the “old” and “new” microgranules started with approximately 80% of the volatiles 

as n-pentane, as per agreement with the BASF 300E Peripor date sheet [51]. This n-

pentane is the primary compound in the blowing agent, and is used to expand the 

microgranules into cellular foams during the steam-chest molding process. The 

proportion of the n-pentane and isopentane, however, change over the time. The 

graphs below in Figure 30 highlight these drastic compositional changes over time, with 

n-pentane showin in red and isopentane in blue.  
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Figure 30: Relative comparison of the two types of pentane in the volatile matter over 
time. N-pentane composition is shown in red and isopentane in blue. [Author] 
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In all three groups, a majority of isopentane rather than n-pentane is seen at the end of 

the trials. This could be attributed to the more branch-like molecular shape of 

isopentane compared to the simple, long n-pentane. This makes it easier for n-pentane 

molecules to diffuse out of the foam faster than isopentane moleucules. The point at 

which the entire volatile matter content of the material drops below 1 wt% is when n-

pentane no longer is the major compound in the volatiles. Additionally the samples from 

all three groups end up with approximately the same distribution of volatile matter 

content by the end of the trials (61 days after de-molding). However, only the oven-

stored plates reached stability in that time according to DIN EN 1603. Thus, the volatile 

matter content below 1 wt%, the point at which isopentane becomes the majority of 

volatile matter, does not seem to affect EPS shrinkage. After this point, air diffusion into 

cells becomes more important, and becomes the determining factor for dimensional 

stability.  

3.5 Residual Stress Measurement Methods for EPS Foam  

3.5.1 Background  

 Residual stresses develop during most manufacturing processes due to material 

deformation, machining, heat treating, or processing that changes the shape or 

properties [33]. Rapid cooling of the mold during EPS processing leads to faster surface 

solidification before the core. Because of thermal contraction, the core shrinks with 

more cooling, as illustrated in Figure 7 in Section 1.3. However, the shrinkage is 
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constrained by the already-cooled solid outer region, resulting in tensile residual 

stresses in the core balanced by compressive stresses in the skin. Residual stresses 

are generally undesirable, as they increase the risk of dimensional instability, lead to 

environmental stress cracking, and decrease life expectancy of materials [42].  Thus, in 

order to see if the polymer matrix behavior also plays a role in post-processed 

dimensional stability of EPS, residual stress testing was performed to track stresses 

over time after molding. As there is not any prior literature on residual stress 

measurement of EPS polymer foam, the main purpose of the residual stress 

measurement of this study was to establish a method to determine the residual stresses 

in EPS foam from the available methods of residual stress measurement techniques. 

Then, if any methods were able to measure residual stresses in the foam, the next step 

was to determine if the stresses are significant enough to affect the post-processed 

shrinkage behavior. Based on the amorphous polymer material and flat plate shape of 

the EPS samples used in this study, three possible types of residual stress testing 

methods were employed: hole drilling method, Raman spectroscopy, and curvature 

layer removal method. The frequency and timing of the tests performed were based on 

the accessibility and success of the available instruments and measurement methods. 

3.5.2 Residual Stress Measurement Methods 

 Measurement of residual stresses in materials is done either by measuring the 

actual strain or the changes in strain [70]. Besides, a variety of measurement methods 

exist for detecting residual stresses, depending on the type of material, its shape, and 
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the desired measurements. However, only more in-depth methods such as x-ray 

diffraction, synchrotron, and Raman spectroscopy can be used to measure micro 

residual stresses in the microstructure, in addition to the measurable macro ones.  

The birefringence method measures changes in optical properties of a polymer 

that are caused by residual stresses present. It is, however, limited to transparent 

materials [42]. A chemical probe method can also be used to detect residual stresses in 

materials by applying chemical to the surface and measuring the time taken to fracture. 

This method is limited by its ability to only detect tensile stresses [42]. Photo-stress 

coatings give a qualitative measurement, showing locations of high stresses but the 

stress is unknown. X-ray diffraction, on the other hand, gives quantitative measures of 

residual stresses that are closest to the surface of materials. However, the material 

must be crystalline and in a thin shape [70].  

The layer removal method measures the degree of curvature introduced into a 

flat plate sample by removing thin layers from the surface. It determines the strain and 

hence residual stresses present in the layer that has been removed, as the plate bends 

with a curvature dependent on the original stress distribution in the removed layer and 

elastic properties of the remaining plate [33, 42, 66]. The curvature can be measured 

with optical microscopy, laser scanning, strain gages, or profilometry [33]. The layer 

removal method is often the primary method for measuring residual stresses in plastics, 

but it can only be applied to flat plate samples and cannot measure very near-surface 

stresses [33, 42, 66].  
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The hole drilling method relieves local residual stresses by drilling a hole onto the 

surface of samples and then measures the resulting strain around the hole which 

reflects the residual stresses [42]. For this method, high speed drilling is necessary to 

avoid introducing new stresses to the specimen, while the maximum possible depth is 

limited by 2/3 the hole diameter [33, 70]. It assumes the material to be isotropic and 

linear elastic, the stresses to not vary much with depth, and small stress variations 

within the hole. Incremental hole drilling can be used to measure the stress profiles and 

gradients across a sample [33]. ASTM E387-99 outlines the standard hole drilling 

measurement method, but has been often altered when applying to polymers and with 

new strain measurement methods [33, 60, 66]. Thus, the method is well established, but 

is limited by possible errors from localized drilling heating, limited strain sensitivity, and 

applies only where residual stress values are less than half the yield strength [33, 42].  

 The Raman spectroscopy method measures residual stresses in materials using 

the Raman effect, which involves the interaction of light with matter. Incident laser light 

is directed toward the sample, causing the bonds between atoms to vibrate. The 

scattered light is then analyzed with a Raman spectrum, which reveals crucial 

information about the sample’s physical state and chemical structure. It measures 

surface strains, and is advantageous in the sense that it is non-destructive, non-

invasive, and provides high spatial resolution [33]. 

Two different methods were used in this study to determine the possibility of 

measuring residual stresses in EPS foam, and discovering whether the polymer matrix 
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stress behavior plays a role in overall part shrinkage: hole drilling method and Raman 

spectroscopy.  

3.5.3 Testing Procedure  

 For the hole drilling method, a hole was drilled in a sample to remove a piece of 

stressed material, forcing the remaining surrounding material to find new stress 

equilibrium. This re-arrangement of stresses causes a slight distortion in the surface of 

the sample near the hole, shown in exaggerated form in Figure 31 below.  

 

Figure 31: Cross-sectional view of exaggerated displacements around a hole drilled into 
a stressed material. These displacements are used to calculate the residual stresses. 

[56] 

 

The displacements were measured and then used to calculate the residual stresses 

present in the sample before drilling. The hole is drilled with steps until it reaches a final 

designated depth, which has a maximum value of 2/3 the size of the drill bit diameter. 

Prism Electronic Speckle Pattern Interferometry (ESPI) was used to take laser images 

of the surface after each drilling step. In the setup, light from a laser source is split into 

two beams with a beam splitter. One part illuminates the object, which is imaged by a 

charged couple device (CCD) camera, and the other part passes through an optical 
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fiber directly to the camera. The setup used for the hole drilling method is illustrated 

below in Figure 32. 

 

Figure 32: ESPI setup for residual stress measurements with the hole drilling method. 

[55] 

 The two parts of the laser then interfere on the CCD surface to form a speckle pattern. 

The phase at each pixel of the CCD is then taken with imaging [Schaler]. Images were 

analyzed with the PrismS software to then calculate residual stresses present in each 

sample. The software follows the Integral Method and uses incremental referencing, 

and calculates sample depth profiles for the sample coordinate system (horizontal, 

vertical, and shear stresses), as well as the principal shear directions [Prism]. Samples 

in this study were drilled with a 3.2 mm diameter drill bit, as it was the largest size 

available, and the holes had a final depth of 1.9 mm.  
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 The Raman spectroscopy uses the interaction of light with matter to learn about 

the physical and chemical properties of a material. Samples were illuminated with a 

laser beam, with the reflected light mapped onto a Raman spectrum to determine 

properties, as illustrated in Figure 33 below.  

 

 

Figure 33: Raman spectroscopy setup for measuring residual stresses. [22] 

Due to the lack of instrumentation available on site, EPS samples in this study were 

tested at the Leibniz Institute for Polymer Research in Dresden, Germany. There, a 

confocal Raman microscope combined with an alpha 300R (WITEC) imaging system 

was used with a 532 nm laser and a CCD detector behind a 600 g/mm grating. The 

EPS samples tested were cleaned from any dust particles before tesing using a stream 

of nitrogen.  
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3.5.4 Residual Stress Measurement Results 

3.5.4.1 Hole Drilling Method 

 To measure residual stresses in EPS foam, this study began with the hole drilling 

method because it was the most readily available instrumentation on site. As the 

method is more commonly used for measuring residual stresses in metals, a run-

through with a prior-produced (approximately 1 year old) Peripor plates was first 

conducted. These plates are known to have zero residual stresses because any 

residual stresses induced by thermal methods during fabrication would have been 

relieved since their production over a year ago. Therefore, if any residual stresses were 

to be measured, they were theorized to be the effects of the instrumentation rather than 

the material, and could then be subtracted from future tests with the plates produced for 

this study. The tests with the very old EPS plates results in the measurement of no 

significant amount of residual stresses measured, with all values between -0.3 – 0.3 

MPa, as shown below in Figure 34.  
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Figure 34: Results of hole drilling method for prior-produced sample, showing two-
dimensional stress tensor at various drilled depths. [Author] 

 

The graph in Figure 34 shows the values of the two-dimensional stress tensor of the 

sample measured with respect to the hole depth drilled. With the extremely low values 

for residual stresses detected in the prior-produced EPS plates, it was therefore 

concluded that there were no instrumentation-induced residual stresses, and it would be 

worth testing new samples.  

 Two EPS plates, one cellar-stored and one oven-stored were measured at two 

different points of time shortly after de-molding: once at 1 day after de-molding, and a 

second time at 4 days after de-molding. The purpose of these days was to see if the 

residual stresses in the samples decreased ove time after de-molding, but points were 

still chosen close enough to de-molding to capture any thermal residual stresses that 

could have been caused by processing. Curves similar to the one below in Figure 35 
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were obtained for all samples, following no consistent pattern of peaks, and all at 

extremely low, near-zero MPa values.  

 

Figure 35: Results of hole drilling method for a current-produced sample for this study, 
showing two-dimensional stress tensor at various drilled depths. [Author] 

 

The curves in Figure 35 show the two-dimensional stress tensor values of the material 

measured as a function of depth drilled into the surface. All detected residual stress 

values were between -0.15 – 0.1 MPa, which were actually approximately half of those 

values detected for the prior-produced, one-year-old EPS plates. This was the opposite 

of what was expected, since the prior-produced samples were expected to have had all 

residual stresses caused by thermal processing conditions already relaxed in the past 

year. Based on these results, it was concluded that this setup of the hole drilling method 

that was used in this study cannot produce results with a known accuracy for a number 
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of possible reasons. First, the diameter of the hole drilled was approximately the same 

as the diameter of the cells of the foam, as shown below in Figure 36.  

 

Figure 36: Illustration of similarity of drilled hole diameter size to foam cell diameter size. 
[Author] 

 

Thus, the amount of material removed may not be enough to cause significant enough 

stress re-alignment displacement in the surrounding material. Additionally, as the hole 

depth was limited by the diameter of the drill bit, the amount drilled could have been too 

shallow to detect any residual stresses which exist below the near-surface of the 

material. As the specific Stresstech instrument used in this study is originally designed 

for use with metals (although stating in the manual it can be used for all types of 

materials, including polymers), the laser detectors could be not designed to be sensitive 

enough to completely accurately measure the low residual stress values in foams. 

Lastly, since the cell wall thickness in EPS foam is significantly lower than the cell bead 

diameter, the instrument could be unable to capture the effect of the polymer matrix 

because it is lost over the average area of the cells of the removed material which are 

2 mm 



 

96 

 

mostly filled with air. This is illustrated below in Figure 37 with an SEM image of the 

material. 

 

Figure 37: SEM image of EPS foam, highlighting large cell diameter compared to cell 
wall thickness. [Author] 

3.5.4.2 Raman Spectroscopy  

 After detecting near-zero residual stress values by the hole drilling ESPI method, 

the samples were also tested with the Raman spectroscopy method. A prior-produced 

(approximately one year ago) Peripor plate was also tested to ensure no stresses were 

induced by the measurement method, similarly to the approach taken with the hole 

drilling method explained in Section 3.5.4.1. Samples were also tested 33 days after de-

molding and 61 days after de-molding. 

 The resulting spectra showed the expected vibrations for polystyrene. However, 

there were no differences measured between the very old plates and the plates 

produced for this study, as shown below in Figure 38.  
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Figure 38: Raman spectroscopy results of very old Peripor sample (lowest 3 curves) 
tested in comparison to current produced samples (remaining curves). All samples 
produced the peaks for polystyrene, but there was no difference in residual stress 

detected. [Author] 

 

The reason for the lack of the Raman spectroscopy method to detect residual stresses 

in the EPS samples could be for a number of reasons. The measurement might not 

have been sensitive enough to elucidate differences, the effects of the differences could 

have been lost by averaging over the measurement area of one square micron, or the 

residual stresses in the plates produced for this study were already relaxed a few weeks 

after processing and thus produced results similar to the very old plate.  
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3.6 Dimensional Shrinkage Tracking of EPS Foam  

3.6.1 EPS Storage Conditions Background 

 The post-molded EPS foam shrinkage behavior has been shown in prior studies 

dueto volatile matter content. EPS experiences steam condensation inside of its beads 

after steam chest molding and removed from the mold. Thus, inside the beads it has a 

lower pressure than the surrounding atmosphere which causes shrinkage [53]. After 

EPS demolding, the pressure and temperature of its environment decrease. This leads 

to the intra-cellular pressure decreasing to atmospheric pressure, and stiffening of the 

polystyrene material. Since PS is assumed to be viscoelastic for temperatures down to 

20 °C and the secondary molecular transition that exist around 50° C, the residual 

pentane evaporation lead to separation of polymer chains, causing more free volume for 

molecular motion. This explains (less than 1%) small dimensional variations of EPS 

observed during after-shrinkage. A higher storage temperature after processing should 

then lead to faster after-shrinkage because shrinkage at a low final temperature is 

further from the dimension that is stable than shrinkage at a high final temperature [27]. 

Additionally, at room temperature, pentane diffusivity is independent of aging time for 

EPS. Increasing the temperature of storage, however, increases its dependence [29]. 

Thus, storing a portion of EPS plates, Group 2, were stored at a higher temperature to 

study the possibility of achieving faster shrinkage in this way. Dimensional testing was 

done to track this shrinkage of Group 2 plates, as well as Group 1A and 1B plates, in 
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order to see which group(s) reached stability according to the industry standard and 

what factors led to that stability. 

3.6.2 Dimensional Testing 

 In order to track the shrinkage of the EPS plates, periodic dimensional 

measurements were taken. Only one of the three dimensions was measured because 

the material was assumed to be isotropic, thus exhibiting uniform shrinkage. Based on 

the assumption, the longest dimension was chosen for measurement in order to 

minimize error. Samples were measured dimensionally approximately one time per 

week. Measurements were taken at three points, as shown in Figure 39 below, then 

averaged for each point of measurement.  

 

Figure 39: Dimensional testing three measurement points, which were then averaged 
each time to calculate the percent shrinkage. [Author] 
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Once the dimension at each of the three points shown in Figure39 was measured 

each time, these values were averaged to calculate the dimension of the sample, like 

so:  

     ! = !
! (!! + !! + !!)             (Equation 10) 

where !!, !!, and !! are the lengths measured at each of the three points. The accuracy 

of each measurement was 0.01 mm. To calculate the percent shrinkage, the measured 

length was compared to the mold length of 290 mm in the same dimension, using: 

                                               %!!ℎ!"#$%&' = !!!!
!!
!×100          (Equation 11) 

Here, !! is the mold length, equal to 290 mm for the EPS plates produced in this study. 

The percent shrinkage was averaged across all ten samples measured per group each 

day for Group 1A and Group 1B. For Group 2, after each incremental number of days of 

heating, three samples were removed from the high temperature oven and measured 

dimensionally continuously each week. For instance, those samples heated for 7 days 

in the oven were removed after one week, tested dimensionally, then stored at the 21 

°C cellar for the remainder of the duration of the study with weekly dimensional 

measurements. Weekly measurements were taken of shrinkage in the longest 

dimension, since the material was assumed to be isotropic and thus exhibiting uniform 

shrinkage. 
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3.6.3 Dimensional Results  

As pentane is a plasticizing blowing agent, it softens EPS at high temperature or 

low pressure to help with expansion. After expansion, the cells remain as soft bubbles 

with a slight vacuum inside. Thus, the cells must gradually be filled with air from the 

surrounding environment before EPS is strong and stable enough to be used. The 

shrinkage tracking of the samples done by dimensional measurements was used to 

determine what factors play a more prominent role in the shrinkage of EPS. Group 1A 

and 1B shrinkage history curves were compared to see if starting volatile matter content 

leads to faster shrinkage. Further, Group 1A and 2 samples were compared to 

determine if high temperature storage conditions play a more dominant role in EPS 

dimensional stability by affecting air diffusion into cells.  

The shrinkage history of the Group 1A compared to Group 1B EPS plates is 

shown below, with shrinkage as a percentage (calculated with Equation 11) over time, 

expressed in days.  
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Figure 40: Shrinkage history of both 21 °C stored sample groups over time. The 0 point 
is taken as 24 hours after de-molding. [Author] 

 

The graph in Figure 40 outlines the differences in shrinkage rate with respect to time 

based on the amount of initial volatile matter in the microgranule raw material. The 

Group 1A plates had 4.61 wt% and the Group 1B samples had 4.08 wt% volatiles 

initially, as measured by TGA. The shrinkage is calculated as a percentage with respect 

to the design mold size of 290 mm in the measured direction, explained in Equation 11. 

Both groups follow a nearly identical shrinkage pattern, as outlined in the history graph, 

and both groups did not reach dimensional stability by the end of the duration of this 

study. 61 days after de-molding, the percent change in shrinkage of the Group 1A 

plates was approximately 0.046% compared to the point of measurement 28 days prior, 

and for Group 1B plates it was approximately 0.044%. Thus, the post-molding shrinkage 

of EPS does not vary greatly by the amount of volatiles initially present in the starting 

microgranule material.  
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 The Group 2 samples were removed from the oven at incremental amounts of 

days and tested dimensionally to see if the amount of time spent in an elevated 

temperature (60 °C) affects stabilization time. This way, it could be determined how 

many days samples must be stored at a high temperature to achieve faster shrinkage. 

After they were removed from the high temperature, they were stored at 21 °C with the 

remaining Group 1A and Group 1B samples, and tested weekly dimensionally. The 

graph below outlines the differences in shrinkage rate with respect to the duration of 

time the Group 2 samples stored at 60° C, in comparison with the Group 1A plates 

stored at 21 °C.  

 

Figure 41: Shrinkage history of Group 2 compared with Group 1A. The point at which 
each Group 2 sample group reaches stability is also marked. [Author] 

 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 20 40 60 80 

S
hr

in
ka

ge
 (%

) 

Time (Days) 

Shrinkage History - 60°C Storage 

1 Day Heated 

5 Days Heated 

19 Days Heated 

40 Days Heated 

21°C Storage 



 

104 

 

The starting point of the graph in Figure 41 is taken as 24 hours after de-molding to 

allow for stabilization of the parts post-processing. The legend at the right shows the 

number of days each of the samples tested in Group 2 were heated in the oven before 

being removed and stored at 21 °C for the remainder of the duration of the trials. The 

shrinkage was calculated with respect to the designed mold size of 290 mm in the 

measured direction, following Equation 11. The graph shows two main points. First, it 

can be seen that Group 2 samples stored at a high temperature for a longer number of 

days reached a higher amount of shrinkage than those stored for fewer or no days in 

the oven. This could be due to the self-healing effect of the polymer chains, where a 

higher temperature for a longer amount of time leads to more self-healing and more 

space for molecules to diffuse out. It could also be due to the return of the polymer 

structure to its lowest energy state, thus minimizing entropy by coiling back into its 

original, pre-processed structure. However, as the focus of this study was the 

dimensional stability of EPS foam rather than its absolute amount of shrinkage reached, 

further detailed studies to explain this observation would be a possibility for future work. 

Second, all Group 2 samples stored at high temperature reached stability by the end of 

the duration of the trials. Samples heated for 5 days were fastest to reach stability, after 

33 days after molding. Since all samples in Group 2 stored at 60 °C reached stability 

and neither sample Group 1A nor 1B reached stability, the high temperature storage 

temperature is a key determinant in EPS foam dimensional stability. The samples 

stored at 60 °C were in an environment that allowed for the stabilization of the pressure 

inside the foam beads by air diffusion into EPS. The high temperature increases the 
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kinetic energy of the air particles surrounding EPS samples, which increases their 

velocity. Therefore, air diffused faster into the foam cells to replace residual volatile 

matter, and the shrinkage of the plates was stabilized according to the industry 

standard.  

 Diffusion is a passive transport process of molecules moving from high to low 

concentration areas. The air molecules surrounding the samples move from high 

concentration in the ambient atmosphere to low concentration inside the cells. They 

must move through the hierarchy structure of the EPS foam structure as heavier 

molecules than the light volatile matter molecules that at the same time diffuse out of 

the material. Thus, the air takes longer to diffuse into the cells. Storing the plates at a 

higher temperature, however, increases the kinetic energy of the air particles 

surrounding the EPS plates, causing them to move at higher velocities. Thus, there is 

an increased rate of diffusion into the EPS cells to replace the volatile matter that 

diffuses out at a much higher rate. SEM imaging below also showed that cell sizes and 

inter-bead channels were approximately the same in both the 21 °C and 60 °C-stored 

samples. Thus, the only difference that high temperature storage provides is increased 

diffusion of air into the beads, which greatly decreases the time required for EPS plates 

to reach a point of dimensional stability. 
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Figure 42: SEM imaging comparison of cell sizes in samples stored at 60 °C (left) and 
21 °C (right). Both groups of samples can be seen to have approximately the same 

microstructural cell size. [Author] 

 

 

Figure 43: SEM imaging comparison of inter-bead channels in samples stored at 21 °C 
(left) and 60 °C (right). Both groups of samples can be seen to have approximately the 

same microstructural spacing between beads. [Author] 
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4 Summary and Outlook 

The dimensional stability of post-processed expanded polystyrene foam was 

studied in this work. EPS used for building insulation must be defined as dimensionally 

stable by the industry standard before its use. Stability is normally reached within 11-18 

weeks. This induces long storage times in warehouses after parts are produced before 

they can be used, making it costly due to its large volume of space consumption. There 

is therefore a great motivation to accelerate the shrinkage process of EPS foam to 

achieve faster dimensional stability.  

To primarily examine material phase transitions and determine whether the 

polystyrene used in the materials in this study was semi-crystalline, DSC testing was 

performed on the two types of microgranules used in this study. This technique was 

chosen because if crystallization or melting temperature peaks were to be observed in 

the samples tested, it would indicate a portion of the polystyrene was crystalline. Thus, 

the crystallinity could effect diffusion of the volatile matter content out of the foam. The 

Tg was found to not vary too much between the two types of raw material, with a value 

of 95.2 °C for the “new” microgranules and 94.3 °C for the “old” beads. Additionally, the 

polystyrene was determined to be amorphous with no amounts of crystalline 

syndiotactic polystyrene, since no clear Tc or Tm peaks were found in the second 

heating curve from both groups of raw material beads.  
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The volatile matter content, polymer matrix residual stresses, and post-processed 

storage conditions of EPS were tested to determine their effects on shrinkage behavior. 

The same types of EPS foam, BASF Peripor 300E, was used to eliminate any possible 

material-caused behavior differences. This specific EPS material is highly used as 

building insulation, and thus the data produced in this study would be relevant to 

industry. The raw material microgranules were pre-foamed, then molded with steam-

chest molding into plates of size DIN A4 with a thickness of 22 mm. Three groups of 

samples were studied to reveal the relationship between shrinkage compared to the 

materials’ volatile matter content and storage conditions.  

After EPS foam is processed, some of the pentane blowing agent remains within 

cells and can affect the shrinkage. To measure this volatile matter content at various 

points in its lifetime, TGA was used to regularly track the amount of volatiles as a weight 

percentage for samples from each of the three sample groups in this study. The “new” 

microgranules were determined to have a starting amount of 4.61 wt% volatiles, and the 

“old” beads had 4.08 wt%. All three sample groups reached a value of less than 1 wt% 

volatiles at approximately one week after de-molding; after this point, the volatile 

content appeared to no longer be dependent on the concentration.  

GC-MS was also performed at different time in order to specify the composition 

of the volatile matter content within EPS. The purpose of this characterization technique 

was to determine if specific compounds within the volatile matter left in EPS foam affect 

dimensional stability more so than others. All samples were determined to have a 
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starting distribution of mostly n-pentane and approximately 10-15% isopentane for the 

volatile matter makeup in microgranule form. These two substances come from the 

blowing agent used to expand the microgranules into foam. Over time, samples from all 

three groups followed the same trend of a decrease in the amount of n-pentane with 

thus an increase in the fraction of volatiles being isopentane, since measurements were 

qualitative and thus relative. All groups ended with nearly the same distribution of 

volatiles, a clear majority of isopentane at the end of the trial period of 61 days after de-

molding. The n-pentane fraction at this point was less than 5% of volatiles, if at all still 

remnant in the samples. However, only the oven-stored plates had reached stability 

according to the industry standard by the end of the trials. Thus, volatile matter content 

and amount was concluded to not be the final determinant of EPS shrinkage.  

 Residual stress testing was done with the hole drilling method as well as Raman 

spectroscopy to determine if either method would be possible for use with foams. As 

this type of testing has not been done with polymer foam materials before, the aim was 

to see if either method could reliably produce accurate residual stress values. Both 

methods, however, measured residual stress values with unknown accuracy. This could 

be either the result of not enough sensitivity with the instrumentation used for testing, or 

that EPS foam is a material with no significant residual stresses since it is made up of 

nearly entire air and the cell wall thicknesses are significantly lower than cell diameters. 

Thus, it could be concluded that current residual stress testing methods that were used 
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in this study would have to be further specialized to detect residual stresses in polymer 

foams.  

 The longest sample dimension length of samples from each of the three groups 

was also measured periodically over time in order to track their shrinkage profile. Both 

sample groups stored in the cellar did not reach stability in the 61 days after de-molding 

timeframe of this study. Group 1A samples had a difference of 0.046% shrinkage and 

Group 1B samples had a difference of 0.044% shrinkage at Day 61 compared to 

samples measured 28 days prior. All Group 2 high temperature storage samples, on the 

other hand, were stable by the end of the trials. The samples stored in the oven for 5 

days reached stability by Day 33, with 0.02% difference in shrinkage compared to plates 

measured on Day 5. Thus, heating EPS at 60 °C for over 5 days would be costly and 

redundant to helping quicken shrinkage, since the 5 day storage already accomplishes 

swift stability in merely one month.  

 The microstructure of samples from each group was studied with SEM. Inter-

bead channels and cell sizes were found to be approximately the same in both the 

oven- and cellar-stored samples. Therefore, the only difference in samples that 

achieved stability versus samples that did not were the high temperature storage 

conditions. Storing at a higher temperature allowed for quicker diffusion of the 

surrounding air into the foam beads, thereby stabilizing the cellular internal vacuum that 

arose after processing. The volatiles are lighter molecules with less mass than air, and 

thus diffuse out of the foam beads and creating space faster than air molecules have 
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the change to diffuse in. EPS thus shrinks until enough air has diffused into its beads to 

stabilize the cell internal vacuum. The high temperature storage of Group 2 samples 

allowed for air to diffuse quickly into the parts, decreasing the vacuum inside cells and 

leading to fast dimensional stabilization in accordance with DIN EN 1603.  

This thesis showed that air diffusion into the cells after de-molding is key to EPS 

stability. It stabilizes the internal vacuum caused by the liquefaction of the blowing agent 

being exposed to a lower temperature after processing. This air diffusion plays a 

significant role in the dimensional stability of EPS foam in addition to volatile matter from 

the blowing agent that diffuses out. The residual stress contribution to dimensional 

stability, however, is still not entirely clear, and would be interesting to pursue. Modifying 

current measurement methods in order to detect stresses in foams made up of mostly 

air, as well as developing more standardized and automated ways for measuring with 

the curvature layer removal method could lead to a better understanding of the polymer 

matrix behavior in EPS shrinkage. Additionally, finding means to measure the pressure 

inside of cells would compliment in greater detail the work done in this study. The air 

diffusion into the beads was found to have a very significant and long-term role in 

accelerating the reaching of the material’s dimensional stability. Hence, as a result of 

the findings in this work, a shift in focus of EPS dimensional stability studies to quicken 

air diffusion into the cells rather than volatile matter diffusion out of the material is 

encouraged. 
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