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Abstract

District heating pre-insulated pipes are a sandwich structure of material layers. Polyurethane 
foam bonds the medium pipe with the casing, providing an insulating function as well as a load 
bearing function. The high toxicity of the di-isocyanates required for its manufacturing triggers 
the need for a replacement. In this work, alternatives have been researched and developed 
considering the requirements of the circular economy. Two technology readiness levels (TRL) 
were covered. The higher TRL involved the evaluation of commercially available polymeric foam 
alternatives. Polyethene terephthalate foam was selected, and its ageing behaviour concerning 
degradation sources inherent to the application was studied in detail to confirm the fulfilment of 
the required service life. No degradation of the mechanical properties was found after exposure 
to thermal cycles or hygrothermal conditions at temperatures below its glass transition, which 
would correspond to the scenario of groundwater ingress. The previously determined highest 
service temperature of 80ºC was found conservative, as annealing at 100ºC increases its strength, 
allowing this service temperature. All results suggest it is a suitable candidate for the insulation 
of steel medium pipes. The fast embrittlement upon exposure to hot moisture, as would occur 
due to permeation of the heat carrier through a plastic pipe, prevents its recommendation for 
this case.

The lower TRL research involved the re-evaluation of the complete sandwich assembly, from a 
cradle-to-cradle perspective. The foamability of polybutene-1 was explored, with the ultimate 
target of allowing the manufacturing of the sandwich element out of a single material, as to 
facilitate its recycling. Favourable grades for foaming were identified, confirming its foamability. The 
relationships between process parameters and the foam’s microstructure were evaluated. Foams 
in the required size for mechanical and insulating properties characterization were successfully 
produced. Mechanical properties of PU from state-of-the-art flexible plastic medium pipes fall in 
the prediction bands obtained from the produced PB-1 foams. This provides confidence on the 
suitability for the application.  
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Zusammenfassung

Vorgedämmte Fernwärmerohre bestehen aus mehreren Schichten unterschiedlicher 
Materialien. Im Standardfall verbindet ein Polyurethanschaum das Mediumrohr aus Stahl mit 
der Ummantelung aus Polyethylen. Der Schaum hat die Funktion der Wärmedämmung und ist 
für den kraftschlüssigen Verbund zwischen den Schichten zuständig. Durch die hohe Toxizität 
der für die Herstellung von Polyurethan erforderlichen Di-Isocyanate ist die Nachhaltigkeit des 
Polyurethanschaumes in Frage gestellt und es ist zukünftig wahrscheinlich ein Ersatz erforderlich. 
In dieser Arbeit wurde unter Berücksichtigung der Anforderungen der Kreislaufwirtschaft 
untersucht, welche Alternativen möglich sind. Es wurden dabei zwei unterschiedliche Stufen 
des technologischen Reifegrades (engl. TRL=Technology Readiness Level) abgedeckt. Auf dem 
höheren Reifegrad wurden kommerziell verfügbare polymere Schaumstoffalternativen bewertet. 
Ausgewählt wurde der Polyethylenterephthalat-Schaumstoff, dessen Alterungsverhalten im 
Hinblick auf anwendungsspezifische Degradationsquellen eingehend untersucht wurde. Dabei 
wurde keine Verschlechterung der mechanischen Eigenschaften festgestellt, nachdem der 
Schaum thermischen Zyklen oder hygrothermischen Lastkollektiven bei Temperaturen unterhalb 
des Glasübergangs ausgesetzt war. Die in der Literatur verbreitete maximale Betriebstemperatur 
von 80 ºC erwies sich als konservativ. Es wurde festgestellt, dass durch das Glühen des Materials 
im Betrieb die Festigkeit erhöht wird, wodurch eine Betriebstemperatur von 100°C ermöglicht 
wird. Alle Ergebnisse deuten darauf hin, dass Polyethylenterephthalat ein geeigneter Kandidat 
für die Dämmung von Stahlmediumrohren ist. Bei Kunststoffmediumrohren ist infolge von 
Dampfdiffusion in die Dämmung eine schnelle Versprödung bei Einwirkung von heißer Feuchtigkeit 
zu erwarten. Daher kann Polyethylenterephthalat für die Dämmung von Kunststoffrohren nicht 
empfohlen werden.

Auf dem niedrigeren Reifegrad wurde der gesamte mehrschichtige Aufbau von Rohrleitungen für 
den Wärmetransport unter dem cradle-to-cradle Prinzip neu bewertet. Die Schaumherstellung 
von recyclebaren Polybuten-1 wurde mit dem Ziel untersucht, eine vorgedämmte Rohrleitung 
für den Wärmetransport aus einem einzigen Material zu ermöglichen, um Schwierigkeiten 
der Materialtrennung für einen geschlossenen Materialkreislauf zu umgehen. Insbesondere 
wurde der Druckabfall, welcher den größten Einfluss auf die Mikrostruktur des Schaums hatte, 
im Herstellungsprozess eingehend untersucht. Letztlich wurden Schäume hergestellt, die 
alle technischen Anforderungen für den Einsatz beim leitungsgebundenen Wärmetransport 
erfüllten. Insbesondere liegen die mechanischen Eigenschaften der Polybuten-1-Schäume in der 
Größenordnung des bisher üblichen Polyurethan-Schaumes für flexible Wärmerohre. 
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Chapter - 1
Introduction

The overall objective of this thesis is to identify, develop and validate polymeric foams which could 
replace polyurethane foam in district heating pipes. The need is motivated by the toxicity of the 
di-isocyanates required for its synthesis, as well as the low recyclability of the polyurethane foam, 
along with the medium pipe-foam-casing sandwich structure. Polyurethane foam is the state-
of-the-art insulation in district heating pipes since the 1970s. The novelty of this work is that it 
applies Green Engineering and Cradle to Cradle principles for the selection and development of 
alternatives.  

1.1 District Heating and District Heating Pre-Insulated Pipes

District heating (DH) is a system for the supply and distribution of heat in an urban space. Heat 
may be generated through different technologies, including boilers, co-generation or heat pumps, 
and from different sources: non-renewables such as natural gas, or renewables such as biomass, 
solar, geothermal or waste or surplus heat. Thermal storage may be integrated. It can serve heat 
for residential and commercial space heat and hot water purposes. The common element and 
essence of district heating systems is the network of insulated pipes connecting the heating 
source with the consumers. A conceptual sketch is presented in Figure 1.

Figure 1. Conceptual sketch of a district heating network.
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As a general principle, the supply line transports heat through a heat carrier from the generation 
plants to the consumers. The heat is transferred to the consumers through heat exchangers. The 
heat carrier, now colder, returns to the heating plant through the return pipe, circulating so in a 
closed loop.

The first example of a district heating system is often selected as the 14th century hot water 
distribution construction in Chaudes-Aigues in France 1. But the development of modern district 
heating can be allocated to Birdsill Holly, an American hydraulic engineer, who developed the 
Lockport district heating in New York in 1877 2, operating with steam. He developed several patents 
on the topic 3–8. After this first commercial success story, many projects followed in cities such as 
Auburn, Detroit, 9 Philadelphia, 2 Paris and Hamburg 10. These systems are referred to as the 1st 
generation DH 10, where coal-generated steam was transported and distributed through pipes 
in concrete ducts 10, or placed in brick or masonry tunnels, wooden tunnels, or directly buried 
underground 11. Early descriptions of insulation for buried steam pipes include wooden tubes, 
asbestos or layers of asbestos and hair-felt 11. The high operating temperatures and related heat 
losses, as well as safety issues related to steam explosions, motivated the transition to pressurized 
hot water as a heat carrier in the 1930s. These systems, labelled 2nd generation DH, were largely 
deployed in the USSR and continued to use steel pipes in concrete ducts to transport the heat 
carrier 10.  The pipes were typically insulated on-site with mineral wool wrapped in a protective 
fabric layer 12. This provided good thermal resistance as long as the mineral wool remained dry. 
However, if the insulation became wet, as could occur through flooding of the ducts, the thermal 
resistance would be significantly reduced. Deformation and sagging of the mineral wool may also 
occur. This contributed to the progressive energy efficiency loss of the 2nd generation DH pipes 
through their service life. 

The 3rd generation district heating was introduced in the 1970s, fostered by the energy crisis. 
These systems continued to use hot water as a heat carrier but at a lower temperature than the 
2nd generation 10,13. A key element of this generation is the emergence and deployment of factory 
made pre-insulated pipes 10,12,13. These pipes consisted of a steel medium pipe, a polyurethane (PU) 
foam layer, and a polyethylene (PE) or polyvinyl chloride (PVC) casing, being PE most common13. 
Today, only PE is used for the casing according to the applicable standards 14,15. In the United States, 
the Class A pre-insulated pipes were popular, which consisted of a steel medium pipe insulated 
by calcium silicate suspended in an oversized steel pipe providing an air gap surrounding the 
insulated pipe 13. These pipes were placed in concrete tunnels 13, while in Europe, polyurethane 
pre-insulated pipes were directly buried underground 10. Further novelties include the use of 
stainless steel heat exchangers in compact substations 10. The direct burial of PU pre-insulated 
pipes brought a great simplification and cost-efficiency to the network construction methods since 
it reduced the required number of compensators and U-bows 16. This is because the axial thermal 
expansions of the pipelines are to a certain extent counteracted by the frictional forces occurring 
between the bedding material and the casing 17, being the shear stresses transferred through the 
PU foam. The PU foam bonds the medium pipe and the casing, leading to their denomination 
“bonded pipes”. A further advantage is the elimination of the time-consuming on-site insulation 
of the pipes with mineral wool and successive welding of the steel protective casing. The energy 
efficiency of the system is guaranteed by the superior insulating properties of the PU foam. 

The concept of the 4th generation district heating (4GDH) was introduced in 2014 10, with the 
ultimate target to transition to 100% renewable energy systems. In order to reach it, the concept 
proposes to lower the supply temperature, as to allow the integration of renewable and waste 
heat and lower the grid thermal losses. The networks would provide space heating, domestic 
hot water and cooling to renovated and non-renovated existing buildings as well as new low-
energy buildings. The system should be integrated into smart energy systems and requires an 
institutional framework allowing for suitable planning, financing and operation of the projects. 
The target operating temperature of <70ºC allows the use of plastic medium pipes 10. The lower 
heat losses and service temperature open the possibility to conceive new insulations, which is the 
main objective of this thesis. 
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The Horizon 2020 funded project FLEXYNETS 18, coined the term 5th generation district heating 
and cooling. The main concept is the use of very low temperatures, near ambient, connected 
to heat pumps at the end user sites in order to boost the temperature to the required level19–21. 
Some propose the use of a bidirectional exchange of heat and cold between connected users 
(prosumers), assisted by thermal storage, while other authors explore the use of a two pipe system, 
a hot pipe operated at comparatively low temperature and a cold pipe operated at comparatively 
high temperature 21. The use of the term generation for these systems has been critiqued 22, as it 
is not a sequential progression of the 4GDH but rather a parallel development. In any case, it is a 
promising technology for regions with equivalent demands of heat and cold 22.

1.2 Sustainability and the Circular Economy in Energy Infrastructure

The energy supply sector is the main contributor to climate change, due to the CO2 emissions 
released by the burning of fossil fuels 23. The fulfilment of international treaties to mitigate climate 
change, such as the Paris Agreement 24 requires of an energy transition, shifting from fossil fuels to 
renewable sources such as solar energy and wind. With heating accounting for 50% of the global 
energy consumption as of 2018 25, the decarbonization of the heating sector has a major role 
to play in the accomplishment of the emissions reduction committed by the European Union 26. 
District heating networks would support this transition by allowing the distribution of renewable 
and waste heat, in particular, that of temperature levels which can only be used for space heating.

But with the wider deployment of renewable energy technologies, as well as the arrival of the end-
of-life of the first generation of renewable energy infrastructure, their sustainability is currently 
being questioned based on their raw material consumption and lack of recyclability or material 
recovery plans upon decommissioning 27–29. The sustainability of energy infrastructure has been 
traditionally understood in terms of the carbon neutrality of the fuel source. This is its use phase. 
But the achievement of the Paris Agreement and the Sustainable Development Goals 30 expand 
the meaning of sustainable energy to resource efficiency, where recyclability and innocuity of 
materials come into play, and demand an assessment of the manufacturing and end-of-life cycle 
phases. An example of this is the current problem of materials separation and recycling of wind 
blades, which may lead to their landfilling (see Figure 2). The energy transition requires as well the 
transition to the circular economy 31,32.

Figure 2. Satellite view of the landfilling of wind blades at Casper Regional Landfill in Wyoming, USA. 
The separation of materials in composites, used in wind blades, challenges their recycling (Image Source 

Google Earth. Image Date 02.09.2019).
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District Heating systems have been an object of several Life Cycle Assessments (LCA). Some 
authors compare the environmental impacts of different heat sources or fuels for district 
heating systems33,34, while others compare district heating with other heating technologies 33,35,36. 
The results of the heat or fuel source comparisons have been found highly sensitive to other 
factors such as the sources of the electricity mix 33,34. District heating was found to have a lower 
environmental impact than individual heating systems 33,35.

The piping network has been the object of a detailed LCA by the Chemical and Biological 
Engineering Department at Chalmers University, including the pipe manufacturing 37, network 
construction 38 and use phase 39. Concerning the manufacturing phase, the study concludes that 
the main environmental impacts arise from the manufacturing of the individual materials (i.e 
steel) rather than the manufacturing of the pre-insulated pipe itself. The relative contribution 
of the main pre-insulated pipe materials is led by the steel pipe, followed by the PU foam and 
the casing, with some deviations depending on the pipe diameter and particular environmental 
impact considered. Included in this LCA are global warming potential, acidification potential, 
photo oxidation creation potential and resource depletion. Two weighting methods were used: 
EcoIndicator 99 and Ecoscarcity. It should be noted that the choice of impact assessment method 
impacts the contribution allocated to the different materials, as highlighted in the study. As 
for the construction phase, the environmental impacts arise mainly from the activities related 
to the trenches, including excavation, management of excavated materials, production and 
transportation of backfilling materials and asphalting, rather than the transportation of the network 
components, welding of the pipes or transportation of the workers. The impacts arising from the 
pipe manufacturing are larger than those arising from the construction phase. The use phase was 
evaluated based on the heat losses of the network, related to the long-term thermal efficiency of 
the pre-insulated pipes. The environmental impacts arise from the extra heat generation required 
to compensate for the heat losses. In the study, polyurethane foam blown with cyclopentane or 
CO2 was considered, which condition the thermal ageing rate of the insulation, due to differences 
in their diffusion coefficient. Pipes made from cyclopentane-blown PU presented 6-13% lower 
environmental impacts than CO2 blown PU, due to the slower ageing of the insulating properties. 

Oliver-Solá et. al. undertook an LCA of DH infrastructure, setting boundaries from a central 
combined heat and power plant to the heat exchangers in the dwellings 40. The objectives include 
the identification of the subsystems which are the main contributors to the overall environmental 
impact of the infrastructure and comparing DH infrastructure’s environmental impact to that 
of the distribution network for natural gas. The chosen impact indicators were acidification, 
eutrophication, global warming, human toxicity, ozone layer depletion and abiotic depletion. They 
concluded that the main subsystem contributing to the environmental impact is the power plant. 
Service pipes have a higher contribution than main pipes due to their larger length. Looking into 
the pipes, the main contribution comes from the steel, consistent with 37. Other components 
which have a significant contribution (>15%) for at least one impact category are the trench works 
and the heat exchangers.

None of the cited LCAs on DH infrastructure consider the end-of-life and potential recycling of the 
infrastructure and materials contained. Lack of knowledge on how the decommissioning will be 
undertaken and available recycling technologies in the future are the main arguments why this 
lifecycle stage is commonly excluded. Closing the loop between a product’s end of life and the 
manufacturing of a new one is however the key element of the circular economy.

There is no common or official definition for the circular economy. Different schools of thought 
and design philosophies feed into the concept, an overview of which can be found in several 
review papers 41–43. For this thesis, the Cradle to Cradle design philosophy 44 is selected as the main 
framework for circular product design. The base concept is that materials should be designed as 
nutrients that flow through the biological cycle or the technical cycle. These two cycles must be 
kept separate since mixes of the two prevent the composting of the bio-based component or the 
recycling of the technical component, and as long as the processes are powered by renewable 
energy, the number of cycles a product or process is subjected to would be irrelevant in terms 
of environmental impact. The concept also aims for the maximization of positive impacts, as well 
as tailored design for the specific niche in which the product will be used. The 12 Principles of 
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Green Engineering 45 concretize how to put this concept into practice 46. A strong focus on the 
Circular Economy, Cradle to Cradle design and the 12 Principles of Green Engineering is placed 
on materials, their recyclability and their innocuity to human health and the environment. Some 
efforts are starting to be placed in this direction by pre-insulated pipes manufacturers. Thermaflex 
offers Flexalen 600 flexible pre-insulated pipes 47, manufactured out of polybutene-1 service 
pipes, a polyolefin foam and a corrugated PE casing, which is Cradle to Cradle Certified Silver 48. 
The polyolefin foam is manufactured out of a methalocene PE, a flame extinguisher and a cell 
stabilizer 49 and manufactured as a sleeve in which the medium pipes are introduced, being so 
non-bonded pipes. Logstor is offering pre-insulated pipes with the casing manufactured out or 
recycled PE 50. 

Coming back to the LCA results for the materials of pre-insulated pipes 37, the largest contribution 
was produced by the steel medium pipe. This is due to its larger mass contribution to the overall 
pre-insulated pipe mass, as well as the energy intensity of steel manufacturing. But when looking 
into innocuity to human health and recyclability, the polyurethane foam, which safeguards the 
energy efficiency of the networks and acts load-bearing material layer, requires hazardous raw 
materials which turns it into a sustainability hot spot. The environmental drawbacks of PU are 
described in the following section.

1.3 Polyurethane. A sustainability hot spot

Polyurethanes were first produced by Otto Bayer et. al. at IG Farben in Leverkusen, Germany, 
in 1937 51. They are synthesized by reacting two chemicals, a polyol and a diisocyanate, in the 
presence of a blowing agent, and often other additives including smoke suppressants, fire 
retardants or surfactants 52. Modifications in the formulation can tailor its properties, including 
heat resistance and thermal conductivity, resistance to chemicals, moisture and mechanical 
properties 52. Over 90% of all polyurethanes are produced from either TDI (toluene diisocyanate), 
or MDI (methylene diphenyl diisocyanate) 53. TDI is mainly used in the production of low-density 
flexible foams and MDI for rigid foams. 

While PU is chemically inert 54 and innocuous, its base material diisocyanates are toxic and present 
a number of health and safety hazards in varying degrees 54–56 and are thought to be the trigger 
for a high number of cases of occupational asthma reported across all EU Member States 54–56. 
Isocyanate wastes are classified as hazardous waste 57.

Already in 1957, cases of sensitization and strong irritation of the eyes and respiratory tract 
following exposure to diisocyanate have been reported in the scientific literature 55. Dernehl 
concluded in 1966 that “because of the irritant and sensitizing properties of the diisocianates […] 
unusual care must be taken in making the foams if undesirable toll in the illness of the workmen 
is to be avoided” 54. 

While the market and application of PU foams based on diisocyanates has been incessantly 
growing in the last decades, so has the literature reporting on Human Health (HH) issues 
related to the use of diisocyanates. With 1.45 million exposed workers and an estimated 2900 
-10150 new isocyanate asthma cases per year in the EU 56, the German Federal Institute for 
Occupational Safety and Health (BAuA) filed a Proposal for a Restriction on diisocyanates to the 
European Chemicals Agency (ECHA) in 2016.  The resolution of the Proposal concluded with a 
restriction on diisocyanates, in force since August 2020 58. This conditions the long-term viability 
of manufacturing PU pre-insulated pipes increases their cost and places the sustainability of the 
technology at stake. As included in the Restriction Proposal, and in line with the hierarchy of 
control measures, the very first Risk Management Measure (RMM) that should be considered is 
the look for substitutes for isocyanate products. 

Research on non-isocyanate sources for PU production has been conducted for decades, and is 
still today signalized as the way to go by PU market analysts for the sector to survive 59. Figovsky 
et al 60 provide a patent review on non-isocyanate PU NIPU, spanning from 1954 to 2014. The 
chemistry of NIPU is based on the reaction between polycyclic carbonate oligomers and aliphatic 
or cycloaliphatic polyamines with primary amino groups 61–64. However, the implementation of this 
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route has significant shortcomings, which have disabled its commercial deployment to this date. 
Cited barriers are the high temperature required 60 and formation of a considerable amount 60 and 
toxic 61 by-products formed by these reactions, need for toxic solvents 60, and lack of commercially 
available multifunctional cyclic carbonates 64. In a more recent review on NIPU 65, the water-
based route for NIPU development is highlighted as sustainable chemistry to be pushed forwards, 
currently hindered by the lack of water-soluble carbonated precursors and the hydrolysis of cyclic 
carbonates during polymerization. Research efforts are required to improve the control of the 
polymerization process 65. After 70 years of research efforts, commercial manufacturing of NIPU 
has still not taken off, which questions the feasibility of this route.

The manufacturing phase of PU is thus hazardous and does not comply with the Circular Economy 
or Cradle to Cradle precepts. The end-of-life phase of PU presents hurdles as well.

The large quantities of PU foams consumed worldwide, and current restrictions on landfilling 
have motivated research on valorization and recycling options for PU waste 53. Thermo-chemical 
processes towards energy recovery are an important valorization pathway 66,67 and may include 
incineration or decomposition by pyrolysis or hydrogenation and the combustion of the products. 
With a service life of 30-50 years, the composition of PU insulating foams retrieved is usually 
unknown, but will contain flame retardants, and often chlorofluorocarbons (CFCs) used in the 
past as blowing agents 66, limiting their re-use possibilities due to toxicity and ozone depletion 
risks. Hence, only combustion in an industrial incinerator with a state-of-the-art flue gas cleaning 
system complies with the need of eliminating the PU, the ozone-depleting substances as well as 
the fire retardants. PU has a calorific value of the same order of magnitude as coal 68,66. However, 
because of its low density, an upper limit of 2% weight is recommended for foam addition to the 
municipal waste mix in order to avoid problems in the combustor 66. This is however against the 
Circular Economy principles, which require materials to be brought back to the economy, 

Alternatively, mechanical and chemical methods are proposed in the literature 68,69 .Mechanical 
methods involve shredding or grinding the PU foams and then rebinding, adhesive pressing, 
compression molding them or their use as filler. Rebinding and adhesive pressing involve the 
use of diisocyanates as a binder, with the HH impacts mentioned already. Compression molding 
applies only to known PU waste composition as they have different conditions for molding, limiting 
its application. 

Applications for the resulting materials include sports mats, cushioning, carpet underlay70, but 
not the technical applications with key thermal and mechanical applications where PU presents 
its major advantages like insulation, falling into the category of down-cycling, and as mentioned, 
limited to the case of foams with fully known composition, which is rarely the case. The use of 
PU wastes as filler, in PU formulations or other construction materials i.e concrete, is reported as 
possible 71.

Research on chemical recycling is gaining momentum 72,73. Alcoholysis, hydrolysis, aminolysis, 
glycolysis and phosphate methods have been proposed 53,68,74, being glycolysis the most widely 
used 70. Shortcomings of these methods are the involved high technical difficulty and purification 
costs, which compromise the industrial viability of the processes 53,68. 

Due to the relevance of the PU sector within the plastics sector and concern on fossil raw material 
use, the search for bio-based alternatives has also taken place for polyurethane foams. Extensive 
research on the synthesis and use of polyols derived from vegetable oils such as palm, rapeseed, 
soybean and linseed for the production of polyurethane foams is well described in 75. The use of 
industrial wastes, such as crude glycerol, as substituents for polyols, is being explored. This tackles 
the polyol, but the use of diisocyanates still remains a burden.  

1.4 Definition of the Research Problem and Research Objective

The toxicity of the di-isocyanates and the in-force restriction on their use questions the viability of 
the manufacturing of PU pre-insulated pipes long term, as well as the sustainability of the related 
infrastructure. The large deployment of DH infrastructure required by the energy transition 
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cannot be conceived with 2nd Generation piping technology. There is a need for research and 
development on alternative polymeric foams which could replace PU in DH pre-insulated pipes. 
They should be conceptually designed out of innocuous and recyclable materials and a safe 
manufacturing process.

The aim of this doctoral thesis is to develop or identify and validate polymeric foams which fulfill 
the technical requirements of DH pre-insulated pipes in terms of insulating properties, mechanical 
properties and service life, and are as well selected and conceptualized based on non-toxicity and 
full recyclability criteria, in line with the cradle-to-cradle design philosophy and circular economy.

1.5 Research questions and hypothesis

The overall Research Objective of this thesis can be undertaken from two angles:

        1)  Identify commercially available polymeric foams which could replace the PU foam 
layer and validate their fulfilment of the technical and sustainability criteria, providing a

             high technology readiness level (TRL) solution.
        2)  Examine the complete pre-insulated pipe sandwich structure from the cradle-to-cradle
             design framework, developing a polymeric foam which positively contributes to the 
             recyclability, environmental and health and safety impacts of the assembly. 
 This provides a low TRL proof-of concept solution.

These two research lines were followed during this doctoral thesis. During the exploratory 
research 76 conducted as preparatory work, commercial polymeric foams were screened to 
provide candidates for research line 1, and a concept was drafted for research line two. Different 
research questions arise for each of them, which are described in the following sections.

1.5.1 Identification of commercial polymeric foam candidates

Common polymeric foams commercially available include polyurethane (PU), polystyrene (PS), 
polyethylene (PE), poly(vinyl chloride) (PVC) and polycarbonate (PC)77,78,53 , although the foaming 
of commodity polymers like polyethylene terephthalate (PET) 79–82 or biodegradable polymers 83 
lead by poly lactic acid (PLA) 84 have recently caught some attention.

These polymeric foams were benchmarked against the technical and sustainability criteria listed 
in Table 1.

Table 1. Criteria Required

Technical Criteria Minimum Value
Service Temperature ≥ 80°C

Service Life 30 years

Thermal Conductivity < 0.03 W/m°K

Compressive Strength 1.3 1.3 MPa

Sustainability Criteria

Health innocuity 100 %

Recyclability 100 %

There are different levels of recyclability in terms of process complexity and retainment of 
the product integrity and economic value. Recycling requiring minimal intervention is of best 
advantage. This is illustrated by Walter Stahler´s Inertia Principle 85: “do not repair what is not 
broken, do not remanufacture something that can be repaired, do not recycle a product that 
can be remanufactured. Replace or treat only the smallest possible part in order to maintain the 
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existing economic value of the technical system”. Although chemical recycling is possible for some 
thermoset plastics, the lowest level of recycling is aimed for in this thesis, as to minimize the 
environmental cost of the processes required to recover the material. Therefore, as to fulfil the 
recyclability criteria only thermoplastics are considered.

The results of the benchmark are summarized in Table 2. 

Table 2. Benchmark of common commercial polymeric foams

Polymer Technical Criteria Health Innocuity Recyclability

PS No (thermal 
conductivity 86,87) Residual styrene controversial 88–90 Yes 91

PE No (thermal 
conductivity 87) Yes 92

Most PE foams are cross 
linked 93,94, which would 

be non-recyclable

PVC No (service T 95)
Controversial (dioxins 96–98, 

organochlorines99, phthalates 98, 
stabilizers 100)

Yes 101

PC Thermal conductivity 
unsure 102,103 No (contains bisphenol A104) Yes 105

PET Yes106,107 Yes 108,109 Yes 110

PLA unsure Yes 111,112 Yes 84

From the conducted benchmark, PET and PLA obtained a better score and were evaluated in more 
detail.

Polylactic acid (PLA) is a thermoplastic aliphatic polyester. It is a bio-based polymer derived from 
corn starch or sugarcane, as well as bio-degradable. It is the best-developed commercially available 
biopolymer 113, manufactured at low cost and in large quantities 114 in the form of bead foams, 
such as Biofoam 115. Extruded PLA is not yet mass produced. PLA has been reported as challenging 
to foam, with shortcomings including low melt strength 84, slow crystallization kinetics84, low 
toughness 84, poor processability 84, formability and foamability 84, brittleness 84, and low service 
temperature 84. Substantial research is currently ongoing to overcome these challenges, an 
overview of which can be found in 84. Still, PLA foam has been identified as a promising replacement 
for PS foams by several authors 113,116. A further positive environmental impact, in line with Green 
Engineering Principle 9 45, is the PLA foam´s intrinsic infrared absorbing characteristics, which 
arise from the ester group in the PLA molecular chain. This makes this polymer matrix a good 
candidate for insulation applications 113. If the service temperature of PLA foam could match the 
DH requirements was found uncertain. The glass transition temperature (Tg) of polymers marks 
the transition between the glassy to the rubbery state and is used as an indication of its highest 
service temperature 117,118. The Tg of PLA is around 60°C 84, which is below the required service 
temperature (see Table 1). However, it has been reported that PLA foams have the potential to be 
used above the Tg 

84, since higher crystallinity levels are reached due to the foaming process, which 
preserves the material´s stiffness above its Tg 

117.  

Which is then the service temperature of PLA foams? This research question was experimentally 
evaluated with PLA bead foams, and presented in [CP1] (see section 1.6. for the full reference).

Molded expanded bead PLA foam, provided by BEWiSynbra, was used for this study.  Samples 
were tested for compression in a universal testing machine at a constant strain rate of 2 mm/s, at 
22°C, 55°C, 65°C, and 75°C. A batch of samples was tested after 2h temperature conditioning and a 
second batch after 48 h temperature conditioning. No difference in behavior was found, indicating 
no thermal crystallization occurs and no impact on the duration of the thermal conditioning. 
As expected for a thermoplastic, compression strength and E modulus steadily decreased with 
the testing temperature.  However, no sudden drop in properties was observed around the Tg. 
Nevertheless, the mechanical properties degradation with temperature was significant. Additional 
drawbacks include (i) the fact that bead foams are not suitable for DH pipes, since their density and 
therefore mechanical properties are lower than required, and extruded PLA foam was not found 
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available, and (ii) fulfillment of the service life is a further research question, but its biodegradable 
nature combined with exposure to heat and moisture as in buried district heating pipes places 
it as unlikely. Because of this, the hypothesis of PLA foam as a suitable replacement for PU was 
discarded at an early stage.

Polyethylene terephthalate (PET) is a semi-aromatic thermoplastic polyester. PET is commonly 
produced through two routes: (i) the esterification reaction between terephthalic acid and 
ethylene glycol, yielding water as a byproduct, or (ii) the transesterification reaction between 
ethylene glycol and dimethyl terephthalate, producing methanol as a byproduct 110.  The 
widespread use of PET in other applications such as packaging opens up new possibilities of 
cascading use of this polymer, where practice in recycling is already in place, and would contribute 
to a broad consecution of Green Engineering Principle 10 45 on the macro scale. Based on its resin 
properties, PET is anticipated to present improved mechanical and thermal performance than 
polystyrene foam and higher chemical and flame resistance 119, leading to a reduction in additives 
requirements. Foaming PET has been found challenging due to its low melt strength 81,82,120. This 
challenge has been overcome by the use of the breaker plate in the extruder die 121,122. With 
this manufacturing method, the foam is extruded through a breaker plate instead of a slit die, 
producing several individual foam strands which are then pressed together to produce a foam 
sheet 122. This is represented in Figure 3.

Figure 3. Representation of collided PET foam strands exiting a breaker plate.

The use of PET foam as a replacement for PU foam in district heating pipes has been explored by 
previous workers.

Sara Mangs studied the long term insulating properties of PET vs PU foam 107 by studying 
the transport of blowing agent gases out of the foams, and of air into the foam. The thermal 
conductivity of a foam (λfoam) is the sum of the thermal conductivity due to conduction in the 
polymer matrix (λpol), the thermal conductivity due to conduction in the gas (λgas) and the thermal 
conductivity due to radiation (λrad). The contribution of convection is reported to only occur when 
the cell size exceeds a few millimeters 75,123,124 and therefore typically disregarded, leading to:

λ foam = λgas + λpol + λrad                     (1)

Over time, the blowing agent gas diffuses out of the foam and ambient air diffuses in. The thermal 
conductivity of air is higher than that of typical blowing agents. As the composition of the cell gas 
changes over time, so does the thermal conductivity of the foam.

The effective diffusion coefficients of CO2, O2 and N2 are lower in PET foam than in PUR foam at 
the studied temperatures in the range of 23-90 °C 107. The calculated ageing of the PET foam board 
was circa 10 times slower than that of the PUR foam board. The initial thermal conductivity of 
commercial PET foam with a density of 80 kg/m3 is stated as λ = 0.027 W/mK 125 which is the same 
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as that of PU in bonded pipes 14.  

If the insulating properties ageing of PET is slower than PU, the long-term energy efficiency and 
hence the environmental impact of the use phase of PET – insulated DH networks will be better, 
and further addition of diffusion barriers would not be necessary.

The IEA project Annex VI 106 also evaluated PET foam as a replacement for PU foam in DH 
pipes. The mechanical behaviour of the PET foam was evaluated based on EN 253 14, with tests 
including compressive strength, water permeability and water resistance, water absorption, creep 
behaviour, bending properties and insulation performance. The study concluded that PET is a 
promising candidate for the replacement of PU in district heating pipes, for low temperature 
networks. The service temperature upper limit was designated at 80°C, coinciding with the glass 
transition temperature of PET.

Despite these promising reports, a decade has gone past without PET foam insulated pipes coming 
into the market. PET foam itself was a novel product when the cited studies were undertaken, and 
foam prototypes were used. PET foam boards are a commercial product today, and improvements 
such as the reduction of the cell size have been achieved. 

An identified knowledge gap is the ageing behaviour of PET foam. This knowledge is fundamental 
for service life predictions, without which materials and components cannot be reliably introduced 
into infrastructure. This knowledge gap is addressed in the present work, constituting research 
line 1. Degradation sources particular to district heating pipes are analysed, and an experimental 
program was designed to assess their impact on the PET foam. The obtained results are presented 
in Chapter 3 and the related publications [J1], [J2] and [CP1] (see section 1.6 for the full references).

1.5.2 Concept for a cradle-to-cradle pre-insulated pipe and development of the required 
foam 

As mentioned in section 1.1., district heating pipes are a sandwich assembly of different material 
layers. Layer separation is always a hurdle toward recycling. While the success of research line 1 
would circumvent the health and safety issues and poor recyclability of PU foam, the difficulty of 
material layer separation would still remain.  

Plastic medium pipes have emerged in the market for their use in low-temperature networks. 
Crosslinked polyethylene (PEX) or Polybutylene (PB-1) are used for their manufacturing 126,127. 
The cross links in PEX make it a thermoset. PB-1 however, is a recyclable thermoplastic and non-
toxic128.

Polybutylene (also known as polybutene-1 and poly(1-butene) is a polyolefin produced by the 
polymerisation of 1-butene using supported Ziegler–Natta catalysts 129. It is semi-crystalline, linear, 
isotactic and of high molecular weight. PB-1 pipes can be used up to an operating temperature of 
90°C, according to ISO 15876 130. If PB-1 could be foamed, an insulated pipe could be produced 
out of a single recyclable material, eliminating the layer separation problem, and reaching the 
highest level of circular product design. 

PB-1 presents useful properties for the application, such as a high heat-deflection temperature 127, 
contributing to the achievement of the required service temperature, low coefficient of thermal 
expansion, stress cracking resistance and excellent creep resistance 105, which could reduce 
degradation due to fatigue or material ratcheting, and low thermal conductivity of 0.114 W/mK131, 
advantageous for the production of an insulation material. This excellent insulating capacity of 
the polymer could counterbalance the use of environmentally friendlier and inert blowing agents 
such as CO2, which have a higher thermal conductivity than the flammable cyclopentane currently 
used in PU foam for DH. Unlike other polyolefins, PB-1 is reported to have high melt strength and 
strain harden 105, properties frequently cited as required for foaming 78,81,82,84,120,132–134.

So far, no evidence of the evaluation of the foamability of PB-1 could be identified. Therefore, the 
main research question of this research line would be can PB-1 be foamed, and if yes, under which 
conditions? The results obtained are presented in Chapter 4 and partly in the related publications 
[J3], [CP2] and [B1].
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Chapter - 2
State of the Art

In this chapter, the state of the art of pre-insulated pipes is presented and described. Current 
knowledge of ageing and sources of damage to district heating pre-insulated pipes, with a focus 
on the foam, is further reviewed. Literature data were expanded with experimental studies on the 
cellular microstructure, compressive behaviour and thermal cycling ageing of PU pre-insulated 
pipes conducted in parallel to the focus of this thesis, conforming to publications [BJ1] and [BJ2]. 
This served as starting point and benchmark for the comparison between PU and replacement 
candidate PET in research line 1.

Lastly, the state of the art in polymer foaming was the object of an extensive literature review. 
The literature was screened and cross checked with the cradle to cradle design framework 44 
and Green Principles of Green Engineering 45 in order to identify research needs and possible 
strategies for polymeric foam development compatible with the Circular Economy. This critical 
review is presented in publication [J4], and served as a starting point for the design of the research 
plan for research line 2.

2.1 District Heating Pre-Insulated Pipes

As introduced, the traditional and most common pre-insulated bonded pipes are composed of a 
steel medium pipe, a PU foam layer and a PE casing. These pipes are designed for a continuous 
operating temperature of up to 120ºC and pressure of up to 25 bar according to EN 253 14. Bonded 
pipes are traditionally batch manufactured. The service pipe and the casing are independently 
manufactured. Once placed concentric to one another, the PU is injected between the service 
pipe and the casing 135,136. 

Figure 4. From left to right: DH DN40 flexible plastic medium pipe and corrugated casing, DN40 flexible 
plastic medium pipe with smooth casing, and bonded steel medium pipes DN20, DN100 and DN200.
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Nowadays, continuous manufacturing processes for pre-insulated rigid bonded pipes have been 
developed, which would involve the casting of the insulation onto the service pipe in a moving 
mold, and the consecutive extrusion of the casing onto the insulation (axial conti process)135, 
or the spraying of the PU foam around the service pipe, with the consecutive extrusion of the 
casing onto the insulation in a spiral movement (spiral conti process)135. The resulting pipes from 
the three manufacturing processes have different thermal conductivities, stated as 0.027 W/mK                             
for the traditionally manufactured, 0.025 W/mK for the spiral conti pipes, and 0.023 W/mK for 
the axial conti pipes135. The details explaining the differences in thermal conductivity are not 
disclosed. The author assumes it is related to a different formulation of the PU. The individual 
pipes are welded together on-site. The joints, whether with shrink sleeves or electrosleeves, are 
insulated with PU foamed on-site 137 or by factory cast joints.

During the course of this thesis, the cellular structure and compressive behaviour of the PU foam 
in bonded pipes of different diameters has been studied [BJ2]. Both were found highly anisotropic, 
significantly higher than that typically found in PU foam sheets. The cell shape anisotropy ratio is 
defined as the ratio of the largest to the shortest cell diameter. The cell shape anisotropy is due 
to the viscous forces acting between the mold walls and the foaming melt during the volume 
expansion, which produces an elongation of the cells 86. Cell shape anisotropy leads to anisotropic 
mechanical behaviour. This knowledge is relevant since pre-insulated pipes are subjected to 
multiaxial loading, as will be described in more detail in section 2.2. Furthermore, cell anisotropy 
has been found to produce anisotropic cell thermal expansion in PU foam subjected to heat, 
and this deformation is only partly recovered138 which could lead to alteration of the mechanical 
behaviour. The short distance between the foaming mold walls, in this case, the annular section 
between the medium pipe and the pipe casing, leads to high cell anisotropy ratios, with obtained 
values ranging between 1.8 to 2.6 depending on the pipe diameter, versus the typical values of 1.3 
found in foam sheets 86. The cells present different dimensions in the three orthogonal directions, 
hence are orthotropic.
Flexible pipes have later emerged in the market. Their development started in the second 
half of the 80s with the use of plastic pipes as medium pipes, manufactured out of PEX or PB-
1139, which are still today the materials of choice according to standard EN 15632140. The main 
advantage of PB-1 is that it is weldable 127,139 and recyclable. PEX pipes are hardly weldable and 
require mechanical jointing elements such as press fittings, which posed some initial concerns 
about their tightness and durability139. However positive experiences relaxed these concerns139. 
Initial technical characteristics included a pipe diameter limit of DN100, and maximum operating 
temperatures and pressures of 90ºC and 5 bars respectively 139. This initially confined it to household 
applications139. However, these pipes offered a cost advantage of up to 40% depending on the 
country, mainly arising from the fast and flexible method of laying, despite being the material cost 
for the plastic pipes higher than that of steel139. Since no welding between pipes is required, plastic 
pipes can be installed in narrower trenches, which can be designed to circumvent obstacles. The 
corrosion resistance of plastic pipes, which present no risk of rupture in case of a leak, was seen 
as a significant advantage139. Further, plastic medium pipes do not require compensators, despite 
plastics having a larger coefficient of thermal expansion than steel 141. This is due to their lower 
E modulus; thus, the thermal expansion is absorbed by elastic deformation 141. Open questions 
requiring research during the incipient times of flexible plastic pipes included the creep resistance 
of the plastics at the DH operating temperature, the oxygen diffusion through the pipes and into 
the heat carrier (hot water), which could corrode circuit elements such as the heat exchangers, 
and water vapor diffusion from the heat carrier through the plastic pipe into the insulating foam, 
increasing its thermal conductivity 139. In general terms, the lack of knowledge on their long-term 
behaviour was the main barrier to uptake by DH project developers 139.  

Lifetime predictions for the plastic medium pipes were available by 1999, when the IEA-DHC 
Annex V report was published 141. These first predictions were based on the 10 years operation 
data together with accelerated ageing tests at different pressures and temperatures. Based on 
Arrhenius relationships between the accelerated ageing tests and operating temperatures, as well 
as the Miners rule to account for operating temperature fluctuations between summer and winter, 
a calculated lifetime prediction of >100 years for PEX pipes and > 60 years for PB-1 is provided, 
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for networks operating at 90ºC in winter and 70ºC in summer 141. These lifetime prediction data 
provided the necessary confidence for market uptake. More recent reports on the subject could 
not be found, which can be interpreted as no problems have been identified requiring research.

Some manufacturers introduced diffusion barriers, such as ethylene vinyl alcohol (EVOH) or 
aluminium foil layers in the early development stages, though the durability of the EVOH coating 
and possible debonding of the aluminium foil were still not validated 139. Today the EVOH coating as 
an oxygen permeation barrier is state-of-the-art and generally included by all manufacturers126,141. 
The IEA-DHC Annex V report refers to laboratory results finding delamination of metal layers placed 
as diffusion barriers, shortening the service life of such sandwich systems, though the reference 
from the original source is not provided in the text. Results from permeation experiments of 
DH plastic pipes with and without EVOH coatings conducted in different laboratories 142–145 
showed that the EVOH barrier reduces the oxygen permeability between a factor of 10 and 2000, 
depending on the temperature, pipe diameter and pipe model. The next question was if the 
lower O2 permeability of EVOH coated plastic pipes is low enough to allow the mixture of steel 
and plastic medium pipes in the same network, with low corrosion risk for the steel pipes. The 
research concluded that it is safe to combine both pipe types in the same network, with different 
thresholds stated in different countries. In Germany, the threshold of at least 30% of the total 
surfaces being steel was given 142, and a lower amount of steel surfaces was required based on 
Scandinavian data, which would be as low as 10 % 146.

The insulation of the early models of flexible plastic pipes was provided by PU foam, PEX foam or 
glass wool, depending on the manufacturer, but provided as sleeves or blankets, being in all cases 
non-bonded pipes 139. While this variety of insulation material by different pipe manufacturers 
coexisted during the first decade of flexible plastic pipes, the appearance of the first models of 
flexible plastic medium - PU bonded pipes is reported to have appeared in this period 141. 

PU bonded flexible pipes are state-of-the-art at present times. They are manufactured in a 
continuous process, in which the PU is poured into a moving casting mold, and flows around the 
moving pipe. The PE outer casing is then extruded in place 147. Several models exist in the market. 
They can be found with corrugated and smooth casing. Different degrees of flexibility are attained 
through different formulations of the PU foam. As for the medium pipe, flexible pipes are now 
not only manufactured with plastic medium pipes, but also of steel, or copper 126. State-of-the-art 
flexible plastic medium pipes are designed for a continuous operating temperature of 80ºC and 10 
bars, according to EN 15632 140, while flexible steel medium pipes allow an operating temperature 
of up to 120ºC 148.

Anisotropy and compressive behaviour of the PU foam of flexible plastic medium pipes with smooth 
and corrugated casing were studied and the results are reported in [BJ2]. Flexible pipes presented 
cell shape anisotropy of 1.7, lower than the bonded pipes, due to the continuous manufacturing 
process. Interestingly, while the cell anisotropy ratio was equivalent for both flexible pipe models, 
the E modulus ratio, defined as the ratio between the E modulus obtained when testing in the 
axial direction of the pipe (foam rise) and radial direction of the pipe, was not affected in the same 
way. This was allocated to differences in cell size and cell size variability found between the two 
flexible pipe models studied.
As for the development of PU foam itself, for either bonded or flexible pipes, one aspect of 
development during the last decades has been the change in blowing agents, common for all 
PU foam applications. The commonly used CFCs, favored by their soluble, volatile and non-toxic 
nature 149, were called to be phased out by the Montreal Protocol 150 due to their ozone depleting 
nature. 

This caused a shift to the transition replacement hydrochlorofluorocarbons (HCFCs), and later to 
hydrofluorocarbons (HFCs). These are now called to phase out due to their high global warming 
potential (GWP) by the Kigali Amendment to the Montreal Protocol151 in force from 1st Jan 2019. 
Hydrocarbons (HCs) and inert gases (N2, CO2) have also been used 149. The phase-out programme 
established by the Montreal Protocol is represented in Figure 5.
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Figure 5. Sankey diagram representing the Montreal Protocol and Kigali amendment agreed blowing 
agents phase out programme for non-article 5 (industrialized) countries.

Within DH, the scientific evaluation of the different blowing agent candidates was focused on the 
diffusion of the gases through the cellular structure, in order to assess the long-term insulation 
performance. Initial interest was placed on CO2 blown PU 152,153 . HFC-365 mfc has been evaluated107, 
as well as cyclopentane 154,155. Currently, all PU foam in DH pipes is cyclopentane blown, since it 
has a lower thermal conductivity than CO2, but mainly because CO2 and other inert gases have a 
higher diffusivity than hydrocarbons such as pentane 156, leading to a worse long term insulating 
performance due to faster diffusion out of the foam and diffusion of ambient air into the foam, 
which has a higher thermal conductivity: λcyclopenthane =0.0110 W/mK, λCO2= 0.0165 W/mK and λN2 = 
0.0258 W/mK, as compiled in 157.

In order to hinder the thermal ageing of the foam, some manufacturers have introduced an 
aluminium layer as diffusion barrier 158, blocking the mass transport between the cell gasses and 
the ambient air. 

As for the formulation of the PU itself, evaluation by the author has shown that different PU foam 
with different characteristics and properties co-exist in the different models of DH pipes [BJ2]. 
However, since these developments are undertaken by the industry, scientific literature reporting 
the advancements has not been found available.

2.2 Ageing of PU District heating pre-insulated pipes. Sources of Degradation

As introduced, the bond function of the PU foam in DH pipes has brought great simplifications 
and related cost-reductions to the piping laying methods. DH system´s start-ups and shut downs 
and network operating temperature changes driven by changes in heat demand and ambient 
temperature lead to thermal expansions and contractions of the piping networks. These are 
partially counteracted by the friction between the surrounding soil and the casing, with axial 
shear stresses transmitted through the PU foam bond. Additionally, the surrounding soil produces 
compression stresses on the radial direction of the pipe. Pipes are hence subjected to multiaxial 
loading. Therefore, not only the ageing of the insulating properties is important, but also the 
changes in the mechanical behaviour of the PU foam are critical towards ensuring the pipe 
assembly performs as specified during its service life, as well as for lifetime predictions. Current 
knowledge and identified sources of degradation are summarized in this section. 

2.2.1 Temperature-related ageing

Thermal degradation of the PU foam has been identified as a relevant source of degradation of 
DH pre-insulated pipes. The browning of the foam in contact with the medium pipe (see Figure 6) 
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provided a visual indication of thermal degradation of the PU, which could lead to loss of adhesion 
between the foam and the steel medium pipe. Therefore, previous versions of standard EN 253159 
focused on thermal degradation of the PU foam, with accelerated ageing tests specified at a 
temperature for the service pipe of 160 °C for 3600 h, or at 170 °C for 1450 h, while the casing 
is exposed to a temperature of 23 ± 2 °C. The equivalent lifetime of the DH pipe at the operating 
temperature would be linearly extrapolated using the Arrhenius equation. 

Figure 6. Section of an aged DH pipe, showing browning of the PU in the vicinity of the medium pipe. 
Credit: Weidlich

These specified accelerated ageing tests were critiqued by researchers in the field, as discrepancies 
were found between the results of the specified ageing tests and of real-life pipes 160,161. Leuteritz et 
al. 162 argued that the specified set-up in the EN 253 standard, up to the 2009 version, did not allow 
for acceleration of the oxygen permeation through the casing and into the foam, underestimating 
so the oxidation of PU in real life pipes. They undertook tests where the service pipe was kept in 
a range between 160ºC and 190ºC depending on the tested sample, and the casing was kept at 
temperatures between 30 and 75ºC depending on the sample, as to accelerate the gas exchange 
through the casing. They report that with such a procedure a maximal acceleration of 10 is possible, 
requiring 3 years of testing to replicate the 30 years required service life. To achieve the required 
acceleration, they propose to replace the 3.3 mm standard PE casing with PE film. Oxidation of 
the steel at the interface was also reported as a cause of failure. However, previous research 
by the group on Energy and Circular Economy at RISE 163 evaluated the effect of reducing the 
casing thickness from 3 to 0.13 mm and the rising casing temperature from 10 to 70ºC, in order 
to accelerate the diffusion of oxygen through the casing, and concluded that thermo-oxidation 
was not the main mechanism producing a loss of shear strength of the foam bond, since the 
degradation rate of the thin and standard casing pipes was equivalent. Moreover, the degradation 
of the shear strength was not found linear with ageing time, but presented an initial and steep 
drop, after which a plateau was reached where the shear strength remained at relatively constant 
values for a long period of time. In a following study, the degradation mechanisms of PU aged 
under air and N2 at 150ºC were evaluated 164. Significant changes were found in the samples aged 
under air, including in weight, colour and dimensions. A loss of CH2 groups together with the 
appearance of new carbonyl groups was detected in the FTIR spectra, showing that the changes 
arise for thermal oxidation. Interestingly, no change in the flexural behaviour of the foam was 
recorded, suggesting that thermal oxidation does not affect this property, at least in the reaction 
extents covered in the study. A loss of adhesion between the steel-PU foam interface was readily 
detected in the samples aged in N2, from which it can be derived that the degradation of the 
adhesion strength is not linked to thermo-oxidation, hence different reactions govern changes in 
adhesion of the PU-steel interface and cohesion of the PU foam. The reactions taking place in the 
interface were not covered in the study, though it is known that covalent metal oxide-urethane 
linkages are formed at the interface between steel and isocyanate-based polymers such as PU, 
which explains the high performance of isocyanate-based adhesives and coatings 165. 
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The author has found that the strength of the steel-foam interphase and predominance of 
adhesion versus cohesion failure of the PU bond is temperature dependent, as disclosed in [BJ1]. 
The shear strength of unaged DH bonded pipes was evaluated at room and at 70ºC. It was found 
that when the shear test was undertaken with the pipes at room temperature, cohesive fracture of 
the foam occurred, while when the pipes were at 70ºC, both cohesion of the foam and adhesion 
of the foam-steel interface failed. This finding brings the further potential discrepancy between 
the laboratory accelerated ageing tests and behaviour in the field, as laboratory tests typically 
undertake ageing processes and then determine the loss shear strength and failure model of the 
bond in shear tests undertaken at room temperature, while the failure of pipes under operation 
will occur at the operating temperature.

A long term accelerated ageing trial conducted at 130, 150 and 170ºC 136 revealed that the 
behavior between the three temperatures does not follow an Arrhenius relationship. An initial 
shear strength increase was detected with the three temperatures, which was allocated to post-
curing of unreacted isocyanates, which was followed by a progressive decrease in shear strength 
until complete loss of adhesion at the test temperatures 150ºC and 170ºC. However, at 130ºC, 
once a shear strength reduction of 65% of the initial value was reached, a plateau was attained, 
where the shear strength remained constant for a long period of time. This report highlighted that 
the temperatures proposed for the accelerated ageing altered the degradation process rather 
than accelerated it, leading to an underestimation of DH pipe’s service life.    
As an outcome of these research results, the active version of EN 253 in force 14 released during the 
realization of this doctoral thesis collects the state of knowledge of ageing of the shear strength of 
the PU bond but no longer specifies accelerated ageing tests for lifetime prediction.

2.2.2 Cyclic Loading

The cyclic loading produced by the network temperature variations have been introduced. It 
is known that cyclic loading produces fatigue in materials. Therefore, fatigue check is included 
in the design guidelines for DH networks 15,166. However, only the steel pipe is considered, and 
stating lack of knowledge, it assumes that fatigue in the foam does not occur within the limits of 
permissible stresses. Previous projects have evaluated the effects of thermal cycling and fatigue 
in DH systems 16,167, again only covering the steel service pipe. 
Polymeric foams, given their heterogeneous nature 168, present a complex behaviour upon 
thermal expansion. While the polymer skeleton has the thermal expansion of the bulk polymer, 
the gas inside the cells pressurizes the cell walls as it expands, distorting the cell shape 138,169. This 
is exacerbated by the fact that upon increasing temperature, the expansion of the gas coincides 
with the strength reduction of the polymer matrix 138. Cell size and anisotropy further come into 
play 169. It has been reported that the cells present a larger expansion in the direction parallel 
to the foam direction, and the original shape is not recovered to full extent 138. This might be of 
importance for DH pre-insulated pipes, given the fact that it presents a greater cell anisotropy 
than in PU foam slabs [BJ2]. The different material layers in DH pipes present different coefficients 
of thermal expansion (steel = 1.1·10-5 K-1 170 , PE = 7.14·10-4K-1 171 ,PU foam = 1.2·10-4K-1 in the rise 
direction 172), which could be a cause of debonding upon thermal cycling.  Therefore, the effects 
of thermal and mechanical cyclic loads on DH pre-insulated pipes were experimentally evaluated, 
and reported in [BJ1]. These experiments were conducted in parallel to the thermal cycling of PET 
foam, described in Chapter 3.
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Three different cyclic loadings were executed. The parameters are stated in Table 3.

Table 3. Parameters for the executed cyclic loading trials

Trial T interval (°C) τ interval (MPa) Number of cycles

T 25–100 0 250
MT-wc 25–100 0–0.12 250
MT-m 25–70 0–0.04 125

For trial T, the number of cycles was set at 250, which is the number of cycles established for 
fatigue check for secondary effects for distribution lines according to 15. In trial MT-wc the same 
number of cycles was selected as in trial T for the same reason. For the selection of the applied 
force, a worst-case scenario criterion was selected. Because EN 253:2019 14 establishes aged pipes 
should still withstand a shear stress of 0.12 MPa at room temperature, this was the maximum 
shear applied.

In trial MT-m, the selected maximum shear corresponds to the acting shear stress under the network 
design point166. The temperature was cycled between 25°C and 70°C, because buckling of the PE 
casing was experienced in trial MT-wc, as 100°C is too close to its heat deflecting temperature. 
The number of cycles conducted was 125, representing half of the established number of cycles 
for fatigue check for secondary effects for distribution lines according to EN13941-115.

The results revealed that the applied temperature cycles caused no degradation of the shear 
strength, meaning the free expansion and contraction of the foam itself or stresses caused by the 
differences in coefficient of thermal expansion between material layers are not sufficient as to 
produce a degradation, at least with the sample size used and applied number of cycles. However, 
the combination of cyclic thermal and mechanical loads reduced the strength and increased the 
stiffness of the foam. The foam samples were evaluated through FTIR and no change or degradation 
of the polymer could be identified, suggesting the loss of mechanical properties could be related 
to stress relaxation, material ratcheting or fatigue. The evaluation of the fractures resulting from 
the shear tests showed cracks initiate in Mode II, close to the foam-steel interface, and propagate 
in Mode I. For the definition of fracture modes, the reader is referred to Zehnder (2013) 173. The 
very consistent crack pattern between samples, with a 2 cm axial displacement between each 
formed crack (see Figure 7 174), suggest the occurrence of strain localizations. 

Figure 7. Right: Photograph of a tested sample, where a coloured epoxy was introduced through 
the cracks prior cutting to highlight the pattern. Left: proposed description of the crack initiation and 

propagation scheme.

EN 13941-115.
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Vega et al. 175 within Annex XII project 176 evaluated the effect of cyclic mechanical loads during 
thermal ageing of the pipes. The differences between the cited experimental program and that 
executed by the author are that the temperature was kept constant and at a higher level (130 and 
140ºC vs 70 and 100ºC), the number of applied mechanical cycles was significantly higher (16000 
vs 250), since the criteria for household connections was selected vs. that for distribution lines 
selected for the work within this doctoral thesis, and the cycle frequency and amplitude were 
higher. The authors of this later work conclude that the mechanical loads accelerate the chemical 
degradation of the PU foam, resulting in an accelerated loss of adhesion. Comparting both works, 
it is interesting to note that at temperatures in which thermal degradation was not detected, 
a degradation of the mechanical properties due to the cyclic loading could be detected, while 
at temperatures in which degradation of the mechanical properties takes place due to thermal    
degradation,the cyclic loading accelerates the degradation.

2.2.3 Damage due to moisture
Buried district heating pipelines may be located below the groundwater level. Moisture can 
penetrate the HDPE casing 177, or through the pipe ends and joints 158,178. Indeed damage to the PU 
foam due to moisture is reported in the field 178. In the case of plastic medium pipes, hot moisture 
from the heat carrier can diffuse through the medium pipe into the foam 139,179.

Moisture can degrade the mechanical properties of polymers in different ways, including 
plasticization 180, swelling 181, cracking related to osmotic pressure 182,183 or chemical degradation 
due to hydrolysis 184 in polymers subjected to this reaction. The assessment of the damage due 
to moisture comprises the type of degradation, the degradation rate, and the rate determining 
factors, such as diffusion or temperature.

Previous work on the ageing of polymeric foams upon moisture exposure conclude that diffusion 
is the rate determining step. Earl & Shenoi 185 studied the moisture uptake of PVC foams upon 
water immersion at 40ºC and 95% RH and 40ºC for over 2.5 years. A multistage absorption 
process was observed in the water immersion experiments, and allocated it to the progressive 
moisture diffusion through each layer of cells, concluding moisture reached only three layers of 
cells given the three plateaus observed. This equals 1-2 mm of ingress depth. The mass increase 
of the exposure of the samples to wet air was significantly lower. The authors interpreted the 
discrepancy to water accumulation in the superficial open cells, despite blotting of the sample’s 
surface prior to weighing included in the experimental program. The lack of multistage absorption 
in the wet air trial could not be explained. Avilés et.al. 186 evaluated the ageing of PVC foam 
under 95 % RH and sea water immersion for 7 months. A limited degradation of the foam, based 
on tensile tests, was observed, which was allocated to diffusion control of the ageing process. 
Through microscopic observation of the foam surface and cross-sectional cuts of the foam, the 
authors conclude the moisture only reached the first 2-3 mm into the foam thickness, based on 
differences in cell diameter of the superficial cells vs internal cells, allocated to swelling caused 
by moisture. The number of measured cells or foam cutting methods is not provided in the study. 
Huo et al. evaluated the moisture uptake of PU foam upon water immersion at room temperature, 
for a duration of 7 months. A multistage diffusion process was observed, and interpreted again as 
the moisture saturation of each cell layer, resulting in 2 layers of cells over 200 days. Liu et. al187 
evaluated the moisture uptake of 150 kg/m3 PET foam upon immersion in simulated sea water 
at 40ºC. A first weight increase jump was detected at the first measurement point, allocated to 
water ingress in the open superficial cells, after which the weight steadily increased during the 
30 days duration of the trial. Given weight stabilization was not achieved, the authors conclude 
moisture saturation of the foam was not achieved during the evaluated timeframe.

While these interpretations of diffusion in foams being slow and the rate determining step of the 
degradation conceptually fit with the macroscopic consideration of foam as a thick homogeneous 
material layer, where the transport involves solution at the surface, transport through the 
concentration gradient and desorption at the other surface 154,188, they differ from the notion that 
the availability of unoccupied volume in the polymer influence sorption and diffusion processes189, 
increasing with increasing free volume. This is illustrated by the “foam diffusivity” model proposed 
by Lee 190, which is a function of the diffusivity of the moisture in the polymer as well as the foam 
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density. The foam diffusivity would increase with decreasing foam density and would be higher 
than the polymer diffusivity. This indicates greater mobility of the diffusant in a lower-density 
foam structure. This model disregards any condensation or water entrapment in the cell cavities 
for simplicity, assuming the diffusion occurs within the polymeric skeleton of the foam only.

Once the polymeric foam is saturated, degradation of the mechanical properties due to 
plasticization can be reverted with the drying of the polymer. Swelling itself can be reverted through 
drying, though the potential deformation of the cell’s shape might not be recovered, rendering 
the foam case again more complex. The formation of microcracks due to swelling and osmotic 
pressure would be irreversible damage. As for chemical degradation, while it is known that PU 
is susceptible to hydrolysis 191 and the hydrolysis of PU is a proposed chemical recycling pathway 
to break down the polymer and recover its constituents 192,193, the hydrolytical degradation of 
PU foam in the DH context remains widely unexplored. The hydrolytic stability of polyether PU 
insulation has been found reported in the context of offshore oil platforms 194. Though polyether 
PU is more stable to hydrolysis than polyester PU, the urethane bond can still undergo hydrolysis 
under severe conditions 194. The study confirmed the hydrolysis of polyether PU under sea water 
immersion at high temperatures, and a model was developed correlating the reaction kinetics 
with temperature, based on a first order reaction and an Arrhenius relationship. 

Research line 1 concerns PET foam and so the chemistry of PET is to be considered. It is widely 
established that PET undergoes hydrolysis at high moisture and temperature levels 184,195–200. As 
such, the confirmation of its stability towards hydrolitical degradation in DH applications was 
stated as a subject requiring further research in the two previous works on PET foam for DH    
pipes 106,107. The study of this research question is a central element of this doctoral thesis.

From the body of knowledge created by previous research184,195–200 it is accepted that hydrolysis 
of PET produces chain scission at the ester link in the amorphous phase. The generated mobile 
chain fractions rearrange themselves into the crystalline phase, resulting in chemicrystallization. 
The ultimate consequence of the hydrolysis of PET is embrittlement, which is critical for a load 
bearing material. Thus, the ductile-to-brittle transition is commonly selected as end-of-life 
criterion197–199,201,202. While it is recognized that embrittlement corresponds to a critical structural 
state 201, a detailed understanding of the underlying mechanism is still lacking.  Many authors 
on the hydrolysis of PET adopt a molecular interpretation of embrittlement 199,202,203, where the 
reduction of the concentration of tie-molecules or entanglement density caused by the chain 
scission would be the ultimate cause of embrittlement. As such, the reaching of the critical 
molecular mass corresponding to the entanglement limit (Mc’), which is proportional to the 
molecular mass of the segment between the entanglements (Me), would correspond to the 
ductile-brittle transition. Accurate lifetime predictions require specific end-life criteria, but an 
accurate correlation between molar mass reduction due to chain scission and specific values of 
Mc’ and Me has not yet been established. Ranges of Mc’ between 2-3 times Me 

199 to 5-10 times 
Me 

202 can be found in the literature. Based on these ranges, an end-of-life criteria of 30% molar 
mass reduction has been derived 203. An experimental value of Mc’ = 17 kg/mol has been recently 
reported 202, for PET with an initial molar mass of 31.4 kg/mol and polydispersity index of 2.4. This 
correlates to a 45% molar mass reduction at the ductile-brittle transition. 

Another proposed interpretation for embrittlement could be micromechanical, as compiled 
in 201. As such, stress concentrations related to the increase in crystalline content and reduction 
of interlamellar spacing, or lack of sufficient amorphous content to sustain deformations, would 
be the ultimate cause of embrittlement. The chemicrystallization resulting from PET hydrolysis 
has been widely reported and followed 197,198,202–205 . Early studies on the degradation of PET 184 
suggest that the density reduction of the amorphous fraction of PET upon crystallization, which 
leads to the appearance of voids at the lowest amorphous densities 206, could be the ultimate 
cause of embrittlement. However, this causal chain has not been confirmed or followed in more 
recent work. The two possible causal chains leading to embrittlement are conceptually illustrated 
in Figure 8.
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Figure 8. Possible causal chains relating chain scission to embrittlement.

Concerning the kinetics, it is accepted that it is influenced by both temperature and RH, being 
the temperature dependency governed by the Arrhenius law. Discrepancies arise concerning the 
reaction order. While many authors regard it as first order in RH, given water being largely in excess 
and considering no diffusion control 184,197,199, others report second order in RH, describing the 
need for two water molecules acting per chain scission 200. A master curve with a reaction order of 
0.5 has been recently been proposed 203, though no physical meaning is provided. Consensus on if 
the reaction is autocatalytic 195,207, or non-autocatalytic 184,197 has not been reached. 

All experimental data found in the scientific literature evaluated during the course of this work 
correspond to conditions in which PET is above its Tg. This is also the case for the evaluation of 
PET for energy 208,209 or civil engineering 210–212 applications, where these studies are considered 
accelerated ageing, since the service temperatures for these applications are around ambient 
temperatures. Experimental data below Tg has been thoroughly searched for by the author 
without success. Two identified pieces of literature claim to report data below Tg

184,196, however, 
it was not the case as the authors did not take into account the Tg depression caused by moisture 
plasticization 213. Two further pieces of literature report that the kinetics below Tg is extremely 
slow199,202, but do not provide experimental evidence. The importance of this is that, while 
modeling and extrapolation from degradation data collected at higher temperatures to lower 
temperatures have been undertaken 203,212, the validity of these Arrhenius extrapolations with 
activation energy (Ea) values obtained in the rubbery state to the glassy state is questionable 202,203. 

2.3 Foaming of polymers

The foaming of polyurethane is produced by a chemical reaction simultaneously occurring when 
mixing an isocyanate, a polyol and water. The isocyanate reacts with water, which can be added 
or ambient moisture, producing carbamic acid, which then decomposes into CO2 and amines 214. 
In parallel isocyanates and polyols react producing polyurethane. The formed CO2 gas blows the 
polyurethane into a foam, though additional blowing agents are commonly added 214.

The foaming of thermoplastics, such as the target PB-1, is a physical process, which involves the 
sorption of the blowing agent into the polymer, under pressure, and the bubble nucleation and 
growth. This may be induced through a reduction of pressure or an increase in temperature. A 
mass transport from the blowing agent in the polymer-gas solution into the bubbles takes place, 
which ends with the vitrification or crystallization of the polymer 149,215–217. This last stage is critical 
for the success of the foaming process, as it stabilizes the cellular structure. 
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The selection of the polymer, blowing agent and expansion technique strongly influences the final 
foam morphology 80,149. This, together with the properties of the polymer matrix, condition the 
final properties of the foam 86. 

As for the processing, the most broadly used techniques are batch foaming, extrusion foaming and 
injection molding foaming, where the first is used for research and development and the two later 
technologies are used for industrial manufacturing 215. In the batch foaming process, the polymer 
is placed in contact with the blowing agent under pressure in an autoclave, for a sufficient time 
to allow saturation of the polymer. Foaming can be produced by a fast decompression, which 
produces the nucleation of the bubbles, or by increasing the temperature. Extrusion foaming is a 
continuous process in which the blowing agent is mixed with the molten polymer in the extrusion 
barrel at high pressure. At the die exit, a pressure drop is produced, causing the foaming of the 
polymer. In foam injection molding, molten polymer and blowing agent are injected in a cavity, 
which then expands, causing a pressure drop and hence foaming 215. This technique is used mainly 
for producing foams with complex geometries 215.

The state of the art on physical foaming of polymers was thoroughly revised, and cross related to 
the Principles of Green Engineering and Cradle to Cradle design framework, in order to identify 
compatible strategies as well as research needs to cover during the study of the foaming of PB-1. 
The resulting critical review is presented in [J4].
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3.1 Introduction

As described in Chapter 2, sources for polymeric foam degradation occurring in DH pipelines 
include exposure to heat, exposure to moisture and cyclic loading. Concerning the exposure to 
heat, unlike for PU, literature reports that the thermal and thermoxidative degradation of PET has 
very low reaction rates at temperatures below its melting point of 250ºC 184,218, and occurs mainly 
at or above this temperature.  Since this is far from DH operating temperatures, this source of 
degradation was excluded from the study.

The in-situ effects of temperature, as well as the effects of temperature cycling on the compressive 
behaviour of PET foam was studied. The in-situ temperature effects are relevant for the calculation 
of the network stresses at the design point. The effects of thermal cycling are relevant for lifetime 
prediction. This contribution is detailed in [CP1].

The potential degradation of the PET foam due to hygrothermal exposure, as well as diffusion and 
moisture uptake, were experimentally evaluated. Given the fact that PET insulated DH pipes do 
not exist yet, the possibility to use PET as insulation for plastic or steel medium pipes was kept 
open. In the case of steel medium pipes, moisture ingress into the foam would be groundwater 
permeating through the casing or through leaks in joints. In the case of plastic insulated pipes, 
hot moisture from the heat carrier could diffuse through the pipe and into the foam. Therefore, 
the effects of moisture at ambient temperatures as well as at heat carrier temperatures were 
experimentally evaluated, which correspond to below and above the Tg of PET.  This knowledge 
is relevant for confirming the validity of PET foam for the insulation of medium pipes of both 
materials, as well as for lifetime prediction, since the higher temperature experiments would 
serve as accelerated ageing. This contribution is detailed in [J1] and [J2]. 

For this research, commercial closed-cell PET foam boards blown with cyclopentane were used. 
The selected products were Kerdyn Green in 80 kg/m3 and 100 kg/m3, kindly provided by Gurit. 
These densities were selected because they presented the closest density to that measured for 
PU foam in DH pipes, ranging from 68 -100 kg/m3 depending on the pre-insulated pipe type and 
PU formulation 219. Testing two different densities allowed to assess and compare the impact of 
the cellular microstructure on the different ageing processes studied.

The PET foams, unaged and throughout the different ageing processes studied were characterized 
through different techniques, including optical microscopy, porosimetry, Fourier transformed 
infrared in attenuated total reflexion mode (FTIR-ATR), nuclear magnetic resonance (NMR), 
differential scanning calorimetry (DSC), dynamic mechanic thermal analysis (DMTA), compression 
and flexural mechanical tests. The ageing of the samples was undertaken in environmental 
chambers. The detailed procedures are described in each contributing publication.

The largest part of the experimental programme was undertaken in the civil engineering laboratory 
of HafenCity University. Certain experiments were undertaken in cooperation with or as a guest 
researcher with the following institutions: the University of Hamburg (NMR), the Technical 
University of Hamburg (porosimetry), and the Institute of Polymer Science and Technology (ITCP-
CSIC, Spain) (DMTA).

Chapter - 3
Polyethylene Terephthalate Foam
Evaluation of its ageing behaviour
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3.2 Effects of temperature and temperature cycling on the compressive 
behaviour of PET foam

It is known that temperature significantly affects the mechanical behaviour of polymers, 
hence polymeric foams.  PET, unlike PU, is a semicrystalline polymer. Its Tg of ~75ºC 220 lies in 
the boundaries of the service temperature. Therefore, the crystalline structure could change or 
degrade due to temperature or temperature cycling. The aim of this study was to observe the 
effects of temperature, time under temperature and temperature cycling on the mechanical 
behaviour of PET foams.
  
3.2.1 Behaviour under temperature

Static compression tests were conducted at room temperature, as well as at 70°C, 85°C and 100°C 
with the use of an environmental chamber (Weiss WK3-180/70/5-UKA, Reiskirchen, Germany). 
Five samples were tested per condition and foam density under a displacement-controlled rate 
of 2 mm/s. The force was measured with a 20 kN load cell (HBM, Darmstadt, Germany) and strain 
measured through digital image correlation using an ARAMIS 5M adjustable stereo camera system 
(GOM mbh, Braunschweig, Germany), with an acquisition frequency of 1 Hz. Samples were tested 
in the direction parallel to the extrusion, which would correspond to the radial direction of the 
pipes. 

For the tests under temperature, two approaches were followed: conducting the tests after a short 
temperature stabilization time of 2 h, for which the obtained stress-strain curves are presented in 
Figure 9 a) and 9 d) for the foam 80 kg/m3 and 100 kg/m3 respectively, and conducting the tests 
after an overnight temperature soak at 100°C, for which the obtained stress-strain curves are 
presented in Figure 9 b) and 9 e) for the foam 80 kg/m3 and 100 kg/m3 respectively. The resulting 
compressive strength at 10% strain (σ10) from both approaches are plotted vs temperature in 
Figure 9 c) and 9 f) for PET foams 80 kg/m3 and 100 kg/m3 respectively.

Figure 9. Compressive behaviour of PET foam under temperature, for 80 kg/m3 (a) and 100 kg/m3 (d); and 
under temperature after annealing at 100°C for PET foam 80 kg/m3(b) and 100 kg/m3 (e). Evolution of the 
compressive strength at 100% strain (σ10) with test temperature before and after annealing, for PET 80 kg/

m3 (c) and 100 kg/m3 (f).

As viscoelastic materials, polymers exhibit time and temperature dependency on their mechanical 
behaviour 220. The decrease of mechanical properties of the evaluated PET foams with temperature 
can be readily observed in Figure 9 a) and 9 d), as expected and in line with the behaviour of 
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PET foam previously reported by Ramnäs 106. New knowledge arises from the tests conducted 
after an overnight temperature soak at 100°C. It can be seen in Figure 9 c) and f) how the 100°C 
temperature soak produces an annealing effect on the PET foam 221, which partly counteracts the 
degradation of the mechanical properties caused by temperature.  

It is known that the crystal domains in semicrystalline polymers can sustain the stiffness above 
Tg 

117. The increased macromolecular flexibility and chain conformational mobility produced by 
temperature allows for improved crystallization 221. An early definition of annealing in polymer 
science is the thermal treatment below the melting point which leads to crystal growth, perfection 
of crystals and change to more stable crystalline structures 222. This process should lead to a lower 
free enthalpy under the given conditions 221 which may be achieved through rotational isomerism 
and close packing 223. Indeed, different orientations are possible in PET, which arise from the 
rotation of the CH2-CH2 bond of ethylene glycol moiety, the O-CH2 glycolic bond, or the O=C-Caryl 
bond 224–227. The trans and gauche isomers resulting from the rotation of the CH2-CH2 bond of 
ethylene glycol are represented in Figure 10.

  

Figure 10. (a) trans and (b) gauche isomers arising from the rotation of the CH2-CH2 ethylenic bond of the 
ethylene glycol moiety

Literature reports that the Tg of PET could rise from 67°C in the amorphous state to 81°C in the 
semi crystalline state and up to 125°C in a crystalline and oriented state 110. This suggests that 
the ultimate cause for the enhancement of PET foam´s strength and stiffness is the increase of 
orientation of the PET macromolecules allowed by the temperature soak. 

The practical implication of this finding is that the previously determined service temperature of 
~80°C for PET foam insulated DH pipes 106 has been proven conservative since the DH pipelines are 
under temperature for long periods of time and so annealing will occur. An annealing treatment 
during pipe manufacturing could also be envisaged. The σ10 = 0,3 MPa required by EN 253 14 can 
be fulfilled by PET 100 kg/m3 even at 100 °C, demonstrating that it could be used in DH networks 
operating at this temperature, which is commonly found in the field 228. It should be noted that 
the value required by the standard is at room temperature, so the achievement of the required 
compression strength at 10% strain at 100ºC exceeds the requirement.

3.2.2 Effects of thermal cycling  

Up to 250 thermal cycles were conducted, following two different temperature profiles: (a) 
between 25 and 100°C, and (b) between 25 and 75°C, with 30 min ramp duration and 75 min hold 
time for both cases. The number of cycles was selected to match those required for fatigue check 
for secondary effects for DH distribution lines 229 and the two temperature intervals to fluctuate 
around Tg (a) and below Tg (b), in order to assess potential effects on the crystalline structure and 
its consecutive impact on the mechanical behaviour. The effect of the applied cycles was assessed 
in terms of variation of mechanical properties under compression. The tests were undertaken 
with the same procedure as that described in the previous section.

Figure 11 presents the obtained compression stress-strain curves for foam 80 kg/m3 (a) and 100 
kg/m3 (b), unaged and after the two temperature cycling trials. The applied temperature profile 
for both trials is represented in (c).
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Figure 11. Compressive stress-strain curves for foam 80 kg/m3 (a) and 100 kg/m3 (b), unaged and after the 
two temperature cycling trials. (c) applied temperature profile for both trials.

As can be seen, no significant variation in the E modulus or σ10 between the unaged and the 
temperature cycled samples was found. The high variability between samples is allocated to 
heterogeneity of the cellular structure and a certain level of out-of-plane deformation. Comparing 
these results with the trials under temperature (section 3.2.1), we can derive that the 75 mins 
hold time was not long enough to induce annealing. Having this variable out, variation of the 
mechanical properties could occur from cracking events arising from the repetitive flexure of the 
cell walls caused by expansion and contraction 230 or irreversible changes in the geometry of the 
cells, as reported by previous authors with polyurethane foam 138. In our research on PU foam 
[BJ1] no degradation of the shear strength of the PU bond in the pipe assembly was detected after 
the same number of temperature cycles and profile (a). PET foam should present a better ageing 
behaviour than PU foam in relation to temperature cycling, due to its low coefficient of thermal 
expansion, of 9.1·10-5 K-1 231 vs 15·10-5 K-1 for PU 230. 

It is concluded that temperature cycles in the tested amplitude and number do not cause a 
degradation of the mechanical properties of PET foam.

3.4 Diffusion and moisture uptake in PET foam

Knowledge of the diffusion and moisture uptake mechanisms in PET foams is fundamental 
for the correct understanding and interpretation of its potential degradation effects. This was 
studied through gravimetric experiments, under 80% RH and 40ºC, and water immersion at room 
temperature. Samples with the larger surface corresponding to the plane perpendicular to the 
extrusion direction (E) and the plane perpendicular to the parallel direction (P) were evaluated, 
in order to observe any influence of the cellular microstructure or chain orientation arising from 
the extrusion stretching forces, which could increase the tortuosity 189 for the diffusing water 
molecules. The detailed experimental procedure is described in [J2].

The obtained gravimetric curves are presented in Figure 12. 

Figure 12. Weight increase foam 80 under water immersion (a), foam 100 under water immersion (b), and 
foams 80 and 100 at 80%RH and 40ºC (c).
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As can be seen, upon water immersion, a multistage absorption process can be seen, consistent 
with the results of previous workers on polymeric foam’s moisture uptake (see section 2.2.3). 
However, this is not the case under wet air, where the biggest mass uptake was registered in 
the first measurement point conducted after 24h of exposure, after which the weight remained 
constant within experimental scatter during the 2600h of exposure observed. The data suggest 
the PET polymer was saturated within 24 hours of exposure, consistent with the saturation times 
reported for PET films 232,233. Considering that the cell walls and struts of the PET foams under study 
have a thickness of 5-10 µm and 20-40 µm, for the 80 and 100 kg/m3 foam, respectively, the PET 
films in the literature a thickness of ~200 µm, and that diffusion is assumed to take place mainly 
through the polymer skeleton, it appears consistent that saturation times should be at least of the 
same order of magnitude than in films and in any case not significantly slower. In order to confirm 
that moisture saturation was reached within the first 24h interval, bending tests were conducted 
in an environmental chamber under the same conditions as the gravimetric study under wet 
air, thus at 80% RH and 40ºC. Additional bending tests were undertaken at 0% RH and 40ºC, as 
to derive the effect of the moisture only. The results are presented in Figure 13 (a). The lower 
strength and higher strain at break of the samples tested with moisture, to the point that they did 
not fail within the applied stresses, are a sign of plasticization due to moisture. If the moisture was 
only sorbed on the foam surface, such an effect would not be revealed in the mechanical tests, 
demonstrating saturation through the bulk of the foam.
 

Figure 13. (a) Bending tests conducted at 40ºC, with and without moisture. (b) micrograph showing water 
droplets inside a PET foam closed cell.

Although as for moisture diffusion, an equivalency between water immersion and wet air at 
100% RH has been previously reported 234, the obtained results reveal a discrepancy in the case 
of foams. Previous authors have interpreted the larger weight uptakes registered upon water 
immersion vs wet air as water accumulation in the superficial cells 185. But these interpretations 
are inconsistent with the experimental procedures followed both in the cited reference and 
in this work, where the sample’s surfaces were blotted with paper prior weighing, precisely to 
remove the water collected on the surface. It appears that water passage and accumulation into 
the cell cavities occur. Indeed, water droplets inside the closed cells could be observed through 
microscopic evaluation (Figure 13 (b)), and would be the ultimate cause of the higher weight 
uptake. The multistage weight uptake would correspond to the progressive filling of cell cavities, 
cell layer by cell layer. This would be independent of the diffusion through and saturation of the 
polymer skeleton. These two phenomena confirm a dual moisture uptake process, conceptually 
illustrated in Figure 14.
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Figure 14. Conceptual scheme of dual moisture uptake of polymeric foams under water immersion through 
time. Blue represents moisture saturation.

The passing of liquid water into the cell cavities can occur by permeation through the cell walls, 
and direct flow through the open cells. The open cell content of the PET foam under study was 
measured and found of ~20%, which is considered typical 230. Unfortunately,  the open cell content 
for the particular polymeric foams used in previous studies 185,186,235 is not provided, preventing 
comparison. 

The identification of this dual moisture uptake process would invalidate simplifications excluding 
the contribution of moisture entrapment in the closed cells of polymeric foams 190  for the case of 
liquid water immersion. Further, it is relevant to accurately define if “moisture saturation of the 
foam” refers to the polymer only, or if it includes the saturation of the cell cavities.

Both PET foams of different densities presented equivalent behaviour, despite having a different 
cellular microstructure. This further supports that the cellular structure does not have a significant 
difference in the diffusion process.

The ultimate conclusion of this study is that diffusion would not be the rate controlling step of any 
degradation produced by moisture.

3.4 Degradation through hygrothermal exposure

Three different ageing trials were conducted, with different moisture levels, temperatures and 
duration. The applied parameters are collected in Table 4.
 

Table 4. Parameters for the executed hygrothermal ageing trials

Trial T (°C) Moisture level Duration

(1) 90 95% RH 390 h
(2) 40 80% RH 6 months
(3) 23 Water immersion 12 months

Trial (3) would correspond to conditions close to the real conditions arising from groundwater 
ingress. 

Trial (2) would correspond to an accelerated ageing in relation to ground water ingress, but 
maintaining the PET foam in the same structural state as during its service life, which is the glassy 
state. In order to select this temperature for accelerated ageing, the Tg depression caused my 
moisture plasticization 213 has been taken into account.

Trial (1) would correspond to the typical accelerated ageing conditions applied in the study of 
hydrolytic stability of PET 208–212. These conditions are above Tg, in the rubbery state of PET. This 
would be also equivalent conditions to the case of hot moisture from the heat carrier permeating 
through the plastic pipe and into the foam, in the scenario of a plastic medium pipe insulated with 
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PET foam. The hydrolysis reaction of PET is represented in Figure 15.

For the details on the experimental methods applied, the reader is referred to the relevant section 
in [J1].

Figure 15. Hydrolysis of PET

The ageing trials (2) and (3) produced no irreversible degradation of the PET foams studied, nor 
in their mechanical properties, nor in their molecular or crystalline structure, as assessed through 
3-point bending tests and FTIR-ATR. This shows no degradation arising from cell deformation due 
to swelling, or osmotic damage. This is consistent with the low moisture absorption of the PET 
matrix, of ~0.35%, as can be observed in Figure 12 (c). It also shows that hydrolysis did not occur 
within the experimental boundaries.

In trial (1), a progressive degradation of the mechanical properties with exposure time was 
observed, until the ductile-brittle transition was reached, slightly after 100h of exposure (Figure 
16 (a) and (c)). This point represented a kink in the degradation rate, which continued, but at 
a different rate (Figure 16 (b) and (d)). Through FTIR-ATR and NRM it was confirmed that the 
degradation of the mechanical properties was due to the hydrolysis of PET: an increase in the 
content of the carboxylic acid was detected in the FTIR spectra, which are products of the 
hydrolysis reaction (Figure 16 (f)). An increase in the hydroxyl end group content was detected in 
the proton NMR spectra. Through end-group analysis, the rate of chain scission could be derived 
(Figure 16 (e)). 
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Figure 16. Flexural stress strain curves for foam 80 (a) and 100 (c) after different ageing times. Evolution 
of the mechanical properties with ageing time for foam 80 (b) and 100 (d). (e) Chain scission rate derived 

from end-group analysis of the NMR spectra. (f) Increase of carboxylic acid with time, derived from the 
FTIR-ATR spectra.

The well-known chemicrystalization which arises from the hydrolysis reaction 197,198,202–205 was also 
identified. Firstly, a progressive shift over time between the ratio of the gauche and trans isomers 
was detected in the IR spectra (see Figure 17 (a)). It has been previously established that only 
the trans isomer is present in the crystalline region, while both trans and gauche are present in 
the amorphous region 236. An increase in the crystallinity (Xc) was indeed confirmed with DSC (see 
Figure 17 (b)), where the Xc was calculated as:

                                                (2)
 

where ΔHf is the specific melting enthalpy measured from the second heating ramp, and ΔHf
0 the 

melting enthalpy of a fully crystalline PET, taken as 140 J/g 237.

Plotting the relative molecular weight with the Xc (%) a linear relationship is obtained (Figure 17 
(c)), directly relating the crystallinity increase with the chain scission, consistent with the literature.
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Figure 17. (a) IR spectra with ageing time, foam PET 80. (b) Xc with ageing time obtained through DCS (c) 
relative molecular weight (through NMR) vs Xc through ageing time

Gravimetry was also used to follow the ageing process. Samples were progressively extracted 
from the chamber and weighed in the wet state. The resulting gravimetric curve can be seen 
in Figure 18. It can be observed that, after an initial moisture uptake, a progressive weight loss 
was detected, reaching a minimum and then remaining constant within experimental scatter. 
Since the ageing was conducted under wet air and not under water immersion, loss of soluble 
fractions 195,199 cannot be the cause of this weight loss. The sorbed water appears expelled with 
time, which could be related to structural changes in the PET. One explanation could be that the 
chemicrystallization upon hydrolysis produces such densification that sorbed water molecules are 
expelled 238. But the coincidence of the attainment of minimum weight with the ductile-brittle 
transition suggests the existance of a structural change intimately connecting the hydrolysis 
reaction with the embrittlement mechanism.

Figure 18. Samples weight variation through ageing time. Lines are added as guidance for the eye.

It has been seen that a two-phase system (crystalline/amorphous) fails to describe PET 206,239–241, 
since the different degrees of orientation can be found within the amorphous phase. Thus a three 
phase system has been found more suitable 242–244, but has never been applied in the study of the 
hydrolysis of PET before. These three phases consist of the crystalline (XC), mobile amorphous 
fraction (XMAF) and rigid amorphous fraction (XRAF), where XMAF and XRAF are calculated as:

                                                                (3)
      

                            XRAF = 1 - XMAF - XC                  (4)

where ΔCp is the jump in heat capacity at the glass transition, measured from the second heating 
ramp, and is the heat capacity increment of a fully amorphous PET, taken as 0.405 J·g-1·K-1 245.
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The evolution of the three fractions with ageing time is presented in Figure 19.

Figure 19. Total crystallinity content obtained by DSC (a), mobile amorphous fraction(b) and the RAF (c) 
fractions.

The evolution of the XMAF fits perfectly with the weight decrease trend in the gravimetric curve. 
The maximum weight loss and the ductile-brittle transition point coincides with the attainment of 
the minimum XMAF. It can be seen that the increase in the crystallinity fraction during the first 100h 
of ageing, until the ductile-brittle transition, occurs at the expense of the MAF fraction. From this 
point on, the increase in crystallinity occurs at the expense of the RAF fraction. 

This finding supports the micromechanical causal chain leading to embrittlement, which would be 
related to the loss of MAF content in the PET, which would be providing cohesion to the material. 
Given these results, towards lifetime predictions, the time-to-embrittlement of PET could be more 
pertinently modelled as a function of MAF content than molar mass.  

Since no degradation at all could be detected in the trials undertaken at room temperature or 
40ºC, no calculation of the Ea for the hydrolysis of PET foam could be undertaken. However, since 
it has been demonstrated that the cellular microstructure does not exert a significant influence on 
the diffusion process, previous work on the study and modelling of the hydrolysis of PET conducted 
in PET films can be applied to the case of PET foams. At this point, it cannot be established if 
the lack of degradation observed at the temperatures below Tg is related to the duration of the 
experimental program, with very slow reaction kinetics requiring much longer exposure times to 
detect the degradation, or if the hydrolysis of PET simply does not occur below its Tg.

However, the knowledge gained on the embrittlement mechanism, which appears a consequence 
of the consumption of the MAF and crystallinity increase during the hydrolysis reaction, requires 
the molecules to be mobile, this is, above Tg. Hence, even if hydrolysis would occur below Tg, at very 
slow rates, chemicrystallization would not occur, questioning the occurrence of embrittlement as 
the ultimate failure. 

Towards the application of PET foam as insulation for DH pipes, applying previously developed 
models for PET 203, service life of 30 years upon exposure to groundwater can be secured. The 
findings on the embrittlement mechanism suggest this service life is probably underestimated.

Given the fast embrittlement of PET at high moisture levels and temperatures above its Tg, PET 
foam would not be suitable for the insulation of plastic medium pipes, as the risk of degradation 
due to hot vapor permeation through the plastic pipe is considered high.
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3.5 Conclusions and main outcomes

In this chapter, the research conducted on the ageing behaviour of polyethylene terephthalate 
foam upon exposure to the degradation sources occurring in DH pipelines is presented and 
discussed. The main outcomes of this chapter are:

• The previously determined maximal service temperature of 80°C, corresponding to the Tg 
of PET, has been found conservative, since an annealing effect of temperature has been 
constated in this work, which allows for a service temperature of at least 100°C.

• Thermal cycling does not produce any degradation of the compressive strength or E modulus 
of PET foam.

• Two distinct phenomena conform the moisture uptake in PET foams: (i) the diffusion and 
sorption of moisture by the polymer matrix, occurring at analogous rates as in films, and (ii) 
the progressive filling of the cell cavities by liquid water in the case of liquid water immersion, 
occurring at much slower rates and in a multistage manner.

• Hydrothermal degradation of PET foam is not diffusion controlled.
• The cause for hydrolysis-induced embrittlement has been found to arise from the attainment 

of the minimum mobile amorphous content and chemicrystalization upon hydrolysis, rather 
than the reduction of the concentration of tie-molecules. This questions the occurrence of 
hydrolysis-induced embrittlement below Tg.
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Chapter - 4
Foaming PB-1

4.1 Introduction

As described in Chapter 1, the second research line pursued in this doctoral thesis is the study of 
the foaming of PB-1, with the goal of enabling the manufacturing of a DH pre-insulated pipe out 
of a single material. This chapter reports the research efforts conducted in this line, which include 
assessing the foamability of PB-1, deriving under which process conditions PB-1 can be successfully 
foamed, characterizing the resulting foams, evaluating the suitability of the characteristics of the 
resulting foam for the DH application and the processing -foam properties relationships which 
could support the further optimization of PB-1 foams for the DH application. The manufacturing 
of a PB-1 insulated pipe is out of the scope of this work.

• The characteristics of PB-1 known from the literature include:
• Linear, isotactic and semicrystalline 246.
• Tg of -25°C 105

Polymorphic. PB-1 undergoes crystal-crystal transformation at room temperature. When cooling 
from the melt, it crystallizes into metastable Form II, characterized by a tetragonal unit cell. These 
crystals then progressively transform into Form I stable crystals 246–248. Depending on the storage 
conditions this process can take up to ten days 249. The density of Form I is much higher than the 
densities of the other forms. These two crystallization forms come into play under the melting 
and foaming conditions in this study. However, up to five crystalline forms of PB-1 have been 
identified, an overview is presented in 250.

The foaming of PB-1 has not been found reported in the open literature. From the known polymer 
characteristics, it is foreseen that its foaming will be challenging, arising from:

• Linear molecular structure, which is reported to involve low extensional viscosity, unfavorable 
for the bearing of the stretching forces during bubble growth 251 .

• Semicrystallinity. The crystalline melting temperature (Tc)  marks the transition from a low 
viscosity (above Tc) to high viscosity (below Tc) 

119, leading to a narrower processing window 
than in amorphous polymers. The processing window breadth and crystallization rate 
reportedly play a major role in the achievement of low density foams with fine morphology252. 

• The cell stabilization step is challenging in polymers in the rubbery state at room temperature, 
as PB-1, resulting in difficult foaming 215. This arises from post foaming shrinkage, resulting 
from blowing agent escape, or cell coalescence, induced by viscoelasticity 215.

The research program and applied strategies were guided by the outcomes of [J4].

The lack of literature on foaming of PB-1, and of data on PB-1 melt-gas solutions required efforts 
on material characterization, consistent with the research needs identified in [J4]. The study 
of the foamability of PB-1 required an initial screening of different grades. This screening was 
undertaken through foam extrusion using available equipment, in cooperation with the Technical 
University of Hamburg. The characterization of PB-1-gas solutions conducted within this work 
included sorption and desorption, and plasticization effects of CO2 in the polymer melt through 
the quantification of the melting point depression. These characterizations were undertaken in 
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parallel to the screening of grades, and so the number of grades for which the characterization 
was conducted was reduced as the screening progressed.

Since polymer foaming is a new research line within the HafenCity University, the conducted 
research involved the design and validation of test set-ups and methodologies, including the 
design and specification of an autoclave for batch foaming, a thermal conductivity measurement 
set-up, and a method for the determination of the melting point through image analysis. The 
structure of this Chapter is as follows:
First, the design and validation of test set-ups and measurement methods conducted within this 
doctoral thesis will be presented. In the subsequent section, the characterization of PB-1-CO2 
solutions will be presented, followed by a screening of the foamability of different PB-1 grades 
through extrusion. Batch foaming under free foaming conditions, including the evaluation of 
the influence of the process parameters on the expansion ratio and obtained microstructure, 
and the post-foaming behavior is presented in section 4.4. Batch foaming using moulds and the 
characterization of the resulting foams, including mechanical properties, microstructure and 
insulating properties is presented in section 4.5. The overall conclusions stemming from this 
chapter are presented in section 4.6. 

Part of the outcomes of this Chapter have been published, namely the screening of different PB-1 
grades through extrusion foaming, together with the CO2 sorption/desorption characterization 
conform publication [J3], and the method for determination of the melting point through image 
analysis and validation thereof, which conforms publication [B1].

4.2 Test Set-ups and methods design and validation

This section presents the work conducted on the design and validation of specific set-ups and 
measurement methods required for the execution of the experimental program, which were not 
previously available at the HCU. Previously available set-ups and methods are not described here 
but in the experimental description of the respective sections.

4.2.1 Autoclave for batch foaming experiments

The autoclave was designed to cover the research needs foreseen in this doctoral thesis, as well 
as to allow flexibility for future applications in the scope of the research lines of the HafenCity 
University. The following specifications were set: 

• Size: 0.5 l, with an internal diameter of 50 mm. This size was selected as to: (i) allow the 
possibility of foaming several samples in one batch, thus under the same foaming conditions253. 
(ii) Increase the time efficiency of experimental program execution, since it was foreseen 
that, considering the required time for heating to the melting temperature and cooling to the 
foaming temperature, only one foaming experiment per day can be executed. (iii) Allow the 
possibility of producing foam samples with a relevant size for mechanical characterization. 
(iv) With the available equipment, polymer sheets of 40 mm diameter could be compression 
molded, which would be adequate for free foaming as well as for the foaming of samples 
of adequate size for mechanical characterization. Therefore, the diameter was fixed as to 
accommodate samples with this diameter. 

• View Cells: two view cells, placed opposite each other, allow the illumination and visualization 
of all processes occurring inside the autoclave. 

• Two gas inlets to allow the foaming with CO2 and N2 mixtures. For environmental reasons 
and compatibility with the selected criteria and consistent with the outcomes of [J4], only 
inert gases are considered in this research. Given that the risk of post-foaming shrinkage of 
PB-1 had already been recognized, and the use of N2/CO2 mixes identified as a strategy to 
overcome this 120,254,255, as compiled in [J4], the autoclave was designed with two inlets as to 
allow research with blowing agent mixtures. 
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• Temperature up to 250ºC: the upper temperature was selected to cover not only the melting 
temperature of PB-1, but also other of polymers of interest such as PET.

• Pressure up to 150 bars: since the strict fulfillment of the 12 Principles of Green Engineering45 
and Cradle to Cradle 44 is a goal and specification of this research, a high pressure drop was 
selected to support cell nucleation, consistent with the identified strategies in [J4]. The aim is 
to avoid the addition of nucleating agents, common in the art 79,256–258.

• Pressure drop rate of at least 80 bar/s. Again, in order to support cell nucleation without the 
use of nucleating agents, the maximization of the P drop rate 259 was aimed for, consistent 
with the findings of [J4]. This was achieved with the selection of a pneumatic ball valve for 
automatic depressurization of the autoclave. This is a very high pressure drop rate for an 
autoclave with a 0.5 l volume and view cells, and was a challenge given the arising stresses in 
the autoclave walls. This design P drop rate was the maximal achievable. For reference, a 20 
bar/s pressure drop rate for a 0.3 l standard autoclave can be reported 253. Significantly higher 
pressure drop rates are only reported with miniature autoclaves, such as the 7 ml volume of 
Guo et. al, achieving 25000 bar/s 260 , or the 6000 bar /s of the 25 ml “mini-batch” 261.

• Monitorization and logging of the autoclave’s inner environment. A temperature sensor type 
K with a precision of ±1ºC and a digital pressure sensor with a precision of 0,5% were selected. 
Data can be logged through a personal computer. 

A schematic drawing of the autoclave set up is presented in Figure 20 and a photograph in Figure 
21. 

Figure 20. Schematic drawing of the autoclave set up.
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Figure 21. Photograph of the autoclave set up.

4.2.2 Thermal Conductivity Measurements - Steady State Heat Flow Meter Apparatus

A steady state set-up for the measurement of thermal conductivity was developed, following 
ASTM C518 262 as far as possible. The main deviations from the standard are lower sample´s 
thermal conductivity (λ), and that the measurement veracity was assessed in terms of bias versus 
data sheet values of reference foams and comparison with measurements using a commercial 
apparatus, and not with a calibration specimen traceable to a national standards laboratory. The 
design constraints included:

• Small sample size: PU foam samples extracted from DH pipes could have a maximum area of 
20 mm2. It was anticipated that extruded foam strands with the accessible equipment could 
have a cross-section area of 1 cm2. This area was selected as the metering area for the set-up, 
which is smaller than that of the typical commercially available setups.

• ∆T required across the sample = 25°C – 40°C 263

• Expected λ in the order of ̴ 0.027 W/mK.

In a heat flow meter apparatus, a steady state one-dimensional heat flux is generated through 
a sample placed between two parallel plates at constant but different temperatures. With 
a calibrated heat flux transducer, the measurement of the temperature at each plate and the 
sample thickness, the thermal conductivity (λ) is calculated based on Fourier´s law:

                                              (5)
      

where
φ is the heat flux
Δx is the sample thickness, which equals the distance between the hot and the cold plates.
ΔT is the temperature difference between the plates.

A heat flow meter apparatus provides a comparative, or secondary, measurement, as it requires 
specimens of known thermal transmission properties to calibrate the apparatus 262. In order to 
have an absolute measurement, a guarded hot plate would be required 264.

To drive the heat flux, a Peltier element was selected. Peltier elements are thermoelectric modules 
that deliver solid state heat-pumping for both cooling and heating. 

Heat exchange with the environment is suppressed through edge insulation. Since the test 
samples are insulation materials themselves, the edge insulation needs to have a lower thermal 
conductivity than the test samples and be significantly thicker than the sample side, as to ensure 
uniaxial flow across the hot and cold plates. A PU aerogel with λ = 0.018W/mK was selected. The 
test sample, with dimensions 10 x 10 x 14 mm, is placed in the center of a 100 x 100 mm plate of 
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PU aerogel, providing 45 mm insulation on each edge.

The temperature on both sides of the sample / the hot and the cold plate is measured with 
thermocouples. Thin thermocouples were selected to minimize contact disruption between the 
samples and the plates.

The heat flux is measured through a calibrated heat flux sensor. A schematic cross-section of the 
set-up is presented in Figure 22 and photographs of the set up in Figure 23. The technical details 
of the selected components are presented in Table 5.

Figure 22. Cross-section schematic drawing of the heat flow meter set up.

 

Table 5. Characteristics of the selected components for the heat flow meter apparatus

Apparatus 
Element

Component Characteristics

Heat source Peltier Element CP081030-M 
(CUI)

10x10x3mm, 3.7 W max; ΔT mas 75°C

Heat Flux Sensor gSKIN-XP (Green Teg) 10x10 mm; resolves 0.09W/m2, calibrated 
according to ISO 8301

Thermocouple Omega 5TC-TT-KI-40-1M type K, 0.08 mm diameter

Edge insulation BASF SLENTITE PU aerogel 14 mm thickness, λ = 0.018W/mK according to 
EN 12667

The readings of the heat flux sensor and the thermocouples were displayed and logged. Once the 
steady state is obtained, the thermal conductivity can be derived from the measured temperatures 
of the hot and cold plate, the heat flux, and the sample thickness as per equation (5). 

Figure 23. Left: open set up revealing the sample within the edge insulation, layer holding the Peltier 
element, top plate. Right: assembled set up.
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The validation of the set-up is presented in Annex I.

4.2.3 Determination of melting point through image analysis

The selection of the foaming temperature, and the relative distance between the foaming 
temperature and the melting and crystallization temperatures of the polymer-CO2 dissolution 
under equilibrium, conditions the success of the foaming process and the expansion ratio and 
morphology of resulting foams 265. The plasticization effect resulting from the dissolution of CO2 in 
a polymer matrix, causing a depression of Tm, Tg and Tc, is well known 78,265–267 . This causes a shift 
on the processing window. The possibility of processing at lower temperatures may also result in 
energy savings 268. 

Therefore, the correct setting and optimization of the foaming temperature requires the 
determination of the processing window under CO2 environment. However, data on the 
melting point of PB-1-CO2 mixtures could not be found in the open literature, hence required its 
experimental evaluation.

Previous authors have used different techniques and apparatuses for the determination of the 
melting point depression under CO2, such as high pressure differential scanning calorimetry 78, 
infrared 269 and near-infrared 267 spectroscopy, or a scanning transmissometer 268. All these are 
complex and expensive apparatuses not available at the HCU. It was found necessary to develop 
a method with the available equipment. 

The view cells of the autoclave allowed for visual observation and recording of the melting process. 
A method for automatic digital image analysis and processing was developed as to detect the 
melting point from the geometrical deformation of the plastic pellets upon melting. The method 
and its validation through comparison with differential scanning calorimetry measurements was 
disclosed in publication [B1]. 

Summarizing, the experimental procedure requires placing a light source with variable intensity 
by one of the windows and a camera in the opposite window. The trigger of the camera is coupled 
to the autoclave control system, logging the pressure and temperature simultaneously to the 
image acquisition. The test temperature is set, and a pellet is placed centered in the optical path, 
supported on optical glass. CO2 is then introduced with a stepwise increase in pressure, which was 
selected as 5 bar steps.  Images are acquired in 20 s intervals and data logged accordingly.
 
The open-source software Cell Profiler 270 version 4.1.3.  was used for the development of the 
image processing and analysis pipeline. The main steps included the conversion of each image 
to greyscale, inverting the image intensities, segmentation of the pellet and measuring its 
geometrical parameters, such as eccentricity or major axis length, amongst others.

4.2.4 Microstructural characterization through image analysis

The properties of foams depend on the properties of the solid polymer and of their cellular 
structure 86. The fundamental role of the cellular structure on both the mechanical and the 
insulating properties of foams has been presented in [J4]. It is therefore of great importance to 
characterize it. Human scored images are tedious and time consuming 271 as well as exposed to 
subjectivity and bias 270 leading to non-reproductive results. A computer-based image analysis 
procedure would allow to systematically process a large number of images, producing statistically 
representative results. 

The inhomogeneous contrast of cell walls in polymeric foam images has represented a challenge 
for correct segmentation of the images, leading to imprecise results when applying classical 
computer based image analysis 271, which are mainly based on the intensity of pixels 272. Inherent 
features like broken cell walls and incomplete cells on the image borders further complicate the 
analysis 271. 
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For this purpose, a macro was developed using the open-source software FiJi 273. For the image 
segmentation, the Trainable Weka Segmentation 272 plugin was used, which produces pixel-based 
segmentation by combining machine learning with a set of selected image features. As a first step, 
a classifier is trained, by adding traces of the features of the image that needs to be segmented, 
in this case, polymer (cell struts and walls) and cell cavities. During training, the software displays 
a segmented image and the result with the corresponding class colours overlaid on the original 
image, which allows to confirm the correct identification of the desired image features. Once the 
classifier is trained, it can be executed in any image. The classifier produces a probability map of 
the belonging of each pixel to each class. This probability can be segmented, in this case into cell 
cavities and cell walls. The area of the cell cavities can be then measured. 

Scanned images were used, as it allowed a more systematic illumination of the samples than 
through optical microscopy, as well as the generation of an image of the complete sample surface. 
The scanning resolution was varied depending on the cell size, so as to allow the identification of 
the cells but not incur unnecessary computation time. Figure 24 shows an example of an original 
sample scan, the probability maps, and the identified cells.  

Figure 24. a) original scan of a foam sample. b) probability map of pixels belonging to cell calls (white 
100% probability). c) probability map of pixels belonging to a cell cavity (white 100% probability). d) 

identified cell contours.

The developed classifier and macro are available at 
https://github.com/LuciaDoyle/Microstructure_Evaluation.

4.3 Characterization of PB-1 – CO2 solutions

Throughout the research, four different commercial grades of PB-1 were tested, covering a range 
of properties and characteristics, including different chain structures, molecular weights, degree 
of crystallinity (Xc), melting temperature (Tm), and melt flow ratio (MFR). All resins were provided 
by LyondellBasell. An overview of the properties, provided by the manufacturer is presented in 
Table 6.

Table 6. Property overview of the evaluated PB-1 grades.

Resin Type Approx. molecular 
weight (g/mol)

Xc (%) Tm MFR (g/10 min 
@190°C/2.16 kg)

PB1-a Homopolymer 530,000 ~55 128°C 0.4

PB1-b Homopolymer 460,000 ~55 131°C 0.6

PB1-c Thermoplastic 
elastomer 550,000 ~25 114°C 0.5

PB1-d Random copolymer 315,000 ~35 97°C 2.5

As the research on foamability progressed, certain grades were discarded. Therefore, full 
characterization was not conducted for all grades. 

https://github.com/LuciaDoyle/Microstructure_Evaluation


A Circular Economy Approach to Multifunctional Sandwich Structures

  42

hcu

4.3.1 Sorption - desorption

The sorption and desorption kinetics of CO2 in PB1-a, PB1-b, and PB1-c were studied at room 
temperature through the gravimetric method proposed by Berens & Huvard 274 and are reported 
within [J3] .
PB-1 discs were saturated at room temperature and 50 bars in the autoclave. Once the defined 
saturation time (ts) was reached, a rapid decompression of <30s was undertaken. The samples 
were placed in an analytical balance with a sensitivity of at least 1 mg and its weight decrease was 
logged in 5 s intervals.
The CO2 content upon desorption, Mt,d, is derived from the initial polymer weight, before sorption 
(W0) and the weight of the disc with sorbed CO2 measured during desorption (Wt), as:

                                                            (6)

By plotting Mt,d with the square root of desorption time, the extrapolation to desorption time 
td = 0 provides Mt,s, the sorbed CO2 at the end of the sorption period. The experiment is repeated 
with increasing sorption times, until a constant value of Mt,s is reached, which corresponds to the 
sorption equilibrium uptake.

The desorption curves for samples sorbed up to equilibrium are presented in Figure 25 (a), and 
the CO2 uptake Mt,s versus sorption time for the three grades is presented in Figure 25 (b).  Figure 
25 (c) presents a close-up, to reveal the differences in CO2 uptake for PB1-a and PB1-b.  

Figure 25 (a) Desorption curves after 24 h sorption time (sorption equilibrium reached). (b) mass uptake 
versus sorption time. (c) mass uptake versus sorption time, scaled to show PB1-a and PB1-b

PB1-a and PB1-b present very similar CO2 desorption kinetics. The desorption profile appears 
linear. The behaviour of PB1-c is significantly different, with an exponential decay desorption 
profile. For all the tested sorption times, virtually all sorbed CO2 is desorbed in approximately 6 min. 
A slight combing of the PB1-c disks upon extraction from the autoclave could be also observed, 
in addition to a change in color from translucid to white, characteristic of lamellar thickening 
and recrystallization induced by CO2 

267. Concerning the equilibrium sorption, it is observed that, 
despite reaching equilibrium after the same sorption time of 24h, the mass uptake of PB1-c is 
significantly higher, followed by PB1-b, and last PB1-c.

4.3.2 Determination of the melting point depression under CO2 atmospheres.
The obtained melting points as a function of pressure for PB1 grades a and b (see Table 6) are 
given in Figure 26. As can be seen, the melting point of PB-1 decreases linearly with increasing 
CO2 pressure, as commonly encountered 265–267,275, until a point is reached were the melting point 
remains approximately constant. In order to experimentally observe the values after the kink point, 
a cell with variable volume would be required, as to fix a temperature and progressively increase 
the pressure. Additional experiments at temperatures of 112°C and 105 °C were undertaken, 
were no melting occurred with pressures run up to 110 bars.
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As can be seen in Figure 26, the melting point depression of PB1-a -CO2 reaches 22ºC , with a 
CO2 pressure of 75 bars, and 14ºC for PB1-b-CO2, with a CO2 pressure of 45 bars. The breadth of 
the melting point depression can be related to the amount of absorbed CO2 

265,266,276. The larger 
melting point depression in PB1-a has part of its origin in its higher melting point under ambient 
conditions. Interestingly, the measured melting point, of 137°C ± 3ºC is well above the 128°C 
melting point declared on the product data sheet (see Table 6). The reported measured value is 
the average of five experiments.

Figure 26. Melting point of PB1-a and PB1-b under different CO2 pressures.

The observed plasticization produced by CO2 is consistent with the depression of the crystallization 
temperature previously reported 277. The measured melting points set the upper bounds for 
foaming for different CO2 foaming pressures. 

4.4 Screening of PB-1 grades through extrusion foaming

The study of the foamability of different PB-1 grades, conducted through extrusion experiments, 
is compiled and reported in publication [J3]. The extrusion experiments were conducted as a 
guest researcher at the Institute of Thermal Separation Processes at the Hamburg University of 
Technology.

The details concerning the extruder equipment and experimental procedure can be found in the 
publication. The main findings are summarized in this section.

The four different commercial grades of PB-1 presented in Table 6 were included in the screening. 
All resins were used as received. 

Foaming was undertaken with a chemical blowing agent (CBA), Hydrocerol CT 550, kindly provided 
by Clariant. The main gas released by this CBA is CO2, and the effective components amount to 
70% according to the technical data sheet.

The main variables studied were the amount of dosed CBA, which varied between 2% and 10%, 
and the die exit temperature, which varied between 80 and 140°C. 

Foam samples collected at each processing condition were characterized for dimensional stability, 
volume expansion, density, cell size and cell population density. Foamability is assessed in terms 
of achieved volume expansion ratio, microstructure, and processing window size.

The four different grade tests presented very different foaming behaviour, highlighting the need 
for broad screening of different grades in order to assess the foamability of a particular polymer. 
The two homopolymers, PB1-a and PB1-b presented the better foaming behaviour. Dimensionally 
stable foams were achieved with both, confirming foamability. A similar expansion ratio was 
achieved with both grades. PB1-b presents a slightly broader processing window than PB1-a, 
although it is narrow for both: 5ºC for PB1-a and 10ºC for PB1-b, with the available extrusion 
equipment. When comparing to PP, which would be the closest polymer PB1 can relate to, being 
both rubbery polyolefins, a 4ºC processing window was reported in early works 278,279. This has 
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not been a barrier for the further development of PP foams, thanks to the optimization of the 
processing tools and use of the breaker plate 121, providing confidence in optimization possibilities 
for PB-1 foam.

For the case of PB1-a, larger volume expansion ratios and cell sizes were obtained with higher die 
temperatures. This can be explained by lower viscosity at higher temperatures, which facilitate 
bubble growth 280. Interestingly, for PB1-b, the opposite trend is encountered, with higher 
expansion ratios and cell sizes at the lower die temperatures. PB1-b also presented a higher die 
swell. It should be noted that the die swell was measured based on the diameter of the extruded 
strands immediately after extrusion, without the annealing required for them to be completely 
relaxed in a measurement of the true die swell 281,282.  Still, it provides adequate qualitative data. 
Die swell correlates with the degree of elasticity of polymer melts 282,283, and it is well known that 
the elastic behaviour and die swell is reduced as temperature increases 284,285, as evidenced in the 
behaviour of PB1-b. From this it can be derived that PB1-b qualitatively presents higher elasticity 
than PB1-a, driving its volume expansion.
The thermoplastic elastomer PB1-c foamed in a processing window between 100 and 110ºC. 
However, it presented severe post-foaming shrinkage. This is related to the significantly higher 
CO2 diffusivity in PB1-c than in the two homopolymers, as presented in section 4.3.1. The lower 
crystalline content of PB1-c (see Table 6) can be noted as a contributor to higher diffusivity. Further 
details of the chain configuration between grades are not available. Given the low dimensional 
stability of the resulting foams, grade PB1-c was discarded for further research.

Foaming of co-polymer PB1-d was not achieved. This could be related to its low viscosity, which 
cannot sustain the stretching forces required for bubble growth 149 and this discarded. 

The thermal conductivity of the series of PB1-a and PB1-b with at least 1 cm diameter was 
measured. The results are presented together with the respective sample density in Table 7 and 
the resulting plot in Figure 27. 

Table 7. Thermal conductivity and density of PB1-a and PB1-b extruded strands

PB1-a PB1-b
ρ (kg/m3) λ (W/mK) ρ (kg/m3) λ (W/mK)

740.2 ± 32.5* 0.101 ± 0.002* 502.7 ± 49.6* 0.046 ± 0.007*

500.4 ± 17.1* 0.058 ± 0.011* 480.7 ± 33.9* 0.039 ± 0.001*

492 ± 19.2* 0.051 ± 0.005* 592.7 ± 23.2* 0.055 ± 0.005*

597.8 ± 31.3* 0.074 ± 0.006* 487.1 ± 12.2* 0.053 ± 0.005*

465.2 ± 14.6* 0.062 ± 0.006* 566.7 ± 39.9* 0.056 ± 0.004*

556.8 ± 33.6* 0.040 ± 0.004* 490.2 ± 30.8* 0.059 ± 0.003*

683.6 ± 238.9* 0.065 ± 0.002* 606.1 ±2 3.8* 0.067 ± 0.004*
* Standard deviation

No significant difference between the thermal conductivities of foams from both resins for 
equivalent densities is obtained. 
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Figure 27. Thermal conductivity vs density of PB1-a and PB1-b extruded strands.

Further study of the foaming of PB-1 was conducted with PB1-a and PB1-b.

4.5 Batch Foaming – Free foaming conditions

Batch foaming experiments were conducted with the autoclave described in section 4.2.1. using 
CO2 as a blowing agent.

4.5.1 Materials and Methods

In addition to PB1-a and PB1-b, CO2 of >99.8% purity purchased from Westfalen was used.
PB-1 pellets were hot pressed into discs of 40 mm diameter and 2 mm thickness and placed in a 
sample holder inside the autoclave. The autoclave temperature was set above the melting point 
of PB-1. The autoclave is purged 3 times with CO2 before each trial. After purging, CO2 is injected 
up to the selected foaming pressure. 

Preliminary trials were undertaken to determine the saturation time in the molten state. For this, 
samples were foamed after 1h saturation time, and after overnight saturation time. Equivalent 
expansion ratios were obtained, indicating saturation was achieved in one hour. Nevertheless, a 
two-hour saturation period was established as to provide a safety margin in all executed batch 
foaming experiments. Once the saturation period is completed, the heating is switched off and 
the autoclave left to cool down until the desired foaming temperature is reached. The foaming 
pressure is kept to the set level by the pump. Once the foaming temperature is reached, a fast 
decompression of the autoclave produces the foaming of the samples. 

The foaming conditions (pressure and temperature) were varied and the obtained samples were 
characterized in terms of observed microstructure and volume expansion ratio (Vexp). The Vexp was 
calculated as:

                    (7)
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The density (ρ) was measured by water displacement with a glass pycnometer, demineralised 
water and a Sartorius MC1 LC3200 D (Goettingen, Germany) balance. Three samples per foaming 
condition were foamed in one batch and characterized.
The morphology of the foams was examined in an optical microscope (Leica DMLP, Wetzlar, 
Germany). Given PB-1’s crystal-crystal transformation (see 4.1), characterization was undertaken 
10 days after foaming, in order to measure the foam density in its stable condition 249.

Two batch foaming series were executed, according to the foaming parameters presented in 
Table 8. The upper temperature selected as to be below the determined melting point of PB-1-
CO2 solutions (section 4.3.2) at the relevant conditions. Foaming temperature was progressively 
lowered until reduced volume expansion of the obtained foams was observed. 

Table 8. Foaming parameters

Foaming P (bar) Foaming T (ºC) 

50 80 85 90 95

100 75 80 85 90 95

Pressure drop rate was measured as 140 bars/s when foaming from 50 bars and 122 bars/s when 
foaming from 100 bars.

4.5.2 Results and Discussion

Volume Expansion Ratio

The obtained volume expansion ratios for each resin and foaming condition are presented in 
Figure 28. 

Figure 28. Obtained volume expansion with the tested foaming parameters for PB1-a (a) and PB1-b (b). 
Connecting lines are guidance for the eyes.

The shape of the obtained trends is commonly encountered 257,286, and reveals that at higher 
temperatures, the gas loss is governing the foaming behaviour, related to higher gas diffusivity 
which conditions the achieved expansion, while the stiffness of the polymer is governing the 
expansion at lower temperatures. The maximum expansion is found in-between. Foaming at 
higher pressures shifts the maximum expansion to lower temperatures. This can be related to 
the plasticization effect of the CO2 dissolved in the PB-1 matrix 287, and higher solubility of the CO2 
at higher pressures. A higher expansion ratio is achieved with higher pressure drops. This was 
expected since increasing the pressure drop increases the driving force for the cell nucleation, 
leading to the formation of a larger number of cells, as can be recalled from the following general 
expression for nucleation rate (N) 120
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       (8)
 
where M and B are increasing functions of the gas concentration, and of the gas diffusivity, 
respectively. kB is the Boltzmann constant, and Pv and PL are the equilibrium gas pressure and the 
pressure in the liquid phase.

While the obtained trends of Vexp vs foaming temperature and vs foaming pressure are analogous 
for both resins, a higher expansion ratio is obtained with PB1-b, particularly with the higher 
pressure drop. 

A certain level of shrinkage could be observed in the samples foamed from higher pressures. 

Microstructure 

The cellular structure of the different samples obtained can be seen in Figure 29 for PB1-a and 
Figure 30 for PB1-b. 

Figure 29. Representative micrographs for PB1-a foams, obtained under different process conditions.

Figure 30. Representative micrographs of PB1-b foams obtained under different process conditions.
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From the micrographs presented in Figure 29 and Figure 30, it can be readily observed that the 
cell size is significantly reduced when foaming with a higher pressure drop. When foaming from 50 
bars, PB1-a foams present a diameter ranging 300 - 400 µm, and PB1-b a diameter range of 150-
300 µm. When foaming from 100 bars, PB1-a’s cell diameters range from 140 – 200 µm, and PB1-
b’s 100-200 µm diameter. There is a tendency towards larger cells with PB1-a. A bi-modal cellular 
structure is formed when foaming from 100 bars, with a few larger cells embedded in smaller 
cells. The impact of the pressure drop on the obtained microstructure appears stronger than the 
impact of the foaming temperature, for the tested ranges. Cell wall folding can be observed, for 
PB1-a foamed at 100 bars, and 85°C and higher foaming temperatures, and for PB1-b foamed at 
100 bars, and 90°C and higher foaming temperatures. 

Post-foaming behaviour

During the characterization of the samples, shrinkage of some samples was observed, in particular, 
those foamed at higher temperatures. This is illustrated by the photographs in Figure 31.

 

Figure 31. Photographs of taken 20 minutes, 2 hours and 61 hours after foaming, for PB1-b (a, c and e 
respectably) and PB1-a (b, d and f respectably).
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Since dimensional stability of the resulting foams is of ultimate importance and the risk of shrinkage 
had been identified at an early stage, the post foaming behaviour of the produced PB-1 foams was 
evaluated in more detail. For this, samples were foamed under the same conditions as in Table 8, 
and their density was measured within the first 20 minutes after foaming, and again after 10 days. 
Shrinkage was quantified in terms of post-foaming density increase (Δρ post-foaming), calculated as:

          (9)

where

ρt0 is the initial foam density measured within 20 minutes after foaming.
ρt10 = is the foam density measured 10 days after foaming

The resulting plots are presented in Figure 32. It can be seen that shrinkage increases practically 
linearly with foaming temperature, and that it is higher for PB1-a than for PB1-b. BP1-b experiences 
a certain level of post-foaming expansion which is the reason for the density decrease for the 
50_85 samples. It can be also seen that foaming from higher pressures produces higher expansion 
ratios, but also higher levels of shrinkage occur. In PB1-b shrinkage appears to peak at about 
40% density reduction, which is attained with the foaming conditions of 100 bars and 90ºC, and 
remains at an analogous level with increasing foaming temperature levels, while PB1-a’s shrinkage 
continues to increase. Within this study, 100% post-foaming density increase was obtained for the 
highest tested foaming temperature and pressure. 

Figure 32. Post-foaming density increase (%) caused by shrinkage as a function of foaming temperature, 
for foams produced from 50 bars foaming pressure (a) and 100 bars foaming pressure (b).

A certain level of shrinkage was expected and consistent with the observations of previous authors 
working on the foaming of rubbery polymers 254,255,265,288. Post foaming shrinkage is commonly 
allocated to high blowing agent diffusion rates 254,255,288–290 or elasticity of the polymer 291,292. When 
comparing PB1-a and PB1-b, the undertaken desorption tests (Figure 25 a) did not reveal a higher 
CO2 diffusion rate in PB1-a than in PB1-b. Rheological characterization of the polymer melts was 
not undertaken, but the die swell measurements recorded (see section 4.4 and [J3]) pointed at 
a higher elasticity of PB1-b, suggesting this would not be the cause for the higher post-foaming 
shrinkage encountered.

Differences in the crystallization temperature and crystallization kinetics could well explain the 
differences in the post-foaming behaviour 215, since the crystal domains provide structural stability 
during the bubble growth and stabilization step, preventing cell coalescence 113. The obtained 
data suggest that at higher foaming temperatures, the reached crystallinity degree is not high 
enough to sustain the overall structure. As the foaming temperature is decreased, higher levels 
of crystallization can be reached, leading to lower shrinkage. Slow crystallization kinetics of PB1-a 
would explain its poor post-foaming behaviour.
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Further research on melt rheology and crystallization kinetics would be required to confirm the 
ultimate cause for the different post-foaming behaviour of the two resins. Different strategies can 
be pursued to mitigate shrinkage, such as the use of  N2/CO2 mixes as blowing agent 120,254,255 or 
the reduction of the ambient pressure, as to counterbalance negative pressure created in the cells 
due to the rapid CO2 escape 255, which drives the shrinkage.  Since the scope of this doctoral thesis 
comprises the evaluation of the feasibility of foaming PB-1, research was continued with PB1-b 
only, since it presented better characteristics. 

4.5.3 Conclusions

The foaming processing window for batch foaming of PB-1 with CO2 was identified, between 75ºC 
and 95ºC. The maximum expansion ratio was obtained at 85ºC when foaming from 50 bars and 
80ºC when foaming from 100 bars.

Higher volume expansion ratios were obtained with PB1-b. The higher levels of post-foaming 
shrinkage experienced by PB1-a explain the final lower level of volume expansion ratio obtained. 

Given the higher final volume expansion ratios obtained, and its better post-foaming behaviour, 
PB1-b was selected to continue with the trials.

4.6 Confined foaming in molds

Batch foaming was undertaken in moulds, as to produce samples of adequate size for mechanical 
characterization and thermal conductivity measurements. These are the main properties defining 
the foam’s suitability for the DH application.

4.6.1 Materials and Methods

Moulds of 40 mm diameter and 25 mm height were manufactured. Hot pressed PB1-b discs were 
placed in the moulds, saturated for 2h and foamed at the selected foaming P and T. The mould 
constrained the CO2 carbon dioxide diffusion and escape path through the edges but allowed it 
through the faces of the samples since these were confined in perforated metal plates.
 
For each foaming condition, the mass of the discs was varied, based on the results of volume 
expansion from the free foaming experiments (section 4.5), as to obtain foams of different 
densities. The objective is to evaluate foaming process-foam properties relationships and compare 
the properties of the obtained foams with the technical requirements for DH (see Table 1).
In each batch, four samples per selected foaming conditions were produced. A photograph of the 
moulds and sample holder is presented in Figure 33.

Figure 33. Sample holder with four moulds. Foam samples.
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Three of the samples were tested under compression in a universal testing machine at a 
displacement-controlled rate of 2 mm/min. The force was measured with a 2 kN load cell, accuracy 
class 0.5 (HBM, Darmstadt, Germany). The strain was measured by 3D digital image correlation 
(DIC)293 using an ARAMIS 6M adjustable stereo camera system (GOM mbh, Braunschweig, 
Germany). The images were acquired at a frequency of 5 Hz. From the obtained stress strain curves, 
the E modulus, corresponding to the slope of the initial stress strain curve, and the compressive 
stress at 10% strain (σ10) was obtained, since they are the main mechanical properties evaluated 
for foams in DH, according to EN 253 294.

From the remaining sample, specimens of 10 x 10 x 14 mm were extracted for the measurement 
of thermal conductivity, using the in-house heat flow meter apparatus described in section 4.2.2.
Slices of each sample were scanned for the evaluation of the cellular microstructure. The complete 
surface of 4 slices per sample type were evaluated, using the developed macro for image analysis 
described in section 4.2.4. The macro provides the number of identified cells and the respective 
measured cell area. The cell diameter is a more common parameter found in the literature than 
the cell area. Given the irregularity of the cells, the equivalent cell diameter φeq was calculated for 
each cell, defined as the diameter of a circle with the same area as the measured cell area:

        (10)

The cell population density (N0), defined as the number of cells per unit volume of the original 
unfoamed polymer, was obtained as 78,295:

        (11)

where n is the number of cells in the image and A the area of the image (cm2). N0 is given in cell/
cm3.  

4.6.2 Results and Discussion

An overview of the produced samples is presented in Table 9. The table contains the processing 
parameters used for foaming, the obtained density, σ10 and E modulus obtained from the 
compression tests, and the equivalent mean and median φeq and N0 obtained from the cellular 
microstructure characterization.

It should be noted that the obtained samples were dimensionally stable. The foams were adhered 
to the moulds upon extraction from the autoclave but came loose upon cooling. No shrinkage was 
observed, unlike the free foamed samples (section 4.5.2, Figure 32). This is consistent with recent 
reports of confined foaming of elastomeric polymers 296 and can be related to the restricted CO2 
escape pathway while the foam skin is still hot.  

Table 9. Characteristics of obtained PB1-b foams

Sample 
name

Foaming T 
(ºC)

Foaming P 
(bar)

density 
(kg/m3)

φeq, mean 
(µm)

φeq, median 
(µm)

N0 
(cells/cm3)

50_80 80 50 150.29 ± 5.46* 255 ± 121* 224 ± 69+ 8.9 ·104 ± 9.2·103

50_85 85 50 139.34 ± 2.41* 257 ± 129* 221 ± 70+ 9.0 ·104 ± 8.7·103

50_90 90 50 138.16 ± 2.41* 303 ± 155* 270 ± 101+ 5.9 ·104 ± 5.7·103

50_95 95 50 128.03 ± 1.08* 330 ± 177* 293 ± 118+ 5.3 ·104 ± 5.2·103

100_85 85 100 130.53 ± 1.82* 48 ± 36* 38 ± 19+ 4.3 ·106 ± 4.2·105

100_90_a 90 100 113.54 ± 1.28* 48 ± 42* 33 ± 17+ 5.1 ·106 ± 4.9·105

100_90_b 90 100 122.70 ± 5.35* 47 ± 39* 33 ± 17+ 5.3 ·106 ± 5.6·105

100_95 95 100 110.07 ± 8.05* 51 ± 44* 35 ± 20+ 4.7 ·106 ± 5.7·105

*Standard deviation;  
+

median absolute deviation
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Cellular structure

From Table 9 it can be seen, consistently with the batch-free foaming trials, that the pressure 
drop is a key variable affecting the cellular microstructure, in terms of resulting cell size and cell 
population density. By duplicating the pressure drop, from 50 to 100 bars, the average cell size is 
reduced by 1/6. The cell population density is increased by a factor 66. The statistical evaluation of 
equivalent cell diameters for each foam sample type is presented in Figure 34 (a), which presents 
the mean and median values, the 25th – 75th percentile range as the box, and the kernel smooth 
distribution profile. A representative scan of PB-1 foam obtained from a P drop of 50 bars and P 
drop of 100 bars is presented in Figure 34 (b) and (c), both obtained with a foaming temperature 
of 85ºC. 

Figure 34. Statistical evaluation of the cellular microstructure per foam type (a). Representative scan of 
50_85 (b) and 100_85 (c).

It can be seen that a broad range of cell sizes is obtained in all samples, but do not follow a normal 
distribution. Lower cell sizes occur at higher frequencies. A slight increase in cell size with foaming 
temperature can be seen in the 50 bar foaming pressure series, while remains constant for the 
100 bar foaming pressure series. It has been previously noted that the effects of the processing 
temperature on cell size and cell population density are more complex to elucidate, due to the 
dependency with the polymer’s thermal transitions 297. The fact that the foaming was undertaken 
in confined conditions (moulds) with different amounts of polymer is a further variable. The target 
of varying the amount of polymer was to obtain foams with different densities, given that different 
volume expansions can be obtained at different foaming temperatures (see section 4.5). It should 
be also stressed that deliberately no nucleating agent was added, since tailoring properties through 
processing while avoiding material diversity was a specific target of this thesis, as to strictly comply 
with the Green Engineering Principles 45. This partly explains the heterogeneous cellular structure, 
since the use of nucleating agents result in more uniform cellular structures298–301 .
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Mechanical Properties

As for the compressive behaviour of the produced PB-1 foams, the obtained engineering stress-
strain curves can be seen in Figure 35. From the curves, the E modulus and σ10 were derived and 
presented in Table 10.

Figure 35. Engineering stress strain curves obtained under compression for the produced PB-1 foams.

Table 10. Mechanical Properties of produced foam samples

Sample name  σ10 (MPa) E (Mpa)
50_80 0.65 ± 0.09* 7.5 ± 0.6*

50_85 0.64 ± 0.05* 9.9 ± 2.2*

50_90 0.61 ± 0.04* 9.7 ± 2.5*

50_95 0.46 ± 0.04* 9.3 ± 2.3*

100_85 0.96 ± 0.11* 20.2 ± 0.3*

100_90_a 0.75 ± 0.04* 13.8 ± 2.7*

100_90_b 0.87 ± 0.01* 22.0 ± 0.8*

100_95 0.76 ± 0.01* 12.2 ± 0.6*

*standard deviation

The shape of the stress-strain curves shows the elastomeric behaviour of PB-1, as a plastic yielding 
plateau does not occur 230. 

In order to observe the structure – properties relationships of the obtained foams, the cell 
population density, mean cell size, σ10 and E modulus were plotted vs the foam density, as 
presented in Figure 36 (a), (b), (c) and (d) respectively. This first approach was undertaken as a 
pioneering model for the prediction of the mechanical behaviour and concluded that the relative 
density of foams is the single most important variable 302,303. 
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Figure 36. Cell population density (a) equivalent diameter (b), σ10 (c) and E modulus (d) versus foam 
density for the produced PB-1 foams.

From Figure 36 it can be seen that the mechanical properties are not governed mainly or at least 
solely by the foam density. A clear grouping per applied foaming pressure drop series appears. By 
varying the foaming pressure drop, foams with equivalent density but different microstructures 
are produced, presenting significantly different mechanical behaviour. The reduced cell size 
and increase in cell population density produced by increasing the pressure drop enhance the 
mechanical properties. For the compressive strength, it is evident that it scales with the density of 
foams with similar cellular structure, and the reduction of cell size and increase of cell population 
density causes a shift in the trend, to higher strengths. For the E modulus the trends are not as 
clear, but higher modulus values are obtained with the 100 bars foaming pressure series.

The inverse relationship between the cell size and the strength of foams has been observed by 
previous authors 304–306. This is explained through fracture mechanics, as the larger the cell size 
(hence the cell struts), the larger the probability of finding a critical flaw 304. But not only. The 
shape of the cross-section of a foam strut is similar to that of a Plateau border 304,307, and is thicker 
in the area close to the interconnection points and therefore stiffer 307. Thus, deformation occurs 
far from the strut interconnection points. Larger cells possess larger areas prone to deformation, 
impacting on the strength.  

The correlation between morphological features, namely average cell size and cell population 
density with the mechanical properties was evaluated, as presented in Figure 37. Data point 
symbols are scaled with the foam density as to visualize the effect of this parameter.
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Figure 37. Obtained σ10 and E modulus vs mean cell equivalent diameter (a and c respectively) and versus 
cell population density (b and d respectively). Symbol size is scaled with the respective foam density.

The graphs display again how the E modulus and σ10 increase with reduced cell size and increased 
cell population density. 

Many parameters come into play to accurately describe the mechanical behaviour of polymeric 
foams, including not only the cell size but also the cell geometry 308,309, cell size variability and 
cell wall thickness variability 310. More accurate modelling has been accomplished through finite 
element methods 310–312. This may be a subject of future work.

Thermal conductivity 

The obtained thermal conductivity values are summarized in Table 11. Measured density and 
thermal conductivity for each foam batch. Sample name relates to foaming P and T.

Table 11. Measured density and thermal conductivity for each foam batch. Sample name relates to 
foaming P and T.

Sample λ (W/mK) ρ (kg/m3)
unfoamed PB-1 0.109± 0.013 1008±97

50_80 0.033± 0.003 150.3± 5.5

50_85 0.032± 0.001 139.3±2.4

50_90 0.032± 0.003 138.2±0.3

50_95 0.032± 0.004 128.0±2.4

100_85 0.037± 0.003 130.5±1.8

100_90_a 0.035± 0.002 113.5±1.3

100_90_b 0.038± 0.004 122.7± 5.3

100_95 0.031± 0.003 110.1±8.0
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The variation of the measured thermal conductivity between samples was found narrow.  
Surprisingly the average thermal conductivity obtained for the samples with smaller cell sizes (100 
bars foaming P series) appears higher than that of the larger cell size (50 bars foaming P series), 
contrary to literature reports 313,314. Comparing the thermal conductivity of the batch foamed 
samples with the extruded foamed samples using a CBA (section 4.4), it can be seen how a jump 
in the obtained foam densities and thermal conductivities was achieved, as can be seen in Figure 
38. 

Figure 38. Thermal conductivity of PB1-b foams produced by extrusion with a CBA and by batch foaming.

Benchmark with PU in state-of-the-art DH-pipes

The technical requirements for the foam in DH pipes, in terms of mechanical properties, require 
a balance between strength and stiffness, as per Table 1. With the ultimate goal to evaluate the 
suitability of the produced PB-1 foams for the DH application, the obtained strength was plotted 
against their E modulus, together with the confidence and prediction bands for a 95% confidence 
level. As a benchmark, the properties of the PU foams extracted from DN40 flexible DH pipes with 
smooth casing (FSDN40) and corrugated casing (FCDN40) 219 were added for comparison. The 
results are presented in Figure 39.

Figure 39. σ10 vs E modulus for the produced PB-1 foams and their confidence and prediction bands. PU 
foams from flexible DH pipes are added for reference.
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As can be seen from the graph, the mechanical properties of the PU foam extracted from DH 
flexible pipes with smooth casing already fall within the prediction band for PB-1 foams. This 
supports the suitability of PB-1 foam as a candidate for the replacement of PU at least in this 
model of flexible pipes. 

From Figure 39 it can also be seen that a further increase in strength and stiffness is not required 
by the application. 

As for the thermal conductivity, obtained values are equivalent to those of polystyrene foam 230 
and higher than the 0.022 W/mK of state-of-the-art PU foam in flexible pipes stated reported in 
the product data sheet 315. Comparing with the PU from DH pipes measured in the same test in-
house set-up, the mean value of the produced PB-1 foams of 0.032 would be 62% above than the 
0.02 measured for PU (see Annex I). 

However, it should be highlighted that neither CEN EN 15632-2:2010 316 nor its update draft 317 
state a minimum requirement for λ. The lower operating temperature of the 4th generation DH 10 
could relax the λ requirements.

Optimization of the microstructure should be undertaken with the target to reduce the thermal 
conductivity while maintaining the mechanical properties in the same range.

4.6.3 Conclusions

PB1-b was successfully foamed in moulds, which allowed the obtention of samples of relevant size 
for mechanical and thermal characterization. 

Samples displaying a range of mechanical properties were produced. The foam density as main 
parameter fails to describe the mechanical properties. By changing the foaming pressure drop, 
foams with similar density were produced, but with very different microstructure (cell size 
reduction factor 1/6 and cell population density increase by a factor 66 by increasing the foaming 
pressure from 50 to 100 bars), which lead to very different mechanical behaviour (σ10 increase 
from 0.46-0.65 MPa to 0.75-0.96 MPa).    

4.7 Conclusions and main outcomes

• A screening of different PB-1 grades was undertaken, and a very different foaming and post 
foaming behaviour was obtained between the different tested resins. This highlights the need 
of a broad screening in order to asses foamability of a given polymer. 

• Favourable grades for foaming have been identified, confirming the foamability of PB-1. Post-
foaming shrinkage is the main problem encountered with the discarded grades.

• The pressure drop exerted the highest influence in the microstructure of the produced foams. 
The change in order of magnitude of the obtained cell size and cell population density results 
in a shift to higher compression strengths. Therefore, the mechanical properties do not 
correlate with the density of the foams.

• Foams in required size for mechanical characterization were successfully produced.
• Mechanical properties of PU from state-of-the-art flexible plastic medium pipes fall in the 

prediction bands obtained from the produced PB-1 foams. This provides confidence on the 
suitability for the application. 
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This doctoral thesis has evaluated different alternatives to replace PU foam in DH pipelines, which 
are compatible with Green Engineering and Cradle to Cradle design. This compatibility has been 
evaluated not only for the foam but also for the complete pipe sandwich structure.

Finding alternatives to PU foam has involved the study of polymeric foams, including polymer 
foaming, polymeric foam’s ageing and failure. Different techniques have been used to pursue 
the thesis’ objectives and research lines, including polymer processing, as foam extrusion and 
batch foaming; analytical techniques, including nuclear magnetic resonance, Fourier-transform 
infrared spectroscopy, gravimetry; thermal analysis, including differential scanning calorimetry 
and dynamic mechanic thermal analysis; mechanical tests, including bending and compression; 
microscopy; and image analysis. 

This chapter summarizes the main outcomes and conclusions of this thesis, as well as presents an 
outlook and areas for future work. 

5.1 Main outcomes and conclusions

5.1.1 Scientific outcomes and conclusions

• Temperature soak at 100ºC produces an annealing effect in PET foams, hence PET, increasing 
its compressive strength and E modulus. This extends its service temperature beyond 
its Tg. The annealing effect has been allocated to an increase in the orientation of the PET 
macromolecules, allowed by the temperature soak.

• The diffusion of moisture vapor in PET foams occurs at analogous rates as in polymer films, 
at least for engineering timescales. The diffusion of liquid water through (PET) foams is a 
dual process comprising (i) the diffusion and sorption of the water molecules through the 
polymer skeleton, at analogous rates as in polymer films, and (ii) the progressive passage and 
filling of the cell cavities, which appears a multistage process. This invalidates simplifications 
excluding the contribution of moisture entrapment in the closed cells of polymeric foams for 
the case of liquid water immersion. The entrapment of liquid water in the cells did not affect 
the mechanical behavior of the PET foams. The contribution ratio between liquid water flow 
through the open cells and permeation through the cell walls could not be extracted from the 
experimental program. 

• From the above, it can be derived that the hygrothermal degradation of PET foams is not 
diffusion controlled. 

• The cause for hydrolysis-induced embrittlement in PET has been found to arise from the 
attainment of the minimum mobile amorphous fraction and chemicrystalization upon 
hydrolysis, rather than the reduction of the concentration of tie-molecules. This questions 
the occurrence of hydrolysis-induced embrittlement below Tg. The finding indicates a 
micromechanical causal chain for embrittlement.

• A catalogue of research needs and best practices for polymer foaming compatible with Green 
Engineering and C2C has been compiled.

• The foamability of PB-1 has been demonstrated, without the use of any additives. A commercial 
grade favorable for foaming has been identified.

Chapter - 5
Conclusions
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5.1.2 Outcomes and conclusions with regards to the insulation of district heating pipes

The suitability of PET foam for the insulation of DH steel medium pipes has been confirmed:

• Service temperature up to at least 100ºC has been confirmed, covering the common operating 
temperatures of district heating networks.

• No hindrance to the fulfillment of the required 30 years’ service life has been detected: 
• Hygrothermal or hydrolytic degradation of PET at temperatures compatible with ground 

moisture ingress has not been found in the experiments. Given the confirmed lack of influence 
of the cellular structure on the diffusion rate, available models for lifetime prediction of PET203 
may be used, from which the required service life of 30 years at groundwater temperatures 
can be secured. The findings concerning the hydrolysis-induced embrittlement mechanism in 
PET suggest service life at temperatures below Tg is underestimated. 

• The executed temperature cycles, with an amplitude of 75ºC and 50ºC, and a number of 250 
in each case, corresponding to the number of cycles required for fatigue check for secondary 
effects for DH distribution lines 229 did not produce any degradation of the mechanical 
properties of PET foam.

• It was previously established that thermal or thermo-oxidative degradation of PET does not 
occur at the DH service temperatures.

• PET foam cannot be recommended for the insulation of DH plastic pipes. The short time-to-
embrittlement experienced by PET foam exposed to hot moisture, at temperatures above its 
Tg, indicated that any diffusion of hot vapor through the plastic pipes and into the foam would 
be catastrophic for its mechanical properties. It should be said that in any case, a PET foam-
insulated plastic medium pipe would be a non-bonded pipe, as the melting temperature of 
PET is >100ºC above the melting point of PEX or PB-1, preventing the direct extrusion of 
PET foam on a plastic pipe. The manufacturing of such a pre-insulated pipe would involve 
the extrusion of a PET foam sleeve, and the insertion of the plastic pipe inside the PET foam 
sleeve.

• The foamability of PB-1 has been confirmed, paving the way for the manufacturing of a DH 
pre-insulated pipe out of a single material, valid for operating temperatures ≤ 90ºC. 

• The produced PB-1 foam prototypes cover a range of mechanical properties in terms of E 
modulus and σ10. Mechanical properties of PU from state-of-the-art flexible plastic medium 
pipes fall in the prediction bands obtained from the produced PB-1 foams. This provides 
confidence on the suitability for the application.

• The obtained thermal conductivity is higher than state-of-the-art PU foam and in the range 
of PS foam. 

5.1.3 Outlook and future work

This thesis proposes two alternative polymeric foams which could replace PU in district heating 
pipelines: the first candidate, PET foam, for the insulation of steel medium pipes, and the second 
candidate, PB-1, for the insulation of plastic medium pipes. 

The PB-1 candidate introduces a higher level of circular product design, since the complete pre-
insulated pipe (medium pipe, foam and casing) could be manufactured out of a single material. 
Being a thermoplastic, this would highly simplify the recycling of the assembly, which could be 
simply molten and re-processed. This is an advantage not only for the end-of-life phase, but also 
during the manufacturing phase, since all non-conforming pipes and scrap could be recycled 
on site, reducing manufacturing costs and generated waste. Plastic DH pipes present a lower 
environmental impact than steel medium pipes, according to several LCA 35,318. Since the trend is 
to lower the network operating temperatures to accommodate large amounts of renewable and 
waste heat, hence operating temperatures pertinent for plastic medium pipes, 100% PB-1 DH 
pipes would round up the sustainability of new district heating networks.
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The work on foaming PB-1 reported here can be placed as feasibility (TRL 1-3). Several aspects 
were not covered in this thesis and can be the subject of future work, including but not limited to:

• Crystallization kinetics of PB-1 in CO2 atmospheres. Crystallization kinetics, which is modified by 
the presence of the blowing agent, has significant effects both on cell nucleation mechanisms 
and cell growth 78,319, as well as on the cell stabilization step 113. Therefore, deeper knowledge 
and control of the kinetics would support the optimization of the resulting cellular morphology. 

• Characterization of the crystallinity degree in the produced foams. A characterization of 
the crystallinity in the produced foam samples in this study was not undertaken. Since the 
crystallinity affects the mechanical behaviour, this would be valuable for the establishment 
of correlations between the processing parameters, obtained cellular morphology and the 
mechanical properties of the obtained foams.

• Thermal conductivity reduction. While DH networks operating at lower temperatures will have 
lower heat losses, and so the thermal conductivity requirements of their insulation could be 
reduced, minimizing heat losses will be always of advantage. Optimization in this regard can 
be undertaken. A first step would be through the reduction of the density and cell size and 
increasing the cell population density. In order to continue avoiding the use of additives, the 
pressure drop could be further increased and the use of CO2 /N2 mixes could be explored and 
optimized. 

• The foaming of PB-1 has been mainly studied in batch foaming. A transfer of the foaming 
process to continuous manufacturing processes (extrusion) is required. Concerning basic 
research, extrusion foaming would allow to include the study of the effects of shear on the 
cell nucleation process at the die. For the scaling up of the foaming of PB-1 to continuous 
processes, a complete research line on the design and optimization of the processing tools 
(screw configuration, die geometry...) could be opened. 

• Manufacturing of the pipe-foam-casing assembly. So far, the foaming of PB-1 has been 
considered. Further research and development (R&D) efforts are required for the 
manufacturing of the pipe-foam-casing assembly. One possibility to be explored is the 
simultaneous coextrusion of foam and pipe, through a tandem extrusion and a specially 
developed die. Another possibility would be to foam-extrude the insulation layer, and then 
melt the inner and outer layer to produce a skin which would  constitute the inner pipe and 
outer casing, as disclosed in 320. Alternatively, large scale 3D printing could be envisaged to 
add the casing and eventually the medium pipe to the foam layer. While 3D printing has so far 
been mainly used for small pieces, technology for large-scale 3D printing is emerging, such as 
Big Area Additive Manufacturing (BAAM)321 and Large Scale Additive Manufacturing (LSAM)322.  

• Diffusion and permeation of moisture and O2. As can be recalled from section 2.1, DH plastic 
medium pipes typically contain a layer of EVOH to prevent the ingress of O2 into the heat 
carrier and corrode carbon steel elements, and often an Al layer to prevent the diffusion of 
moisture into the foam. The inclusion of these layers would be against the single material 
sandwich assembly proposed. The extent of diffusion and permeation of O2 and moisture in 
PB-1, should be evaluated, as the studies within the DH sector reported in Chapter 2 relate 
to PEX pipes. Most importantly, the evaluation of the damage this could produce should be 
revised. Concerning the risk of moisture accumulation in the foam coming from the heat 
carrier, reducing its insulating properties, the extent of moisture accumulation and possibilities 
to optimize moisture venting through the casing can be studied, including optimizing the 
casing thickness. As for the O2 permeation, it has been a risk for the inclusion of plastic pipe 
branches in existing networks with the steel main pipes, which are carbon steel. For new 
low temperature district heating networks, the complete network could be built with plastic 
pipes, with the heat exchangers in stainless steel, making so O2 permeation irrelevant. 

• A life cycle assessment comparing 100% PB-1 pipes vs state of the art flexible plastic medium 
pipes could be undertaken. 

• District heating networks also employ PU foams for cushioning. The suitability of PB-1 foams 
for this function could also be explored.

As for the PET foam candidate, while further ageing trials (longer hygrothermal exposure periods, 
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intermediate temperatures) could be envisaged, providing more details for accurate modelling, 
the main boundary conditions for the use of PET foam in DH pipes have been set.
Additional further research could include:

• Cell size and open cell content reduction. The cell size of the evaluated PET foam is of the order 
of magnitude of double that of the currently used PU foam. Reduction of the cell size and 
the reduction of the open cell content would be beneficial towards achieving lower thermal 
conductivity, although the data sheet value already matches that of the PU in DH pipes.

• A large part of the future work lies in the manufacturing of the pre-insulated pipe assembly. 
So far, PET foam is manufactured in boards using the breaker plate. The adaptation of this 
technology to the extrusion of PET foam around a steel pipe requires R&D efforts. If and in 
which way does the PET foam bond to the steel and its implications are another aspect for 
further research.
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Annex I. Validation of the Thermal Conductivity Measurements - 
Steady State Heat Flow Meter Apparatus 
 
The set-up validation procedure and results are described in this Annex. 

• Precision – Repeatability

Repeatability was determined by repeating the measurement of the same sample five times 
under the same conditions: same operator, same apparatus, same heat supply and on the same 
day. This procedure was undertaken with the eight different samples of two different polymeric 
foams: PU and PET. 
The measurement results are provided in Table 12 together with the standard deviation (SD), the 
standard error of the mean (SE) and the variance.

Table 12. Measurement results for the assessment of repeatability

Sample nº measurements Mean 
(W/mK) SD (W/mK) SE (W/mK) Variance 

(W/mK)2

PU-1 5 0.0226 6.18·10-4 2.76·10-4 3.82·10-7

PU-2 5 0.01908 3.68·10-4 1.65·10-4 1.35·10-7

PU-3 5 0.01551 2.06·10-4 9.23·10-5 4.26·10-8

PET-1 5 0.02153 5.08·10-4 2.27·10-4 2.58·10-7

PET-2 5 0.02311 0.00107 4.80·10-4 1.15·10-6

PET-3 5 0.02297 6.52·10-4 2.91·10-4 4.25·10-7

PET-4 5 0.02214 3.29·10-4 1.47·10-4 1.08·10-7

PET-5 5 0.01822 3.42·10-4 1.53·10-4 1.17·10-7

From these measurements it can be seen that the average standard deviation is of 0.000512 W/
mK and the standard error of 0.000229 W/mK. In the worst case (PET-2) the standard deviation 
obtained is <5% of the mean value, and the maximum standard error obtained is ≤2% of the 
mean value. Disregarding this sample, the standard deviation obtained is <3% of the mean value, 
and the maximum standard error obtained is ≤1.5% of the mean value.
It can be concluded that the set-up produces repetitive measurements.

• Precision - Reproducibility

To determine intralaboratory reproducibility, the measurement of a same sample was repeated 
in five different days, spanning over a week. The procedure was repeated with three different 
polymeric foams: PU, PET and XPS. The results are presented in Table 13.

Table 13. Measurement for the assessment of reproducibility.

Sample nº 
measurements Mean (W/mK)

Standard 
Deviation 
(W/mK)

SE of mean 
(W/mK)

Variance 
(W/mK)2

PU 5 0.02444 3.967·10-4 1.774·10-4 1.573·10-7

PET 5 0.02099 0.00106 4.745·10-4 1.125·10-6

XPS 5 0.01954 4.921·10-4 2.201·10-4 2.422·10-7
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The maximum standard deviation obtained is ≤5% of the mean value, and the maximum standard 
error obtained is ≤2.5% of the mean value, obtained in the case of the PET foam. 
It can be concluded that the set-up produces reproductible measurements.

• Robustness

To assess the robustness of the measurement, a same sample was measured on the same day, but 
different voltages were applied to the Peltier, creating so different temperature differences across 
the sample.  This parameter was selected as it is the main parameter that the operator has to 
select and could influence the measurement results. Three measurements were undertaken using 
the Peltier as a heat source, producing ΔT above ambient temperatures, and one using the Peltier 
as a cold source, producing a ΔT below ambient temperature

Table 14. Measurements for the assessment of robustness

V to Peltier Δ T (ºC) φ (W/m2) λ (W/mK)
4,1 V (as heat source) 44.47 77.04 0.0240

3,1 V (as heat source) 30.94 53.55 0.0240

2,1 V (as heat source) 19.12 33.77 0.0245

4,1 V (as cold source) 9.89 11.36 0.0159
Mean, median, standard deviation and standard error (SE) were calculated for the total four 
measurements conducted, and for the three measurements conducted with the Peltier as heat 
source only, as presented in Table 15.
 

Table 15. Statistical evaluation of obtained λ values for the assessment of robustness

N total Mean Standard 
Deviation

SE of mean Minimum Median Maximum

4 0.02212 0.00413 0.00206 0.01593 0.02402 0.02449

3 0.02418 0.00027 0.00016 0.02401 0.02403 0.02449

While measurement with the Peltier acting as cold source, with a ΔT across the sample of 9.9ºC, is 
statistically not an outlier, it significantly increases the standard deviation and standard error. It is 
suggested that a ΔT of ~10ºC is too low to provide reliable results, consistent with 263. 
The data shows the set-up is robust as long as the applied ΔT is of at least 20ºC.

• Veracity

The veracity of the produced measurements was evaluated in terms of bias. Since a calibration 
standard traceable to a national standard laboratory  as required by 262 was not available, three 
different foam types (PU, PET and XPS) were measured and the results compared to the values 
stated on the data sheet. PET and XPS samples were additionally measured in a Hot Disk TPS 
2500S apparatus (Gothenburg, Sweden) for comparison. The PU sample could not be measured 
in the Hot Disk, as it was extracted from a DH pipe and the sample size was not large enough to 
conduct the measurement. Five samples of each foam were measured in the in-house apparatus, 
two samples measured twice each were measured with the Hot Disk. The bias is defined as:

Bias = measured value – true value       (II.1)

Where the data sheet value is taken as true value.

The obtained results are presented in Table 16 and Figure 41.
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Table 16. λ measured with the in-house apparatus, the Hot Disk apparatus and the data sheet values.

Sample In-house 
measurement 

(W/mK)

Hot Disk 
measurement (W/

mK)

Data Sheet 
value (W/mK)

Bias 
in-house

Bias hot 
plate

PU - from 
Logstor pipe 0.020 ± 9.98·10-4            N/A 0.027 (50ºC, EN 

253 -0.007

PET Kerdyn 
Green 80 0.022 ± 2.18·10-3     0.0482±.6.24·10-3 0.027, EN 12667 -0.005 0.021

XPS Jackodur 
KF300 0.019 ± 1.45·10-4     0.036±7.64·10-4 0.034, EN 12667 -0.015 0.001

Figure 40. Box plot comparting the measurements of the in-house and hot disk apparatuses. Data sheet 
values are added for reference.

It can be seen that the in-house apparatus systematically under-measures the thermal 
conductivity. This can be related to heat losses through the edge insulation, and as anticipated 
by ASTM C518 262. This could be corrected through calibration or the installation of a heat guard. 
The commercial set up provides on the other side higher values than the data sheets. When 
comparing the in-house with the commercial set-up, the extent of the bias depends on the 
measured foam. The Hot Disk provides closer measurements to the data sheet values for the XPS 
foam, but a larger bias than the in-house set-up for the PET foam. It should be noted that nominal 
thermal conductivities stated in the products data sheets are defined as that that represents 90% 
of the production with a 90% confidence interval. It is not known if the individual samples taken 
from one particular foam board for this validation fulfil this criterion.  
But it can be seen that the measurements provided by the in-house set-up present a bias of the 
same order of magnitude than commercial set-ups, and is valid for R&D purposes. 
For the developed foam, in addition to the direct measurement, the % deviation from the 
measured PU extracted from DH pipes can be given as benchmark.
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Annex II. 12 Principles of Green Engineering

Reproduced with permission from:

Anastas PT, Zimmerman JB. Design through the 12 principles of green engineering. Environmental 
science & technology. 2003;37(5):94A-101A. DOI 10.1021/es032373g

Principle 1: Designers need to strive to ensure that all material and energy inputs and outputs are 
as inherently nonhazardous as possible.

Principle 2: It is better to prevent waste than to treat or clean up waste after it is formed.

Principle 3: Separation and purification operations should be designed to minimize energy 
consumption and materials use.

Principle 4: Products, processes and systems should be designed to maximize mass, energy, space, 
and time efficiency.

Principle 5: Products, processes and systems should be “output pulled” rather than “input pushed” 
through the use of energy and materials. 

Principle 6: Embedded entropy and complexity must be viewed as an investment when making 
design choices on recycle, reuse, or beneficial disposition.

Principle 7: Targeted durability, not immortality, should be a design goal.

Principle 8: Design for unnecessary capacity or capability (e.g., “one size fits all”) solutions should 
be considered a design flaw.

Principle 9: Material diversity in multicomponent products should be minimized to promote 
disassembly and value retention.

Principle 10: Design of products, processes, and systems must include integration and 
interconnectivity with available energy and material flows.

Principle 11: Products, processes and systems should be designed for performance in a commercial 
“afterlife”.

Principle 12: Material and energy inputs should be renewable rather than depleting. 
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A B S T R A C T   

Polyethylene terephthalate (PET) foam is receiving increasing interest in recent years for engineering and 
structural applications. But for its successful and reliable implementation in real life infrastructures, knowledge 
on its ageing performance is critical for service life predictions. In this study the ageing of commercial closed cell 
PET under 90ºC and 95% RH is presented and its molecular and mechanical degradation characterized. The aim 
of the study is to observe the impact of the cellular structure on the hydrolysis kinetics, and provide more insights 
on the nature of embrittlement in PET. Structural changes are evaluated based on a three-phase model with 
crystalline, mobile amorphous (MAF) and rigid amorphous (RAF) fractions. The hydrolytical degradation of PET 
foams does not appear influenced by the cellular structure. Hydrolysys and chemicristalization appear to occur at 
the expense of the MAF fraction until the embrittlement occurs. The ductile-brittle transition point coincides with 
the achievement of the minimum MAF content. The link of embrittlement with the structural changes occurring 
in the mobile chains questions the occurrence of hydrolysis-induced embrittlement below Tg, which would 
correspond to service conditions. A micromechanical interpretation of embrittlement appears more appropriate 
than a molecular interpretation.   

1. Introduction 

Polyethylene terephthalate (PET) foam is receiving growing interest 
in recent years as a structural and engineering material. The need for a 
replacement for the commonly used polyurethane (PU) foam is triggered 
by the recently approved restriction on toxic di-isocyanates [1], required 
for its manufacturing. PET foam offers further advantages, such as its full 
recyclability, wide availability of recycled material and competitive 
cost. Its use would support the transition of the energy and construction 
sectors to the circular economy. Knowledge on its ageing performance is 
vital for service life predictions and reliable implementation in real life 
infrastructures. 

One source of degradation is the exposure to moisture and heat, as 
occurring in district heating pipelines, application which motivates this 
study. It is known that PET undergoes a hydrolysis reaction under 
moisture and heat: 

This reaction leads to the embrittlement of the material. Therefore, 
this source of degradation is of great importance for service life pre-
dictions, in particular for structural applications, and has motivated a 
broad number of studies of the hydrolysis of PET since early years [2–8]. 

These have aimed at understanding the mechanisms, kinetics of the 
reaction, and the extent of degradation. From these studies it is estab-
lished that hydrolysis causes chain scission of the ester links in the 
amorphous phase, chemicristallization, arising from the formation of 
chain fractions with enough mobility to join the crystalline phase, and 
embrittlement. 

All these studies have been conducted in PET films and sheets. 
However, a cellular structure may cause differences that justify the 
experimental evaluation of foamed PET. It has been reported that the 
initial microstructure of PET and crystallinity content influences the 
hydrolysis kinetic [2, 9]. The applied stresses during the processing of 
PET fibres and films induces orientation of the trans and gauche rota-
tional isomers [10–12], altering the product’s permeability properties, 
as used for the achievement of improved barrier properties in packaging 
[13]. It is known that the foam extrusion process produces preferential 
stretching, from which the cell shape anisotropy arises [14]. The effect 
and extent of this on the molecular orientation of PET foam and eventual 
impact on the degradation kinetics remains unexplored. The cellular 
structure could have an impact on the diffusion rate of the moisture 
through the bulk of the foam, causing a different ageing state on the 
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surface than in the core of the foam. Such has been reported in previous 
studies of moisture uptake [15, 16] and hydrothermal ageing [17] of 
foams. The modelling of diffusion through cellular structures is more 
complex than in films [17], owing to its solid-gas heterogenous nature 
[18]. 

In addition to the differences the cellular structure may induce, there 
are still open questions concerning the hydrolysis of PET which still 
today hinder accurate lifetime prediction. 

It is widely accepted that both temperature and relative humidity 
(RH) influence the reaction kinetics, with the temperature dependency 
following the Arrhenius law. Many authors consider the reaction as first 
order in RH, owing to water being largely in excess and considering no 
diffusion control [2, 5, 6], while others report second order in RH, and 
explain the fit with the need of two water molecules acting per chain 
scission [8]. A recent model for a larger range of conditions based on 
literature data presents a master curve with a reaction order of 0.5 [19], 
though no physical meaning is provided. This later paper also highlights 
the large scattering of Ea available in the literature. Discussions on the 
reaction being autocatalytic [3, 20], or non-autocatalytic [2, 5] have 
been ongoing. 

All the cited studies of the hydrolysis of PET have been conducted at 
temperatures above Tg. This is also the case for applications of energy 
infrastructure [21, 22] and civil engineering [23–25], which would be 
accelerated ageing. Service temperatures are commonly below the Tg of 
PET. Modelling of PET hydrolysis kinetics to temperatures below Tg has 
been undertaken [19, 25]. But if these Arrhenius extrapolations are valid 
in the glassy state, when the activation energy (Ea) has been obtained in 
the rubbery state, is questionable [19, 26]. And so the service life is 
uncertain. 

Service life is determined by the degradation kinetics, and by the 
end-of-life criterion. For the later, the ductile-brittle transition is 
commonly selected [5–7, 26, 27]. It is accepted that embrittlement 
corresponds to a critical structural state [27]. However, the underlying 
mechanism is still not fully understood. The ductile-brittle transition is 
experimentally observed by previous authors of PET hydrolysis and 
commonly discussed in terms of Mc’, critical molecular mass corre-
sponding to the entanglement limit [6, 19, 26], which is proportional to 
Me (molecular mass of the segment between the entanglements). 
Literature provides ranges of Mc’ between 2-3 times Me [6] to 5-10 
times Me [26]. But for accurate lifetime predictions specific 
end-life-criteria need to be set. To illustrate the current uncertainty, 
based on literature Mc’ and Me ranges, some authors have derived a 
30% molar mass reduction as end-of-life criteria [19]. Recently an 
experimental value of Mc’ = 17 kg/mol has been reported [26], ob-
tained from PET with an initial molar mass of 31.4 kg/mol and poly-
dispersity index of 2.4. This corresponds to a 45% molar mass reduction. 
More insights on the underlying mechanisms for embrittlement are 
needed for lifetime prediction purposes, and is in the focus of this paper. 

The change in crystallinity content that accompanies the hydrolysis 
of PET has been recognized since early studies. Ballara and Verdú 

quantified the chemiscristallization yield as about 5-6 monomer units 
joining the crystalline phase per chain scission [3]. Since then, authors 
have observed the crystallinity increase during the hydrolysis of PET [5, 
7, 19, 26, 28, 29] and developed models for predicting its change with 
hydrolytic ageing time [19]. 

All the identified references on the hydrolysis of PET discuss this 
morphological change in the context of a two-phase system, with an 
amorphous and crystalline phase. However, it has been seen that such 
two phase system fails to describe PET and different degrees of orien-
tation can be found within the amorphous phase [30–33] thus a three 
phase system has been found more suitable [34–36]. In this work the 
morphological changes of PET upon hydrolysis are evaluated in terms of 
crystalline, mobile amorphous (MAF) and rigid amorphous (RAF) frac-
tions. The relationship between the change of these three fractions with 
the hydrolysis reaction and their role in the ductile-brittle transition are 
discussed. This brings new insights towards lifetime prediction and the 
validity of extrapolations to temperatures below Tg. 

2. Experimental 

2.1. Materials 

Commercial closed cell PET foam boards (Gurit Kerdyn Green) of two 
densities, 80 and 100 kg/m3 were used in this study. The foaming of PET 
is out of the scope of this work. The manufacturing of these boards in-
cludes cutting blocks of the extruded plates and gluing them in the di-
rection parallel to the extrusion direction, in order to transfer the higher 
mechanical properties of the extrusion direction of the foam into the 
sheet surface parallel to the extrusion direction. For this study samples 
where always extracted from segments free from glue. 

2.2. Cellular microstructure characterization 

The cellular microstructure was examined in an optical microscope 
(Leica DMLP, Wetzlar, Germany). The cell size and shape were measured 
from the micrographs by adjusting the cells to an ellipse using Fiji [37]. 
Both extrusion foaming direction (E) and parallel direction (P) where 
analysed as to assess the anisotropy in the cell shape. At least 100 cells 
were measured for each case. Cell wall and strut thickness where addi-
tionally measured. Values presented are an average of at least 20 
measurements. 

2.3. Hydrolytic ageing 

Foam samples were aged in an environmental chamber at 90ºC and 
95% relative humidity. A Weiss WK1 340 (Reiskirchen, Germany) 
environmental chamber was used. Samples were extracted after suc-
cessive ageing times and characterized through the different techniques 
described below. 
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2.4. H1 NMR 

The chain structure of the PET was characterized through proton 
nuclear magnetic resonance (H1 NMR) using a Bruker Advance II HD, 
600 MHz (Billerica, USA). The solvent used was Trifluoroacetic Acid 
(TFA) D1 /CDCl3 16.6% v/v, both purchased to Eurisotop. Each sample 
was prepared and analysed in duplicate and the averages presented. The 
progress of the hydrolysis reaction was followed through end-group 
analysis as the ratio between the terephthalic acid protons and the hy-
droxyl end group protons. 

2.5. Mechanical tests 

Samples of 25×25×200 mm were subjected to 3-point flexural tests. 
Test were undertaken with a universal testing machine under a 
displacement-controlled rate of 1.5 mm/min. The force was measured 
with a 2 kN load cell, accuracy class 1 (HBM, Darmstadt, Germany). The 
strain was measured by 3D digital image correlation (DIC) [38] on the 
front and back surfaces of the specimen, using an ARAMIS 5M and 6M 
adjustable stereo camera system (GOM mbh, Braunschweig, Germany). 
The images were acquired at frequency of 5 Hz. The reported strains are 
the averages of the measurements on both surfaces. At least 3 samples 
were tested for each case. The reported flexural strength (σf) corre-
sponds to the maximum strength at the break point. The toughness (U) 
was calculated from the integral under the stress–strain curve until the 
strain at break is reached: 

U =
∫εf

0

σf ⋅ dε (1)  

where εf is the strain at break. 

2.6. FTIR-ATR 

Alterations in the chemical structure were evaluated through Fourier 
transform infrared spectroscopy (FTIR) in attenuated total reflection 
(ATR) mode using a Thermo Scientific Nicolet is 10 FTIR spectrometer 
with a diamond ATR Smart Orbit accessory (Dreieich, Germany). 
Spectra from 32 co-added scans and 4 cm�1 spectral resolution were 
baseline corrected, and normalized to the intensity of the 1410 cm�1 

band, which has been found insensitive to orientation and conformation 
[39]. Each spectrum reported is the average of 5 spectra measured in 
different locations of each sample. Maximum contact of the ATR crystal 
was applied to ensure reproducible results. The foam extrusion process 
produces preferential stretching which could eventually lead to molec-
ular orientation. The conformation of the molecular chains involving 
both trans/gauche isomerism in the ethylene glycol unit has a significant 
effect on the IR spectrum of PET [40, 41]. Hence, samples were analysed 
both in the plane perpendicular to the foaming extrusion (E) and parallel 
to the extrusion (P) directions to consider orientation effects. It should 
be noted that the measurement of a plane is not fully in line with a cell 
wall. Band assignments can be found in the literature [3, 22, 28, 39, 40, 
42–46] and are summarized in the Supporting Information. 

2.7. DSC 

Differential scanning calorimetry (DSC) analysis were conducted 
with a Netzsch DSC 200F3 apparatus (Selb, Germany) applying a heat-
ing/cooling/heating program in the temperature range between 20 and 
310ºC, with a ramp of 10K/min and a N2 flow rate of 20 ml/min. 
Approximately 5 mg of material was placed in Al open pans. The relative 
values of crystalline (XC), mobile amorphous fraction (XMAF) and rigid 
amorphous fraction (XRAF), were calculated as 

Xc =
ΔHf

ΔH0
f

(2)  

XMAF =
ΔCp

ΔC0
p

(3)  

XRAF= 1�XMAF��XC (4)  

were ΔHf is the specific melting enthalpy measured from the second 
heating ramp, ΔCp is the jump in heat capacity at the glass transition, 
measured from the second heating ramp, ΔHf

0 the melting enthalpy of a 
fully crystalline PET, taken as 140 J/g [47] and ΔC0

p the heat capacity 
increment of a fully amorphous PET, taken as 0.405 J⋅g�1⋅K�1 [48]. One 
sample per foam density and ageing time were measured. The average 
per each ageing time is presented. 

2.8. Gravimetry 

The process was gravimetrically studied. Samples of 48×48×25 mm 
were regularly extracted from the chamber and weighed in the wet state 
with a Sartorious MC1 LC3200 D balance (Goettingen, Germany), and 
then reintroduced into the chamber. The samples remained out of the 
chamber for ca. 10 minutes per weight measurement, which is consid-
ered low enough to not alter the ageing process or start desorption. 
Specimens were always removed and weighed in the same order, to 
minimize variations in the results. No superficial moisture accumulation 
was observed on the samples by wiping with a paper tissue. The study 
was undertaken in duplicate. At least three samples per foam density 
were evaluated in each trial. Reported samples were cut with the larger 
surface perpendicular to the extrusion direction (E). 

3. Results 

3.1. Material characterization 

The cellular microstructure of the foams was characterized through 
optical microscopy. Representative micrographs of the PET foams under 
consideration, in the planes perpendicular to the extrusion (E) and the 
parallel (P) directions are presented in Fig. 1. 

The results from the cellular microstructure characterization are 
summarized in Table 1, where D1 is the largest diameter of the ellipse, 
D2 the shortest, and R the cell anisotropy ratio, defined as: 

R =
D1P

D2E
(5) 

As we can see, the 100 foam presents larger cells and larger cell size 
anisotropy, and thicker cell walls and struts than the 80 foam. The ob-
tained R fall into the typical values for polymeric foams, reported as 
around 1.3 [14]. 

Considering the foams under study are commercial products and 
details on the polymer structure and potential additives or impurities are 
unknown, the polymer structure was characterized through H1 NMR as 
to gain this knowledge. The signal assignments were found in the 
literature [49–51]. A typical spectrum is presented in Fig. 2. 

In addition to terephthalic acid (TPA) and ethylene glycol (EG), di- 
ethylene glycol (DEG) was found, which is a by-product of PET syn-
thesis [52] and isophthalic acid (IA), which is one of the main 
co-monomers used in PET-bottle grade production [49], hence consis-
tent with the recycled nature of this PET. The co-monomer ratio has 
been found the same for both foams under study (see Table 2), sug-
gesting the same resin was used for their manufacturing. This was later 
confirmed by the manufacturer. 

To complete the characterization of the polymeric foams under 
study, the initial crystallinity was determined from the second heating 
ramp of DSC thermograms. The integration of the melting peak yields a 
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crystallinity of 21.8% for PET 80 and 22.4% for PET 100. We cannot say 
the difference is statistically different. The reference thermograph for 
each foam is included in Fig. 8 (a) and (b). 

3.2. Effects of ageing on the mechanical properties 

Given the focus of the paper is placed in understanding the embrit-
tlement mechanism, the effects of ageing on the mechanical properties 
was evaluated first, as to determine time to embrittlement and duration 
of the required ageing trial. 

Bending tests for unaged reference samples and aged after 384 h 
where tested both in the E and the P direction. The bending properties 
did not appear to significantly differ between directions, therefore the 
full trial and reported tests correspond to tests in the E direction (force 
applied in the foam extrusion direction). 

The effects of the heat and moisture exposure on the mechanical 
properties over ageing time can be seen in Fig. 3. The flexural stress- 
strain curves for foams 80 and 100 can be seen in Fig. 3 a) and c) 
respectively. A progressive degradation with exposure time can be 
observed, and the transition from ductile to brittle behavior found after 
108 h of exposure. 

Fig. 3 b) and d) present the flexural strength, strain at break and 
toughness for foams 80 and 100 respectively, derived from the stress- 
strain curves. A change in the degradation rate can be observed, with 
the inflection point at 108 h of exposure, which corresponds to the 
ductile-to-brittle transition point observed in the stress-strain curves. 

The same behavior can be found in both foams, suggesting no diffusion- 
control effect related to the different cellular microstructure or wall 
thickness. Time to embrittlement is equivalent to previous findings in 
PET films [26], suggesting that the cellular structure does not create a 
more tortuous path for the diffusant through the PET matrix than when 
the matrix is in film form. 

3.3. Effects of ageing in the molecular weight of PET 

Typically, change in molecular weight has been used to follow the 
hydrolysis reaction of PET [5–7, 19, 26, 29, 53]. This is favoured by the 
ease of quantitative relation between molecular weight and extent of 
hydrolysis, since only scission at the ester link takes place, as well as the 
fast change in molecular weight at the early stages of hydrolytic 
degradation [2]. The relative concentration of end-group protons and 
monomer protons provide an indication of the molecular weight. This 
was used to follow the changes in molecular weight of the PET foams 
through ageing time. The monomers and the hydroxyl end group con-
tent was quantified through H1 NMR. The low solubility of PET in 
commonly used NMR solvents had for long prevented the use of this 
technique for PET. The mixture of TFA with chloroform was found to 
conveniently dissolve PET at room temperature [54]. However it has 
also been found that the hydroxyl end groups undergo an esterification 
reaction with TFA [50], following the reaction: 

To take this into account, each sample was measured every 24h for 5 
days, in order to obtain the rate of the esterification reaction and correct 
for the time between sample preparation and measurement (approx. 
1,5h), in a procedure analogous to that of [51]. The details of the pro-
cedure and obtained curves can be found in the Supporting Information. 
It was found nevertheless that the difference in that short amount of time 
was small. 

The NMR spectra of samples with increasing ageing time show a 
progressive increase of the hydroxyl end group content and decreasing 
monomer/end group proton ratio, consistent with chain scission due to 
hydrolysis reaction. The ratio between the terephthalic acid monomer 
protons and hydroxyl end group protons with ageing time provides the 
chain scission rate and is presented in Fig. 4. 

The cooling thermograms from the DSC analysis show that with 
ageing time, the crystallization occurs progressively earlier and with 
sharper peaks, which has been related to the presence of shorter chains 
[55] and provides further evidence of the chain scission. This was found 

Fig. 1. Micrographs of foam 80 plane perpendicular to the extrusion direction (a) and perpendicular to the parallel direction (b), and foam 100 plane perpendicular 
to the extrusion direction (c) and perpendicular to the parallel direction (d). 

Table 1 
Measured dimensions of the cellular microstructure.   

Cell area 
(µm2) 

D1 (µm) D2 (µm) R Strut 
width 
(µm) 

Wall 
thickness 
(µm) 

80E 0.07 
±0.03* 

307.8 
±63.7* 

269.6 
±55.2* 

1.35 18.5 
±4.6* 

5.2±1.8* 

80P 0.07 
±0.03* 

363.2 
±86.8* 

250.5 
±53.2*    

100E 0.11 
±0.06* 

393.7 
±102.1* 

341.2 
±93.2* 

1.47 37.2 
±8.7* 

9.1±2.1* 

100P 0.13 
±0.06* 

501.9 
±139.1* 

322 
±89.9*    

* Standard deviation. 
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equally in both foam densities, the thermograms are presented in Fig. 5. 
Evidence of the chain scission could not be extracted from the FTIR- 

ATR spectra due to the saturation of the ester bands, as encountered by 
previous authors [28]. An increase of the carboxylic acid content was 
detected in the band at 1683 cm�1, to a greater or lesser extent in both 
foams and directions (see Fig. 6) after longer exposures. The lack of 

Fig. 2. Representative NMR spectra of the PET foam under study and the related peak assignments.  

Table 2 
Co-monomer ratios obtained from the integrated signals of the NMR spectra.   

PET foam 80 kg/m3 PET foam 100 kg/m3 

Ratio IA/TPA 0.0113±0.0004 0.0115±0.0015 
Ratio DEG/EG 0.0263±0.0018 0.0265±0.0029  

Fig. 3. Stress stain curves for foam 80 (a) and 100 (c). Flexural strength, strain at break and toughness in relation to ageing time for foams 80 (b) and 100 (d).  
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significant increase at earlier stages of the degradation can be allocated 
to the sensitivity of the FTIR-ATR technique. Low resolution of the hy-
droxyl bands at 2800-3000 cm−1 prevented from detecting this end 
group, as previously encountered with ATR [22]. 

The evidence of chain scission and detection of increase of hydroxyl 
and carboxyl end groups through different techniques confirms the hy-
drolysis reaction of the PET. 

3.4. Effects of ageing on the crystalline structure 

A progressive increase in crystallinity could be derived from the FTIR 
spectra. As introduced, the conformation of the molecular chains 
involving both trans/gauche isomerism in the ethylene glycol unit has 
an impact on the IR spectrum of PET [40, 41]. While both the trans and 
gauche are present in the amorphous region, only the trans is present in 

the crystalline [41]. The changes in these rotational isomers relate to 
changes on crystallization or on orientation due to applied stress [41, 
56]. A progressive reduction in the intensity and shift is evident for the 
2960 and 2922 cm−1 peaks, as well as a sharpening of the 2905 cm−1 

peak, identified in both foams and both E and P planes, which indicates 
the increase of the trans isomers at the expense of the gauche isomers 
[40]. This is consistent with the well-known chemicrystallization pro-
cess upon hydrolysis. The spectral region of interest is shown in Fig. 7. 

The spectral results were confirmed with the DSC analysis. Fig. 8 
shows the progressive increase of % crystallinity (Xc) as a function of 
ageing time. 

The ageing process was also studied gravimetrically. This study was 
originally conceived to assess moisture diffusion and sorption through 
the foam core, with foam samples sealed with aluminium tape on the 
sides to produce uniaxial diffusion. The weight variation (%) with 

Fig. 4. TPA / hydroxyl proton ration vs ageing time.  

Fig. 5. Cooling DSC thermograms for PET 80 foam (a) and PET 100 foam (b) after different ageing times.  

Fig. 6. Carboxylic acid content with ageing time for both foams measured in 
both directions, obtained from FTIR spectra. 
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ageing time is presented in Fig. 9. An initial weight increase was 
observed in the first measured point after 18h, caused by moisture 
sorption, after which a progressive weight loss was registered until 
reaching a minimum point. It should be stressed that the samples were 
measured in the weight state. This was unexpected and therefore the 
study was repeated with unsealed samples. The same phenomenon was 
encountered, with a progressive reduction of the weight until a 

minimum is obtained, after which the weight remained more or less 
constant within experimental scatter. The slight weight increase after 
the minimum point observed in the first trial can be allocated to mois-
ture sorption in the aluminium tape glue. 

The coincidence of ageing time for the minimum weight point and 
the ductile-brittle transition obtained in the mechanical tests is striking. 
While weight loss has been reported in previous gravimetric studies of 
the hydrolysis of PET, these studies were conducted under water im-
mersion, and the weight loss allocated to the solution of low weight 
molecules resulting from the chain scission to the bath water, such as 
isophthalic acid, terephthalic acid and/or ethylene glycol [3, 6]. How-
ever, since this study was conducted under wet air, such an extraction 
cannot occur. 

This coincidence suggests the occurrence of a structural change 
intimately relating the hydrolysis reaction with the embrittlement 
mechanism. 

This motivated a more detailed analysis of the crystallinity changes, 
evaluating the MAF and RAF fractions. While it is well accepted that PET 
follows a three-fraction model [34–36], to the best knowledge of the 
authors, crystallinity changes during the hydrolysis of PET have so far 
been analysed considering a two-fraction model only. 

Fig. 10 shows the evolution of the crystalline, mobile amorphous and 
mobile rigid fractions with ageing time. DSC results of 80 and 100 kg/m3 

are averaged for each ageing time. It can be seen that the trend in the 
evolution of the XMAF fits perfectly the weight decrease in the gravi-
metric curve, and the ductile-brittle transition point (and maximum 
weight loss) coincides with the attainment of the minimum XMAF. Within 
the experimental scatter, the increase of Xc with ageing time could be 
considered linear, or following two different rates, with the kink point at 

Fig. 7. FTIR spectra for PET foam 80, plane E (a) and PET foam 80, plane E (b) showing changes in the stretching mode of the aliphatic –CH2– groups in the ethylene 
glycol segment. 

Fig. 8. Thermograms after different ageing times of (a) PET foam 100 kg/m3 (b) PET foam 80 kg/m3 (c) Crystallinity % as a function of ageing time. Each point 
corresponds to an individual measurement. 

Fig. 9. Sample weight variation (%) vs ageing time for PET foams 80 and 100. 
Trial was repeated with sealed (s) and unsealed samples. Lines are guides for 
the eyes. 
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the same ageing time as the ductile-brittle transition point. It can be seen 
that the increase in the crystallinity fraction during the first 100h of 
ageing (ductile-brittle transition) occurs at the expense of the MAF 
fraction, while the increase in crystallinity from then on occurs at the 
expense of the RAF fraction. This suggests there is indeed a change in 
crystallinity increase rate. 

4. Discussion 

4.1. Impact of the cellular structure on the ageing process 

The first question which this study aimed to answer is if and to which 
extent does the cellular structure impact the ageing process. When 
comparing both foams, made with the same polymer matrix but 
different cellular structure, no difference could be detected, nor in the 
chain scission rate, nor in the chemicristalization rate, nor in time to 
embrittlement. The RAF fraction is the predominant phase, showing a 
high level of orientation of the PET chains, which can be allocated to the 
foam extrusion process. The mechanical properties are initially higher 
for the higher density foam, as expected [14] and degrade at a higher 
rate until reaching the ductile-brittle transition after the same ageing 
time. From this point on, the mechanical properties are residual and 
degrade at a very slower rate. The stress strain curves (Fig. 3) also show 
that the degradation occurred through the bulk of the foam. An addi-
tional FTIR-ATR study was conducted through the thickness of foam 
samples with sealed edges, where no differences between the layers 
were obtained. The obtained spectra can be found in the Supporting 
Information. Obtained results are consistent with previous reports of 
PET films, including the trend of the molecular weight decrease [7, 26], 
as well as the crystallinity increase [3, 26] and time-to-embrittlement 
[26]. Thus, it can be derived that the cellular structure does not have 
an effect on the degradation process and there is no diffusion control 
effect. The hydrolysis of PET foam can therefore be discussed in the 
frame of the hydrolysis of PET. 

4.2. The nature of the ductile-brittle transition 

The role of the two different amorphous phases on the hydrolysis of 
PET has not been previously discussed in the literature. From Fig 10 (b) 
it can be derived that the initial part of the degradation occurs at the 
expense of the MAF phase. Though the DSC analysis has been conducted 
on a small number of samples, the consistency of this trend with the 
gravimetry curve (Fig. 9) gives confidence on the results. The same 
gravimetric curve under similar temperature and moisture conditions 
has been reported in a moisture sorption study of PET [57]. The authors 
explain this weight decrease as water rejection caused by densification 
of the PET, suggesting a cold crystallization due to hydric plasticisation, 
although this suggestion could not be confirmed in their study. Though 
they report that this behaviour occurs for conditions close but bellow the 
Tg of PET, the reported conditions of 60◦C/90% RH and 70ºC and 
whatever RH are indeed above Tg due to its depression caused by 
moisture plasticization [58]. Their samples were thus hydrolysing 

during the sorption experiment and confirm our finding. In our study, it 
can be seen that crystallinity directly correlates with molecular weight 
(Fig. 11), indicating that the chemicristallization is a result of the chain 
scission and not of a plasticization effect of the moisture. A previous 
study on the plasticization effects of moisture in PET concluded that the 
apparent activation energy for crystal growth was weakly affected by 
humidity compared to the effect on the glass transition [58], supporting 
our interpretation. 

From the gravimetric curves it can be derived that water molecules 
are initially sorbed in the polymer, and then lost as the hydrolysis re-
action proceeds. Water sorption of PET has been linked to hydrogen 
bonding of the water to the polymer [20] as the end groups [58], and to 
ester groups by means of two H-0 bonds [59]. If these bonds correspond 
to an induction phase of the hydrolysis reaction, or if sorbed water 
molecules are physically ejected as the chain segments rearrange into 
the crystalline phase post-scission is open for discussion. It is also seen 
that the hydrolysis reaction takes place particularly in the MAF fraction 
until the embrittlement point, and then continues in the RAF phase, at a 
slower rate. This could be explained through the higher accessibility of 
the chains in the MAF fraction. The ductile-brittle transition occurs 
when the MAF fraction reaches its minimum, is consumed. But the hy-
drolysis reaction continues. One interpretation could be that the ester 
links in the chains located in the RAF fraction are only accessible to 
moisture once microcracks are created due to the embrittlement, in line 
with early reports of degradation rate changing slope due to the struc-
tural changes in the polymer [2]. The reaction taking place in both 
phases simultaneously but at very different rates, so that the degradation 
in the RAF phase is negligible compared to that of the MAF phase as long 
as this later is ongoing, cannot be discarded at this point. 

So far, the relationship between the morphological changes of PET 
with degradation rate and kinetics have been discussed. It is still to be 
determined if these changes are responsible for embrittlement. Different 
proposed embrittlement mechanisms for semicrystalline polymers are 

Fig. 10. Evolution of the crystalline, mobile amorphous and mobile rigid fractions with ageing time.  

Fig. 11. Relative molecular weight vs crystallinity ratio.  
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reviewed in [27]. While this review focuses on polymers with the 
amorphous phase in the rubbery state at room temperature, such as PP, 
during the hydrolysis of PET above Tg, the amorphous phase is in the 
rubbery state, justifying the analogy. The authors hypothesize that the 
embrittlement could be related to the destruction of the tie-molecules, or 
to the chemicristalization rather than the destruction of the entangle-
ment network, and could be a consequence of the decrease of amorphous 
content to the point where deformations cannot longer be sustained or to 
the decrease of the interlamellar spacing. Let us look at our results. The 
ductile-brittle transition occurs at the point where the MAF fraction is 
consumed. This suggests that it is the MAF fraction which provides the 
cohesion of the material. Early work by Thompson and Woods [30] 
describe that the density of the amorphous phase decreases with crys-
tallinity increase, until voids appear at the lowest amorphous densities. 
This progressive change of character of the amorphous region as crys-
tallization progresses is the first report that the two-phase model fails to 
explain PET. Pioneering studies on the degradation of PET [2] point at 
these density changes as cause for embrittlement, suggesting that 
cohesive forces within the amorphous region may be great enough to 
inhibit void formation until the crystal growth builds up internal stress, 
whereupon voids and cracks suddenly appear. These interpretations are 
consistent with our observations, only that particularly the MAF fraction 
is concerned. 

Previous researchers have linked tie-molecules to the RAF phase [34] 
and since the RAF phase is not degraded, it appears that the destruction 
of tie-molecules is not the immediate cause for embrittlement. 

The changes of MAF and RAF content in recycled PET, arising from 
chain scission due to the successive reprocessing cycles have been re-
ported [55]. The authors indicate that the degradation was induced by 
the separation of the MAF and rearrangement of shorter PET chains into 
RAF. The reduction of the MAF fraction would increase the free volume 
in the polymer, increasing its fragility. The increase in RAF could act as 
precursor of crystallinity during tensile drawing, enhancing the 
embrittlement of PET. 

Therefore, a micromechanical interpretation of the ductile-brittle 
transition appears more suitable than a molecular one. This leads to 
the question: would it be pertinent to make lifetime predictions as a 
function of MAF content, rather than molecular weight? Our results 
suggest that the initial stages of hydrolysis and embrittlement occurs at 
the expense of the MAF phase, which per definition is the phase that 
becomes mobile above Tg. The chemicrystallization occurs when small 
chain fractions, with enough mobility above Tg, rearrange themselves. 
This brings up the question, can hydrolysis-induced embrittlement occur 
below Tg? In a parallel work, no degradation of the mechanical prop-
erties of PET foam has been detected after one year moisture exposure 
below Tg [60]. 

5. Conclusions 

The hydrological degradation of PET foams does not appear influ-
enced by the cellular structure. 

Considering a three-phase structure, the hydrolysis of PET and 
related chemicristallization occurs at the expense of the MAF fraction 
until the ductile-brittle transition is reached. Embrittlement occurs 
when the MAF fraction is consumed. From this point on, the reaction 
continues at the expense of the RAF fraction. This brings new insights on 
the nature of the embrittlement mechanism, which appear better 
interpretated micromechanically than through a molecular 
interpretation. 
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A B S T R A C T   

Polyethylene terephthalate (PET) foam is receiving increasing interest in recent years for its use in structural 
applications. This is favoured by its balance between mechanical properties and cost, as well as recyclability and 
wide availability of recycled material. Knowledge on its ageing behaviour upon hygrothermal exposure is needed 
to ensure the fulfilment of the required service life and foster market uptake. A six-month ageing programme 
under 40ºC and 80% RH and a one-year water immersion ageing programme were undertaken, in order to 
understand the moisture uptake mechanism, and observe in-situ as well as irreversible degradation caused by 
moisture. These conditions were selected in order to ensure being below the Tg of PET, and so in the same 
structural state as in the use phase. No degradation of the PET foam was found after the completion of both trials. 
It was demonstrated that the hygrothermal degradation of the polymeric foams is not diffusion-controlled. 
Moisture uptake by the PET matrix was analogous to that previously reported in films. Liquid water passage 
into the cell cavities was progressive and much slower, but did not produce any significant additional effect on 
the mechanical behaviour of the PET foam.   

Introduction 

Polyethylene terephthalate (PET) foam is receiving increasing in-
terest in recent years for its use in structural applications [1], including 
in wind industry, automotive, marine [2] and district heating piping 
networks [3]. While the low melt strength of PET has for long repre-
sented a hurdle for its foaming [4–6], improvements in the 
manufacturing process [2] by the use of the breaker plate [7] has 
enabled its commercial manufacturing, which has taken off in the last 
decade. While the balance between its mechanical properties and cost 
[1] encourages this interest, a further advantage is its recyclability. The 
widespread use of PET in many applications opens up new opportunities 
for the cascading use of this polymer, in line with the requirements of the 
Circular Economy. Construction and demolition waste (CDW) represent 
one third of the total waste generated in the European Union and the 
largest waste stream by volume [8]. As such, CDW is named as one of the 
key waste streams to be addressed by the First Circular Economy Action 
Plan of the EU [9]. Updates in the Plan include the revision of material 
recovery targets for CDW and considers the introduction of recycled 
content requirements for certain construction products [10]. The 
replacement of commonly used thermoset polymeric foams such as 
polyurethane (PU) by PET and recycled PET foam would therefore 

contribute to the achievement of all the mentioned regulatory targets. 
The toxicity of the di-isocyanates [11,12] required for PU’s 
manufacturing and recently approved restriction thereof [13] further 
highlights the need to shift to more sustainable polymeric foams. 

This research is framed in the search for substitutes for PU foam in 
district heating (DH) pre-insulated pipes. Currently, these pipes are 
sandwich structures comprising a service pipe, and PU foam layer, and a 
protective casing of HDPE [14]. In this application, the foam undertakes 
a double function as thermal insulation and as load bearing element. 
Since the pipelines are directly buried underground, the foam supports 
the compression stresses of the surrounding soil and the shear stresses 
arising from the thermal expansion of the network. The suitability of 
PET foam for DH pipes has been previously assessed in terms of me-
chanical properties [3] and long term insulation capacity [15] and been 
found favourable. However, knowledge of its ageing behaviour is still 
lacking, and hinders its market uptake. 

Reports of frequent damage in DH pipelines due to moisture can be 
found in the literature [16], since the groundwater level may reach the 
buried DH pipelines. Though the primary function of the HDPE casing is 
to prevent the ingress of moisture [3], it has been recently reported that 
moisture can penetrate it [17]. An aluminium layer between the casing 
and the foam has been introduced to act as diffusion barrier, and found 
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efficient [18]. However, moisture can still penetrate through the pipe 
ends and joints [16,18]. 

Moisture diffusion in polymers is commonly reported as Fickian 
[19–23] although deviations are frequently reported due to relaxation 
[24], swelling [25,26], or clustering [20,25]. Timescale is a further 
parameter causing deviations with increasing exposure periods [25,27]. 
This highlights the importance of long-term experimental validation for 
polymeric materials for load-bearing applications. 

Additionally, closed cell foams, as heterogeneous materials [28] add 
complexity to its correct understanding and modelling [29]. While there 
is consensus on the complexity of the phenomenon, different approaches 
have been followed for its study, leading to somewhat contradictory 
conclusions. When modelling transport of a solute through a cellular 
material, two approaches can be followed [30,31]. Some authors pursue 
a macroscopic point of view, where the foam is considered a homoge-
neous material layer [30,32]. The transport involves solution at the 
surface of the material, migration through the concentration gradient 
and desorption at the other surface of the material. Here an effective 
diffusion coefficient is derived. Another approach is through discrete 
diffusion models, treating the foam as a connection of multiple layers of 
cells, where a mass balance for each cell in the foam is solved [31,33, 
34]. From the macroscopic point of view, a foam board could be seen as 
a thick section, where the time required by the moisture in this case to 
diffuse in sufficient concentrations to the core of the foam might be the 
rate-determining step in the ageing process. Correct modelling of ab-
sorption and diffusion of moisture and representative experimental 
exposure procedures are needed for reliable lifetime predictions [35]. 
Indeed, a number of experimental studies on polymeric foam ageing 
upon moisture exposure conclude that diffusion is the rate-determining 
step. Earl & Shenoi [20] monitored the moisture uptake in closed cell 
PVC foams at 40◦C and 95% relative humidity (RH) and water immer-
sion at 40◦C for over 2,5 years. The authors observed a multistage ab-
sorption process and attributed it to the progressive diffusion into each 
layer of cells, concluding moisture reached only the third layer of cells 
based on the three plateaus observed, meaning an ingress depth of only 
1,2 mm. In order to confirm this attribution, the foam was cut through 
and an imprint blotted in a paper towel to observe the dry bulk. Avilés 
et al. [37] performed ageing under 95% RH and sea water immersion of 
PVC foam during 7 months. The authors allocated the minor reduction 
in tensile strength over ageing time to lack of moisture penetration into 
the foam core. In order to confirm this assumption, the authors under-
took micrographic observations of the surface cells with ageing time as 
well as cross sectional cuts of the foam after the ageing period. Swelling 
of the surface cells was observed, but no significant sign of expansion 
was detected beyond 2,3 mm from the surface. No information on the 
number of measured cells or method for cutting the foam is provided. 
Huo et al. [27] undertook a 7 months water immersion ageing with PU 
foam at room temperature. The authors observed a multistage diffusion 
process as well, and interpreted each plateau as the attainment of 
moisture saturation by a new layer of cells, meaning 2 layers of cells 
after over 200 days of ageing. The authors used thermographs to assess 
the moisture penetration depth after immersing foam samples in hot 
water. Liu et al. [38] studied the moisture uptake of PET foam of 150 
kg/m3 density in simulated sea water at 40◦C. They observed a sharp 
weight increase at the first measurement point, conducted after 1.7h, 
and allocated it to water ingress into the surface open cells. The weight 
increased from then on steadily for the 30 days trial duration. Since the 
weight did not stabilize, the authors concluded moisture saturation was 
not reached during the trial. 

These interpretations of moisture penetrating only on the surface of 
polymeric foams after long term exposures differ from the understand-
ing that sorption and diffusion processes depend upon the availability of 
unoccupied volume in the polymer [39] and the increase of free volume 
increases diffusivity. In this line, Lee [40] proposed a model considering 
a “foam diffusivity”, function of the foam density and the diffusivity of 
the moisture in the polymer matrix. The foam diffusivity would be 

higher than the polymer diffusivity and would increase with decreasing 
foam density, indicating greater mobility of the diffusant in a 
lower-density foam structure. In this model it is assumed that the 
diffusing water path occurs within the polymeric skeleton of the foam 
and any condensation or water entrapment inside the cells is dis-
regarded for simplicity. 

Towards lifetime predictions, it is critical to discern between 
diffusion-controlled degradation, moisture not causing degradation, or 
temperature-controlled degradation. It is therefore worthwhile to eval-
uate the reasons for this discrepancy. 

Aside from the need to determine the moisture uptake rate and 
mechanism, the type of degradation that moisture can induce needs to 
be assessed. Moisture can degrade the mechanical properties of poly-
mers and hence polymeric foams due to plasticization and swelling [36]. 
Plasticization would a reversible alteration, removed with the drying of 
the polymer. Swelling can alter the mechanical properties as well. This 
could be reversible. In cellular solids, it is reported the original cell 
shape is not recovered after cell expansion, altering the mechanical 
properties [41]. The absorption of moisture and related osmotic pressure 
can also lead to the formation of microcracks [42,43]. An additional 
degradation risk is hydrolysis, which has been widely reported for PET, 
above its glass transition temperature (Tg) [44–50]. Since hydrolysis 
causes irreversible embrittlement, the attainment of the ductile-brittle 
transition point would correspond to the end of life. 

Lastly, as an insulation material, moisture ingress and entrapment in 
the cells is a source of degradation of the insulating properties of the 
foam [40], since the foam’s thermal conductivity is a function of the 
thermal conductivity of the polymer matrix and that of the cell’s inner 
medium [15] and water has a higher thermal conductivity than typical 
blowing agents. 

The objective of this study is to experimentally observe the moisture 
uptake and effects of hygrothermal exposure on close cell PET foam at 
temperatures below its Tg, which correspond to the structural state 
encountered during its service life, and determine if the degradation is 
diffusion-controlled or temperature controlled. Ageing conditions of 
80% RH and 40ºC were selected, in order to have accelerated ageing 
regarding the in-service groundwater temperature of ca. 10ºC, but 
ensure below Tg conditions. These were applied for a total duration of 6 
months. Additionally, samples were aged under water immersion at 
room temperature for a total duration of one year. 

Materials and methods 

Materials 

Commercial closed cell PET foam boards (Gurit Kerdyn Green) of 80 
and 100 kg/m3 density were used in the study. The manufacturing of 
these boards includes cutting blocks of the extruded plates and gluing 
them in the direction parallel to the extrusion direction. The aim of this 
process is to transfer the higher mechanical properties of the extrusion 
direction of the foam (E) into the sheet surface parallel to the extrusion 
direction (P). For our study samples where always extracted from seg-
ments free from glue. 

Microstructural characterization 

Microstructure was observed in an optical microscope (Leica DMLP, 
Wetzlar, Germany). The cell size and shape were measured from the 
micrographs by adjusting the cells to an ellipse using the open source 
software Fiji [51]. Both surfaces perpendicular to the extrusion foaming 
direction (E) and perpendicular to the parallel direction (P) where 
analyzed as to assess the anisotropy in the cell shape. At least 100 cells 
were measured for each case. Cell wall and strut thickness where addi-
tionally measured. Values presented are an average of at least 20 
measurements. 

Open cell content Ov was determined using a Micromeritics AccyPyc 
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1330 Gas pycnometer (Norcross, GA, U.S.A.) operated with He, 
following ASTM D6226 standard [52] as far as possible. Measured 
samples had dimensions of approx. 35×12×12 mm. Deviation between 
our sample dimensions and the dimensions stated by the standard is due 
to the available space in the pycnometer cubicle. The pycnometer 
measures each specimen’s density ρspec. With the mass (m) of each 
sample, the specimen volume Vspec can be calculated as 

Vspec =
m

ρspec
(1) 

The geometric volume V is determined from the measurement of 
length, width and height. 

The open cell content, expressed as the percentage of the geometric 
volume, is derived as: 

OV =
[�

V � Vspec
)

V

]
⋅100(%) (2) 

Since a fraction of the cells are opened during the sample prepara-
tion, this was corrected by calculating the volume of surface open cells. 
Given the cell anisotropy, the number of cells per specimen surface was 
calculated dividing the surface by the surface of an ellipse with the 
average dimensions measured from the micrographs. The cell volume Vc 
was then calculated as the volume of an ellipsoid, and the volume 
occupied by surface cells Vs as the product of the Vc and the number of 
cells per surface. The corrected Ov, corr is then calculated as: 

Ov, corr =
[�

V � Vspec � Vs
)

V

]
⋅100(%) (3) 

Three samples with the larger surface area corresponding to the E 
direction and three samples corresponding to the P direction per foam 
density were measured. Each individual sample was measured in 6 runs. 
The average per foam type is reported. Pressure was capped at 20 kPa as 
to not distort the specimens. The crystallinity of the two foams was 
determined by DSC as 22% [50]. 

Hygrothermal ageing 

Foam samples were aged in an environmental chamber (Memmert 
ICH-C, Schwabach, Germany) at 40ºC and 80% relative humidity. Two 
ageing batches where conducted, with a duration of 3 and 6 months, 
after which samples were characterized using the techniques described 
in the following sections. 

Ageing under water immersion 

Samples were aged under water immersion at room temperature for 
a duration of one year. After this period samples were mechanically 
characterized in 3-point bending in wet state and in dry state. 

Gravimetry 

The process was gravimetrically studied in order to assess the long- 
term diffusion of moisture into the foam core and changes in the 
materiaĺs density. Samples of 48×48×25 mm were placed in a Weiss 
WK1 340 (Reiskirchen, Germany) environmental chamber at 40ºC and 
80% RH and regularly extracted and weighed in the wet state with a 
Sartorious MC1 LC3200 D balance (Göttingen, Germany), after which 
they were reintroduced in the chamber. The samples remained out of the 
chamber for ca. 10 min per weight measurement, which is considered 
low enough to not alter the ageing process or cause desorption. Speci-
mens were always removed and weighed in the same order, to minimize 
variations in the results. No moisture accumulated in the surface of the 
foam, assessed by wiping the surface of the samples with paper tissue. In 
order to observe influence from the microstructural anisotropy in the 
two principal axes on the diffusion, samples were cut with the larger 

surface perpendicular to the E and to the P direction. Three samples per 
foam density and orientation (E and P) were evaluated. Weight variation 
was monitored for a total duration of over 2600h. 

The moisture uptake at each time point was calculated as: 

M(t) =
W(t) � Wd

Wd
(4)  

where W(t) is the wet sample’s mass at time t, and Wd is the dry sample’s 
initial mass. 

Three-point flexural tests 

Three-point flexural tests were undertaken on samples with di-
mensions 25×25×200 mm. Test were executed with a universal testing 
machine under a displacement-controlled rate of 1.5 mm/min. The force 
was measured with a 2 kN load cell, accuracy class 0.5 (HBM, Darm-
stadt, Germany). The strain was measured by 3D digital image corre-
lation (DIC) [53] using an ARAMIS 6M adjustable stereo camera system 
(GOM mbh, Braunschweig, Germany). The images were acquired at 
frequency of 5 Hz. 

Dynamic mechanical thermal analysis (DMTA) 

The dynamic mechanical properties of samples were determined 
using a TA DMA Q800 analyser (TA Instruments Inc., New Castle, PA, 
USA) in 3-point bending at a frequency of 1 Hz and a strain amplitude of 
0.05%. Measurements of the storage modulus (E′), the loss modulus (E′ ′) 
and the dissipation factor (tan δ) were carried out in the temperature 
range of 0◦C to 190◦C at a heating rate of 2◦C/min. Samples with di-
mensions 10×60×5 mm where measured unaged, after 3-months ageing 
and after 6-month ageing for each foam density. To assess possible dif-
ferences in moisture diffusion, sorption and ageing caused by the 
microstructure, samples with larger surface corresponding to the plane 
perpendicular to the extrusion (E) direction and parallel to the E di-
rection (P) were tested. Measurements were conducted in triplicate. 
Samples were dried prior testing as to assess permanent degradation. 

FTIR-ATR 

Fourier transform infrared spectroscopy (FTIR) in attenuated total 
reflection (ATR) mode was used to observe potential changes in the 
chemical structure. A Thermo Scientific Nicolet is 10 FTIR spectrometer 
with a diamond ATR Smart Orbit accessory (Dreieich, Germany) was 
used. Spectra from 32 co-added scans and 4 cm�1 spectral resolution 
were baseline corrected, and normalized to the intensity of the 1410 
cm�1 band, which is reported insensitive to orientation and conforma-
tion [54]. Each spectrum reported is the average of 5 spectra measured 
in different locations of each sample. Maximum contact of the ATR 
crystal was applied to ensure reproducible results. Samples were 
measured in the surface parallel to the extrusion direction. In order to 
assess difference between the surface and the bulk of the foam, foam 
specimens were stamped into 20 mm diameter steel tubes, closed on one 
end with a steel plate sealed with butyl rubber, in order to produce 
uniaxial flow of the moisture through the foam. The thickness of the 
resulting specimens was 45 mm. After the ageing process, slices of the 
foam from the outer surface, the middle and the bottom were extracted 
and analysed through FTIR-ATR. 

Results 

Microstructural characterization 

The results from the microstructural characterization are summa-
rized in Table 1, where D1 is the largest diameter of the ellipse, D2 the 
shortest, and R the cell anisotropy ratio, defined as: 
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R =
D1P

D2E
(5) 

This characterization has been previously reported [50] but included 
here for completeness. 

As we can see, the 100 foam presents larger cells and larger cell size 
anisotropy, and thicker cell walls and struts than the 80 foam. The ob-
tained R fall approximately into the typical values for polymeric foams 
of around 1.3 [55]. 

Table 2 presents the calculation of the open cell content. The average 
lies in the range of the reported typical value for closed cell foams of 
20% [55]. 

Moisture uptake 

In order to assess the moisture uptake by the PET foams, the weight 
variation upon hygrothermal exposure was monitored for over 2600 h, 
and is presented in Fig. 1. The major moisture uptake step occurred 
during the first measurement interval, which was 24h. After this the 
samples weight remained stable within experimental scatter. No re-
laxations or multistage phenomena were observed. 

It is known that the applied stresses during the processing of PET 
fibres and films, analogous to the preferential stretching occurring in the 
foam extrusion process, induces orientation of the rotational isomers 
[56–58]. 

Preferential orientation can create a tortuous path for the diffusion 
species [39], leading to anisotropic diffusivity. The main-surface to 
edge-surface ratio of the samples was roughly 10. Comparing the E to P 
pairs for each foam, no concluding evidence of preferential diffusion 
could be found. 

As can be seen, the moisture uptake is very low, in the range 
0.3–0.4% weight. It should be highlighted that in this trial the moisture 
exposure was in vapor phase, limiting the possibilities of water accu-
mulation in the cell cavities. 

The trial was repeated with samples of three different geometries 
with a duration of one week, in order to discard any influence from the 
sample geometry on the saturation time. The sample dimensions are 
presented in Table 3 and the obtained gravimetric curve on Fig. 2. 

It can be seen that for the three geometries, the weight uptake does 
not increase after 24h. It is surprising to see that the samples with the 
lower thickness present the lower weight increase. One possible expla-
nation is that the cutting of the foam increases the crystallinity or 
orientation of the PET molecules through the produced stresses, and 
given the lower mass to surface ratio, this impacts the total crystallinity 
of the sample and so the maximum water sorption. Nevertheless, the fact 
that thinner samples do not absorb more moisture than the thicker 
samples supports the conclusion that saturation is reached within 24h. 

The saturation time is in line with that reported for PET films [59, 
60], but differ from the multi-stage moisture absorption process and 
very long saturation times reported for polymeric foams by previous 
authors, as described in the introduction. 

An additional gravimetric study was undertaken under moisture 
immersion at room temperature, with a duration of nearly 1400h. The 
surface of the samples was blotted with paper tissue as to account only 
for the moisture sorbed in the foam core, and not that accumulating in 
the superficial open cells. The results are presented in Fig. 3. In this 
graph, a multistage weight uptake process can be observed indeed, with 
a in initial weight increase jump in the first measurement step, con-
ducted after 18h of immersion, after which the weight remained con-
stant until t = 90h. Then, a second weight increase stage is initiated, 
which continues until the 700h immersion are reached, when it stabi-
lizes again. The weight increase is much higher than in the trial 

Table 1 
Microstructural characterization   

Cell area 
(µm2) 

D1 (µm) D2 (µm) R Strut 
width 
(µm) 

Wall 
thickness 
(µm) 

80E 0.07 
±0.03* 

307.8 
±63.7* 

269.6 
±55.2* 

1.35 18.5 
±4.6* 

5.2±1.8* 

80P 0.07 
±0.03* 

363.2 
±86.8* 

250.5 
±53.2*    

100E 0.11 
±0.06* 

393.7 
±102.1* 

341.2 
±93.2* 

1.47 37.2 
±8.7* 

9.1±2.1* 

100P 0.13 
±0.06* 

501.9 
±139.1* 

322 
±89.9*    

* Standard deviation. 

Table 2 
Calculation of open cell content   

m Density Vspec V Vc Ov Ov, 

corr 

O‾v, 

corr  

g g/cm3 cm3 cm3 cm3 % % % 

80 E- 
1 

0.434 0.133 3.250 4.909 0.368 33.8 26.3 23.8 
±2.1 

80 E- 
2 

0.412 0.114 3.606 5.192 0.386 30.5 23.1  

80 E- 
3 

0.414 0.114 3.629 5.280 0.391 31.3 23.9  

80 P- 
1 

0.411 0.116 3.548 5.335 0.394 33.5 26.1  

80 P- 
2 

0.427 0.106 4.039 5.602 0.408 27.9 20.6  

80 P- 
3 

0.387 0.102 3.795 5.429 0.387 30.1 23.0  

100 
E-1 

0.492 0.132 3.724 5.273 0.500 29.4 19.9 19.9 
±1.2 

100 
E-2 

0.473 0.134 3.517 5.089 0.487 30.9 21.3  

100 
E-3 

0.473 0.135 3.494 5.037 0.481 30.6 21.1  

100 
P-1 

0.539 0.131 4.126 5.702 0.528 27.6 18.4  

100 
P-2 

0.552 0.135 4.077 5.778 0.532 29.4 20.2  

100 
P-3 

0.556 0.133 4.176 5.415 0.222 22.9 18.8   

Fig. 1. Gravimetric curve of samples upon hygrothermal exposure at 40ªC and 
80% RH. 

Table 3 
Dimensions of the three sample geometries   

mm mm mm 

a 45.3±3.4 47.9±3 25.5±1.2 
b 50.5±0.7 51.8±1.3 6.2±0.04 
c 25.4±0.1 25.2±0.2 25.1±0.3  
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conducted with vapour. 
The additional weight increase can only be explained by the filling of 

the cell cavities with liquid water, which occurs at a much slower rate 
than the moisture diffusion and saturation in the polymer matrix, and in 
a multistage manner. Liquid water droplets could be observed inside the 
cells through microscopy, as presented in Fig. 4. 

The higher weight increase in the E direction could be related to the 
effect of the foam strands coalescence in this direction, producing larger 
cells and possible channels at the borders, as illustrated by Fig. 5. 

To confirm if moisture saturation of the PET matrix through the bulk 
of the foam was reached during the first exposure day of hygrothermal 
exposure, three-point bending tests under the same environmental 
conditions (40ºC and 80% RH) were undertaken after an overnight soak, 
as to test the samples under the same moisture saturation state of the 
first point of the gravimetric curve (Fig. 1). Bending tests conducted at 
40ºC and 0% RH were undertaken for comparison, in order to derive the 
effect of moisture. If the PET foam core moisture saturation is reached, 
its plasticization effect [61] should be evidenced by a reduction of the 
strength and an increase in the elongation at break. The obtained flex-
ural stress-strain curves are shown in Fig. 6 below: 

A significant plasticization effect can be readily observed. The sam-
ples tested at 40ºC and 80% RH were much more ductile, to the point 
that they did not break within the applied stress range. Moisture also 
caused a reduction of the strength. Such an effect would not be 

encountered if moisture had only diffused through the first layer of cells, 
confirming that moisture saturation had been reached through the bulk 
of the foam during the first hours of exposure. 

Permanent effects of hygrothermal ageing on mechanical properties 

Three-point bending tests were undertaken in order to assess po-
tential changes in the mechanical properties of the PET foam after 
hygrothermal ageing. Samples were dried in a desiccator with silica gel 
after the ageing period and prior testing, in order to assess irreversible 
damage. The hydrolysis of PET causes chain scission of the ester link, 
leading to embrittlement, which would be readily identifiable from the 
flexural stress-strain curves. Permanent deformation of the cell shape 
due to swelling or cracking events would alter the mechanical behavior. 
Foam 80 was tested applying the force in the extrusion direction (E) and 
in the parallel (P) direction, in order to evaluate if differences in the 
cellular microstructure or chain orientation affects the moisture uptake 
and potential degradation. The obtained stress-strain curves of unaged 
and 6 months -aged samples can be seen in Fig. 7 (a), tested in the two 
directions. Foam 100 was tested applying the force in the E direction, 
after 3 and after 6 months ageing, and the obtained curves can be seen in 
Fig. 7 (b). These results have been presented at the 17th International 
Symposium on District Heating and Cooling 2021 [62]. 

The toughness, defined as the area below the stress-strain curve, was 
derived for each test, and a two-sample t-test with a significant level of 
0.05 was undertaken for all aged/unaged pairs. The results showed that 
the behavior of the aged and unaged samples is not statistically different. 
No permanent degradation of the mechanical properties was detected 
after the 6 months hygrothermal ageing. 

DMTA allowed to age and test samples with a thickness of 5 mm, 
with the aim to facilitate moisture diffusion through the foam thickness. 
Fig. 8 presents the obtained curves for PET foam 100 kg/m3, unaged and 
after 6 months ageing, with the load applied in the extrusion direction of 
the foam. The full set of curves can be found in the Supporting 
Information. 

No change on the Tg or Storage/Loss modulus was detected in any 
case, showing no permanent degradation due to hygrothermal exposure 
even with low thickness foam samples. 

As for the IR spectra, no changes were revealed by comparing unaged 
surface, aged surface and aged 10 mm below surface measurements. The 
results for PET foam with density 100 kg/m3 are presented in Fig. 9. The 
saturation of the ester bands in FTIR-ATR spectra have prevented pre-
vious authors from detecting chain scission due to the hydrolysis of PET 
[63]. FTIR-ATR spectra have been shown powerful in detecting changes 
in crystallinity [50,64,65], through the change in ratio between the 
trans and gauche isomers. A crystallinity increase could be a sign of 

Fig. 2. Gravimetric curve of samples of different dimensions upon hygro-
thermal exposure, 40ºC, 80% RH. 

Fig. 3. Gravimetric curves for samples under water immersion at room temperature for PET foam 80 kg/m3 (a) and 100 kg/m3 (b).  
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chemicrystallization upon hydrolysis [44]. This region was examined 
with more detail, but no significant shift between the two peaks could be 
derived, as illustrated by inclusion in Fig. 9. 

The second ageing trial corresponds to water immersion at room 
temperature for a duration of one year. One batch of samples was dried 
in desiccators prior testing. The obtained stress-strain curves can be seen 
in Fig. 10. Samples were tested until failure. 

After one year, no significant permanent degradation of the me-
chanical properties was observed. 

A second batch of water immersed samples was tested without dry-
ing. The samples were kept immersed in water until they were placed in 
the testing machine. The goal was to observe the effects of absorbed 
water in the cell cavities. The obtained stress-strain curves are presented 
in Fig. 11. 

The weight increase experienced by the samples during this 1 year 
water immersion was 42% for the 80 kg/m3 foam and 35% for the 100 
kg/m3 foam. The stress strain curves reveal that the moisture did not 
produce any effect on the E modulus, but strongly increased the ductility 
of the foam and increased their strain at break due to plasticization. 
Samples from the 80 foam did not fail during under the tested stress 
range. These effects are analogous to those undertaken at 40◦C and 80% 
RH (Fig. 6), revealing that the filling of the cavities with liquid water 
does not produce any additional effect on the mechanical properties. 

Discussion 

Moisture uptake and diffusion into PET foam core 

In our results it can be seen that the moisture uptake into the PET 
foaḿs polymer matrix is low. This is consistent with the literature values 
of 8-10 water molecules absorbed per 100 PET repeating units [59,61]. 
The weight uptake is of the same order of magnitude than that previ-
ously reported ~1% for PET films [59,60] although lower. A crystal-
linity content of the tested PET foam was determined as 22% through 
DSC [50]. It is widely accepted that crystals are impermeable [19,23, 
66], therefore a 22% reduction in the weight uptake vs that reported for 
amorphous PET would be expected. The measured weight uptake in this 
study is 60% lower. While it is tempting to allocate this discrepancy to 
lack of saturation of the foam core, the strong plasticization effect 
observed in the flexural stress-strain curves under 80% RH and 40◦C test 
versus the tests at the same temperature but 0% RH conditions show this 
is highly unlikely – moisture sorption on the outer surface only would 
not reveal such changes. In the mentioned studies of moisture sorption 
in PET films, saturation was achieved in 2.7-5h, being the thickness of 
the PET films of ~200 µm. The cell wall thickness of the foam under 
study is measured as 5-10 µm and the cell struts thickness as of the order 
of 20–40 µm, for the 80 and 100 kg/m3 foam, respectively. The thinner 
thickness of the polymer in the foam questions a slower diffusion process 
than in films. It is accepted that PET follows a 3 phase-structure [67,68], 
and we have found the rigid amorphous fraction (RAF) predominant in 
the foam under study [50]. The closer packing of the chains in the RAF 
fraction restricts gas diffusion and permeation [69], therefore the lower 
mass uptake can be related not only to the permeability of the crystalline 
phase but also to the reduced permeability of the RAF phase. 

We are confident to conclude that moisture saturation of polymer 
skeleton was achieved in less than 24h through the bulk of the foam, 
which corresponds to the first measurement point. This is consistent 
with moisture diffusion studies of PET films as mentioned above, and 
implies that the cellular structure does not exert a significant impact on 
the diffusion through the polymer, at least for engineering timescales. 
But the filling of the cell cavities with liquid water requires longer pe-
riods of times and is a step-wise process, as revealed by the comparison 
with the results of moisture uptake under water immersion. While it has 
been previously reported that for moisture diffusion, water immersion 
and moisture at 100% RH are equivalent [21], this is not the case for 
foams, where liquid water can accumulate in the cell cavities. This 

Fig. 4. Micrograph showing water droplets inside a cell  

Fig. 5. Scan of the surface perpendicular to the extrusion direction of a PET 80 
kg/m3foam, where the effect of strand coalescence on the cellular structure can 
be observed. 

Fig. 6. Flexural stress strain curves for PET foam 80 kg/m3 tested under toom 
conditions, 40◦C and 80% RH, and 40◦C and 0% RH. Cross marks failure of 
the sample. 
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passage can take place through permeation through the cell walls, and 
direct flow through the open cells. While our measured open cell content 
of ~20% is considered typical [55], the value of open cell content for the 

particular polymeric foams used in previous reports of their moisture 
sorption is not provided [20,27,37], preventing from comparison. 
Previous authors have reported additional weight gain under water 
immersion than under moisture vapor, but this has been interpreted as 
water accumulation in the superficial open cells [20]. In this work as 
well as that of previous authors, the surface of the foams was blotted 
with paper tissue before weighing during the gravimetric moisture up-
take experiments, making this interpretation inconsistent with the 
experimental procedure. 

The finding that water indeed passes into the cell cavities through the 
bulk of the foam reveals the need for an accurate definition of “satura-
tion of the foam”. Does this include the saturation of the cell cavities, or 
only of the polymer? While the models for diffusion in foams typically 
disregard moisture entrapment in the cell cavities for simplicity, i.e 
[40], experimental measurements of moisture uptake through gravim-
etry upon water immersion effectively measure both, the water sorbed 
in the polymer and the water trapped in the cell cavities. Our results 
show that these are two distinct phenomena which occur at different 
rates, as conceptually illustrated in Fig. 12. 

Moisture saturation of the polymer and moisture saturation of the 
cavities impact different aspects of the foaḿs function. The results of the 
bending tests of the wet 1 year water immersion samples (Fig. 11) show 
the same increase in ductility than those saturated with vapour (Fig. 6) 
and no degradation of the E modulus, meaning that the effect of the 
entrapped liquid water in the cells on the mechanical properties is 
limited. However, moisture entrapment in the cavities will have a strong 

Fig. 7. (a) Flexural stress-strain curves for foam 80 kg/m3, unaged with the load on the E direction (FU-80 E) and the P direction (FU-80-E), and after 6 months 
ageing at 40◦C and 80% RH, with the load on the E direction (FA-80 E – 6m) and the P direction (FA-80 P – 6m); and (b) 100 kg/m 3 foam, unaged with the load on 
the E direction (FU-100 E) and after 3 (FA-100E-3m) and 6 months ageing (FA-100E-6m) at 40◦C and 80% RH, both with the load in the E direction. 

Fig. 8. Storage modulus (a), loss modulus (b) and Tan δ (c) vs temperature for PET foam 100 kg/m3, unaged and after 6 months ageing. Load applied in the extrusion 
direction of the foam. 

Fig. 9. Stacked IR spectra for 100 kg/m3, unaged surface sample (100E 0 0), 6 
months ageing surface sample (100E 6m 0) and 6 months ageing 10 mm into 
the core (100E 6m -10) 
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impact on the thermal conductivity hence insulating properties of the 
foam. 

Degradation effects of hygrothermal exposure 

No degradation of the PET foam has been observed after the different 
ageing trials, nor of its chemical structure, nor of its mechanical prop-
erties. It has been demonstrated that this lack of degradation is not 

Fig. 10. Flexural stress-strain curves for PET foam 100 kg/m3 (a) and PET foam 80 kg/m3, unaged and after 1 year water immersion at room temperature. Samples 
were dried prior testing and tested until failure. 

Fig. 11. Flexural stress-strain curves for PET foam 100 kg/m3 (a) and PET foam 80 kg/m3, unaged and after 1 year water immersion. Samples tested wet. Cross 
represents the failure of the samples. 

Fig. 12. Proposed scheme for moisture saturation of the polymer and cavities in a foam with time. Saturation is represented by the colour blue.  
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diffusion controlled. Given the low moisture uptake by PET, it is 
reasonable that swelling is not significant. Cracking events related to 
swelling or osmotic damage are also not detected, consistent with the 
previous. 

The remaining irreversible degradation of PET which could arise 
from hygrothermal exposure would be embrittlement caused by hy-
drolysis, which has not been detected in our study. The question is, if the 
reaction kinetics are slow in relation to the duration of our experimental 
programme, if the reaction does not occur at all the temperatures under 
consideration, or if hydrolysis below Tg does not lead to embrittlement. 

Experimental reports on the hydrolysis of PET are confined to con-
ditions in which the polymer is above its Tg. Some early work conducted 
at 71ºC concluded that hydrolysis does occur below Tg [46]. However, 
this did not take into account the depression of Tg caused by moisture 
plasticization [61], possibly spreading confusion. No literature reference 
could be found during the course of the present study providing evi-
dence of hydrolysis of PET below Tg, with some authors citing the time 
length required for observing the hydrolysis of PET at lower tempera-
tures has so far prevented its observation in laboratory experiments [49, 
70]. The execution of accelerated ageing tests above the Tg of PET for 
energy infrastructure [65,71] and civil engineering [72–74] applica-
tions is common. According to models for service life prediction for PET 
upon hydrolysis [45], the required service life of 30 years for DH 
pipelines would be secured with high moisture at ground temperature. 
But the validity of these Arrhenius extrapolations to the glassy state 
when the activation energy (Ea) has been obtained in the rubbery state is 
questioned in the literature [45,49]. In this study, care was taken to 
select accelerated ageing condition in relation to the in-service ground 
moisture temperature of around 10ºC, but ensuring the maintenance of 
the glassy state. Considering the Tg depression caused moisture [61], the 
selected temperature of 40ºC provides an adequate ΔT = 20ºC below Tg.. 
In a previous study of the hydrolysis of PET foam, above Tg [50] we have 
observed that the ductile-brittle transition is linked to the attainment of 
the minimum mobile amorphous content and crystallinity increase, 
leading to a micromechanical cause of embrittlement, rather than a 
molecular cause related to the reduction of tie-molecules concentration. 
The hydrolysis reaction and reduction of molecular weight continue 
after this point. This would question the occurrence of the 
hydrolysis-induced embrittlement of PET when the polymer chains are 
not mobile, below Tg. 

Conclusions 

Moisture uptake in the PET foam consists of two distinct phenomena: 
(i) the diffusion and sorption of moisture by the polymer matrix, at 
analogous rates as in films, and (ii) the progressive passage and filling of 
the cell cavities by liquid water in the case of liquid water immersion, 
which occurs much slower and in a multistage process. 

The hygrothermal degradation of the PET foam is not diffusion- 
controlled. Plasticization of the foam is observed due to moisture sorp-
tion of the PET cellular skeleton. 

The alteration of the mechanical properties due to water entrapment 
in the cell cavities is not significant. 

The low moisture uptake of PET appears to limit degradation due to 
swelling or osmotic damage. 

No embrittlement was observed after 6 months ageing at 40ºC and 
80% RH, nor after one year water immersion at room temperature. Our 
previous research questions the occurrence of hydrolysis-induced 
embrittlement at temperatures below the Tg of PET. 
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Abstract

Polymeric foams are a key element of many multifunctional sandwich structures.

The most commonly used polymeric foam, polyurethane, presents environmental

drawbacks, related to poor recyclability and the use of toxic diisocyanates for their

manufacturing. The separation of layers in sandwich structures is a further unre-

solved hurdle toward the recyclability of these elements. There is a need for broad-

ening the spectrum of polymeric foams. In this context, the foamability of

polybutene-1 (PB-1) is studied through extrusion foaming experiments. From the

application side, foaming PB-1 would allow the manufacturing of district heating

pre-insulated pipes out of one single material, bringing circular product design to

the energy sector. From the scientific side, there is a knowledge gap in the foaming

of polymers in the rubbery state at room temperature, such as PB-1, due to difficul-

ties in the cell stabilization step. This supports the need for research in the foaming

of this polymer. In this study, four commercial grades of PB-1 were evaluated, cov-

ering different chain structures, molecular weights, and crystallinity degrees. Very

different foaming behaviors were found. Dimensionally stable foams were achieved

with the two homopolymers tested, demonstrating the foamability of this polymer.

KEYWORD S

extrusion, foams, polyolefins, circular economy, circular product design

1 | INTRODUCTION

Polymeric foams have experienced an increased use in
recent years as a key element in multifunctional sandwich
structures, which combine a structural load-bearing func-
tion with nonstructural functions like insulation. This has
expanded their use in applications including aerospace,1–4

marine,5–7 civil,6–9 and energy infrastructure as wind
blades10,11 and district heating piping networks.12

Most commonly used polymeric foams such as poly-
urethane (PU) are thermoset, hindering their recycla-
bility, as well as require hazardous raw materials for

their manufacturing, such as the recently restricted
diisocyanates in PU.13,14 Analogously to how the phas-
ing out of chlorofluorocarbons (CFCs) enforced by the
Montreal Protocol15 triggered research and develop-
ment on alternative blowing agents during the 90s and
2000s,16–20 pressing requirements on material's recycla-
bility and environmental impact brought by the circular
economy has placed research and use of
thermoplastic,21–28 biodegradable,29–31 and biobased32–
34 foams on the current research agenda. However, the
recyclability of sandwich structures is hindered by the
separation of the different layers of materials, which is
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still an unresolved problem. A true transition to the cir-
cular economy involves a holistic product design, evaluat-
ing the recyclability of the complete composite structure
and not only of its individual layers. Best practice in green
engineering includes minimization of the number of mate-
rials in an element.35 This could be achieved by increasing
the knowledge on foaming of a broader range of polymers,
tailoring the properties of multifunctional structures not by
material layers but by material processing.

Polybutene-1 (PB-1) is a polyolefin produced by the
polymerization of 1-butene using supported Ziegler–
Natta catalysts.36 It is a high-molecular weight, linear,
isotactic, and semicrystalline polymer. Properties include
low coefficient of thermal expansion,12 high-heat deflec-
tion temperature, stress cracking resistance (ESCR), and
outstanding creep resistance.37 It is a recyclable thermo-
plastic and nontoxic,38 pre-requisites for circular product
development.

PB-1 is one of the common materials used as service
pipes for district heating networks,12,39 application which
motivates this research. Current district heating pre-
insulated pipes are sandwich components comprising a
service pipe and foam layer, as for state-of-the-art of
PU,39 and a protective casing. The foam layer acts both
as insulation and as bond between the medium pipe and
the casing, supporting multiaxial stresses. Currently used
PU in bonded pre-insulated pipes is required to have a
thermal conductivity lower than 0.029 W/(m � K),40 and
for insulated plastic pipes, an axial shear strength
>0.09 MPa.41 Foaming PB-1 would allow the manufactur-
ing of a pre-insulated pipe out of only one material.

From the scientific perspective, with a glass transition
temperature (Tg) of �25�C,37 PB-1 is a polymer in the
rubbery state at room temperature, a polymer class for
which limited studies on foaming exist, and an identified
challenge in foaming.42 This is due to the difficulty in the
cell stabilization step, as a result post-foaming shrinkage
due to the escape of the blowing agent from the matrix,
facilitated by being above its Tg, and cell coalescence
driven by viscoelasticity. There is a need for increasing
the knowledge on foam processing for this polymer class.

After an extensive literature search for PB-1 foaming,
only one reference was found, were one grade of PB-1
was included in a screening of different semicrystalline
polymers targeted to assess the effects of crystallinity on
the morphology of foams prepared by temperature-
induced batch foaming.43 This highlights the need for
research on the foaming behavior of this polymer.

In this study, the extrusion foaming behavior of PB-1 is
studied using a chemical blowing agent (CBA). Different
commercial grades were evaluated, including two homo-
polymers, one copolymer, and one thermoplastic elasto-
mer. The obtained samples have been characterized for

density, expansion ratio, and microstructure. Foamability
is assessed in terms of achieved volume expansion ratio,
microstructure, and processing window size, using avail-
able extrusion equipment. Optimization of the foaming
process is out of the scope of this study. A part of this
study was presented in the First International Conference
on “Green” Polymer Materials 2020 44 and included here
for completeness.

Very different foaming behavior has been found
between the tested grades. The two homopolymers pres-
ented the better foaming behavior. Foams with cell popu-
lation density of 104 cells/cm3 and expansion ratio of up
to 1.8 were obtained, demonstrating the foamability of
the polymer. The processing window was found to be
narrow, as expected for a linear semicrystalline polymer.
Foam shrinkage, one of the identified main risks given
the rubbery nature of PB-1, was found in the thermoplas-
tic elastomer grade only. The tested homopolymers pres-
ented good dimensional stability. The main challenge to
overcome is the low-melt strength, as encountered in
recent developments of polypropylene (PP),22,45 polyeth-
ylene terephthalate (PET),28,30,46 or polylactic acid (PLA)
foams,34 which limits volume expansion. Higher expan-
sion ratios could be obtained through processing optimi-
zation and resin rheology improvements, through, that
is, increasing the molecular weight of the polymer.

2 | EXPERIMENTAL

2.1 | Materials

Four commercial grades of PB-1 from LyondellBasell
were investigated, presenting different chain structures,
molecular weights, degree of crystallinity (Xc), melting
temperature (Tm), and melt flow ratio (MFR). Table 1
presents an overview with the data provided by the man-
ufacturer. Resins were used as received.

A chemical blowing agent (CBA) was used, Hydro-
cerol CT 550, kindly provided by Clariant. The amount of
dosed CBA was varied between 2% and 10%. The main
gas released by this CBA is CO2, and the effective compo-
nents amount to 70% according to the technical data
sheet.

2.2 | Sorption/desorption kinetics

Sorption and desorption kinetics of CO2 in PB1-a, PB1-b,
and PB1-c at room temperature were studied using the
gravimetric method proposed by Berens & Huvard.47 CO2

of >99.8% purity was used. The polymer was molten
and compression molded into discs of 40 mm diameter

DOYLE 2 of 12



A Circular Economy Approach to Multifunctional Sandwich Structures

  112

hcu

and 2 mm thickness. PB-1 experiences crystal–crystal
transformation at room temperature. When cooling from
the melt, it crystallizes into metastable Form II, charac-
terized by a tetragonal unit cell. They then gradually
transform into Form I stable crystals.48–50 This process is
completed in around 10 days depending on the storage
conditions.51 Therefore 10 days were allowed between
the sample molding and sorption/desorption tests, as to
test in the same form as the as-received pellets in the
extrusion experiments. The discs where saturated at room
temperature and 50 bars in an autoclave (Eurotechnica
GmbH, Bargteheide, Germany). This pressure was
selected as to be close to the extruder die pressure. Once
the defined saturation time (ts) was reached, a rapid
decompression of <30s was undertaken. The samples
were placed in an analytical balance with sensitivity of at
least 1 mg and its weight decrease logged in 5 s intervals.

From the initial disk weight before sorption, W0, and
the weight recorded during desorption (Wt), the rate of
desorbed CO2, Mt,d, can be derived as:

Mt,d ¼ Wt�W0ð Þ
W0

: ð1Þ

For Fickian diffusion from a plane sheet,52 the plot of
Mt,d versus √td is initially linear, and extrapolation to
desorption time td = 0 provides Mt,s, the sorbed CO2 at
the end of the sorption period ts. By running consecutive
tests for longer ts, the equilibrium uptake M∞ is found
once a constant value of Mt,s is obtained. Experiments
were conducted in triplicate.

2.3 | Extrusion foaming process

A twin screw ZSE 27 MAXX extruder (Leistritz
Extrusionstechnik GmbH, Nürnberg, Germany) was
used, with D = 28.3 mm, L/D = 48, and 12 modular bar-
rels with 2.1 kW heating power each and water cooling.
A strand die with three strands of 4 mm diameter each
was used. The feeding temperature was set as low as pos-
sible as to create a melt seal and avoid premature

degassing of the CBA, which was set between 130 and
145�C depending on the resin used. The temperature was
progressively increased up to 175�C until after the CBA
dosing point, as to allow its complete decomposition.
From then on, it was progressively lowered. Die exit tem-
peratures were varied between 80 and 140�C. Die pres-
sure was monitored. Preliminary trials were conducted to
determine adequate mass flow rate and screw speed for
foaming with the available extruder and screw configura-
tion. 100 rpm and 4 kg/h were found appropriate to
achieve the necessary die pressure for foaming to occur.

2.4 | Foam characterization

The foam samples were randomly collected at each
processing condition and characterized for dimensional
stability, volume expansion, density, cell size, and cell
population density.

The dimensions stability of the extrudates was evalu-
ated by photographing the strands using a Nikon D700
camera from immediately after collection (time between
collection and initial photo max 20s) up to over 2 h after
extrusion, in 20 s intervals. The diameter of each strand
through the sequence was then measured from the
images at least three different points and the average
reported.

The density of the extrudates was determined in trip-
licate with a 100 ml glass pycnometer, distilled water and
a Sartorius AC 211 S (Göttingen, Germany) balance.

The volume expansion ratio (Vexp) was calculated as

Vexp ¼ ρpolymer
ρ foam

: ð2Þ

The morphology of the foams was examined in an
optical microscope (Leica DMLP, Wetzlar, Germany).
Cell size was measured from the obtained micrographs
using the open-source image-processing package Fiji.53

Measurements from around 100 cells and typically three
micrographs per resin and process conditions are
reported.

TABLE 1 Overview of the evaluated PB-1 resins

Resin Type Approx. molecular weight (g/mol) Xc (%) Tm MFR (g/10 min @190�C/2.16 kg)

PB1-a Homopolymer 530,000 ~55 128�C 0.4

PB1-b Homopolymer 460,000 ~55 131�C 0.6

PB1-c Thermoplastic elastomer 550,000 ~25 114�C 0.5

PB1-d Random copolymer 315,000 ~35 97�C 2.5

Abbreviation: PB1, polybutene-1.
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Cell population density, defined as the number of
cells per unit volume of the original unfoamed polymer,
was calculated as:29,54

N0 ¼ n
A

� �3=2 � Vexp, ð3Þ

where (N0) is the cell population density (cell/cm3), n is
the number of cells in the micrograph and A the area of
the micrograph (cm2) and Vexp the volume expansion
ratio.

3 | RESULTS

3.1 | Sorption/desorption kinetics

Figure 1a presents the desorption curves for grades PB1-a,
PB1-b, and PB1-c for samples sorbed up to equilibrium,
and Figure 1b the CO2 uptake versus sorption time. It can
be readily observed that PB1-a and PB1-b present very
similar CO2 sorption/desorption kinetics, with a linear
desorption profile. PB1-c presents a significantly different
behavior, with an exponential decay desorption profile.
Practically the totality of the sorbed CO2 is desorbed in
approximately 6 min, for all the sorption times trialed.
This has a great impact on the foam dimensional stability,
as will be described in the following sections. A slight
combing of the PB1-c disks upon extraction from the auto-
clave could be also observed, as well as a change in color
from translucid to white (see Figure 2).

Changes in light transmission intensity through poly-
mer sheets have been related to lamellar thickening and
recrystallization induced by CO2.

55

From the Mt,s data (see Table 2) it can be also con-
cluded that the solubility of CO2 is higher in PB1-c. Due
to the rapid desorption, the extrapolation to td = 0 is

FIGURE 1 (a) Desorption curves after 24 h sorption time (sorption equilibrium reached) and (b) mass uptake versus sorption time

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Samples of PB1-a before (a) and after (b) sorption/

desorption, PB1-b before (c) and after (d), and PB1-c before (e) and

after (f) sorption/desorption test. PB1, polybutene-1 [Color figure

can be viewed at wileyonlinelibrary.com]
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more imprecise than for resins PB1-a and PB1-b, and
therefore the higher variability in the results. For a
higher precision, an in situ measurement would be
required, such as a magnetic suspension balance. The
obtained results allow to explain the dimensional stability
behavior of the post-extruded foam strands.

3.2 | Foaming behavior

PB1-a and PB1-b produced dimensionally stable foam
extrudates. Processing temperature window was narrow
in both cases. For resin PB1-a, above 115�C die tempera-
ture, rupture of the extrudate's skin and limited expan-
sion could be visually observed, implying low-melt
strength to withstand bubble growth above that tempera-
ture. The lower operating temperature was found to be
110�C, temperature below which the extrudates would
solidify at the die exit. A relatively high-CBA dose was
needed to visually obtain a significant volume expansion.

Resin PB1-b presented a slightly wider processing tem-
perature window, with an equivalent behavior than
PB1-a on the low end, but the upper temperature could
be increased to 120�C, temperature above which gas
escape from the extrudate's skin could be visually
observed. A higher die swell could be observed with this
resin, and its implications covered in Section 4.

The processing window for resin PB1-c was very nar-
row, limited by the high viscosity on the low end and
high-gas diffusivity on the high end. With die tempera-
ture from 110�C onwards, gas escaping from the
extrudate skin could be visually observed, leading to very
low-expansion ratio, and below 100�C high-viscosity
prevented processing. Foam extrudates with visually
acceptable expansion ratio were obtained with a die

TABLE 2 Rate of CO2 desorption after different saturation

times

ts (h)

Mt,s

PB1-a PB1-b PB1-c

5 0.039 ± 0.002a 0.038 ± 0.001a 0.053 ± 0.033a

7 0.041 ± 0.004a 0.042 ± 0.002a 0.140 ± 0.039a

12 0.041 ± 0.001a 0.043 ± 0.001a 0.115 ± 0.086a

24 0.044 ± 0.003a 0.049 ± 0.005a 0.203 ± 0.065a

60 0.043 ± 0.002a 0.043 ± 0.007a 0.107 ± 0.080a

Abbreviation: PB1, polybutene-1.
aSD.

FIGURE 3 Extrudate diameter of PB1-c versus time, for different CBA concentrations at die T = 100�C (a) and 5% CBA and different

die T (b). CBA, chemical blowing agent; PB1, polybutene-1 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Photograph of extrudate section, corresponding to

PB1-b, die T = 110�C. PB1, polybutene-1
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temperature of 100�C. However, severe post-foaming
shrinkage was observed. Figure 3 shows the evolution of
the diameter width with time after extrusion, for different
CBA concentrations at 100�C die temperature (a) and for
5% CBA and different die temperature (b).

As can be seen, most of the shrinkage occurred in the
first 2.5 min after foaming, irrespective of the CBA con-
centration used. This can be directly related to the CO2

diffusivity of PB1-c, see Figure 2a). Given the poor
dimensional stability, this grade was excluded from fur-
ther characterization.

The foam extrusion of PB1-d was screened with die
temperature between 80 and 110�C. Foaming was not
achieved, and obtained extrudates presented low viscosity
and dimensional stability. Therefore, this grade was
excluded from further analysis.

FIGURE 5 Micrographs

obtained from PB1-a: (a) die

T = 110�C and 4.2% CBA,

(b) 7.15%, (c) 8.6%, and (d) 10%

CBA; (e) die T� = 115�C and

4.2%, (f) 7.15%, (g) 8.6%, (h) 10%.

CBA, chemical blowing agent;

PB1, polybutene-1
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3.3 | Foam characterization

The obtained foam extrudates present a skin and a gradient
in cell size. This is due to the low-die temperatures used,
which solidifies the skin and produces a Joule-Thompson

like cooling at the outer surface.56 A photograph of an
example extrudate section is presented in Figure 4.

Representative micrographs for each process condi-
tion for grades PB1-a can be found in Figure 5 and for
PB-1b in Figure 6.

FIGURE 6 Micrographs obtained from PB1-b: (a) die T = 110�C and 2%, (b) 3%, (c) 4.2%, (d) 5.5%, and (e) 7% CBA; (f) die T� = 115�C
and 2%, (g) 3%, (h) 4.2%, (i) 5.5%, and (j) 7% CBA; and (k) die T� 120�C 2% CBA, (l) 4.2%, (m) 5.5%, and (n) 7% CBA. CBA, chemical blowing

agent; PB1, polybutene-1
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The determined volume expansion ratio, cell diameter
and cell population density their relation with the process
conditions are presented in Figure 7a–c for PB1-a and
Figure 7d–f for PB1-b. It should be noted that given the
shape irregularity, the reported diameter is the equivalent
diameter, defined as the diameter of a circle with the
same area as the measured cell area.

The obtained foam densities can be found in Table 3.
It should be noted that a CBA is used, for which the
effective foaming components amount to 70% weight
(wt). Therefore, some mass is added due to the decompo-
sition products, contributing to the density of the
obtained foam. The calculated expansion ratio is there-
fore slightly underestimated.

As can be observed in Figures 5, 6, and 7b,e, foams
present large pores with significant cell size variability.

For PB1-a, the two die temperatures set did not pro-
duce any difference in the obtained cell size for CBA con-
centrations of 4.2 and 7.1% wt. Cell size decreased for
8.5% wt as cell population density increased. This inverse
relationship is consistent with the reports of previous
authors.57,58 This effect is particularly notorious for the
110�C die temperature trial, where the average cell size
was reduced by more than 50%. After this point N0

decreased again and cell size increased. This can be
explained as the increase of CBA provides more available
gas for cell nucleation, until a maximum is reached. With
further gas increase and cell growth, cells collide against
each other, reducing the number of cells and increasing
their size,59 as can be observed in the trends of Figure 7b,

c. As for the expansion ratio, as can be seen in Figure 7a);
with the die temperature of 110�C, it increased until a
maximum and then decreased. This indicated that at this
temperature the expansion behavior is governed by the
polymer melt's stiffness. The expansion increase with
increasing CBA concentration can be related to the plas-
ticization effect of the gas.57 After reaching a maximum,
the gas starts diffusing out of the polymer's hot skin, lead-
ing to a reduced expansion. For the 115�C die tempera-
ture series, the maximum expansion was achieved with
the lowest concentration of CBA tested, remaining at
constant levels until the last CBA concentration tested, of
10%, where the expansion decreased. It can be derived
that above that dosage the increased level of gas just
increased the diffusion out of the hot skin of the
extrudates, thus the volume expansion remained at con-
stant levels. The final expansion reduction together with
reduction of N0 is an indication of cell coalescence.

For PB1-b, the same inverse relationship between cell
size and N0 can be observed. With this resin, foaming could
be visually observed at lower CBA doses than for PB1-a. In
Table 1 it can be seen that the MFR is lower for PB1-a than
for PB1-b. MFR is an indirect measurement of viscosity,
being the two parameters inversely proportional. There-
fore, this difference could be related to the higher viscosity
of PB1-a, requiring higher CBA concentration to achieve
expansion. It can be seen in Figure 7f) that the cell popula-
tion density is in general higher with higher die tempera-
ture. This could be related to reduced stiffness with higher
temperatures, which favorizes cell nucleation and growth.

FIGURE 7 Relationship of the processing conditions with volume expansion ratio (a), cell equivalent diameter (b) and cell population

density (c) for PB1-a, and same in (d), (e), and (f) for PB1-b. PB1, polybutene-1 [Color figure can be viewed at wileyonlinelibrary.com]
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As for volume expansion ratio, the highest level for this
grade is achieved with the lowest die temperature. Expan-
sion ratio is related to both cell size and cell population
density. In this case, it can be seen that the volume expan-
sion is driven by a low number of very large cells.

4 | DISCUSSION

4.1 | Effect of resin type in foaming
behavior

A very different foaming behavior was found between
the four different grades tested. This highlights how a

broad screening of different grades is required in order to
assess the foamability of a particular polymer. Of the four
grades tested, the two homopolymers PB1-a and PB1-b
present better foaming behavior. The thermoplastic elas-
tomer PB1-c failed in terms of dimensional stability,
severely suffering from post-foaming shrinkage. This was
an identified risk,42 related to the rubbery state of PB-1,
which was however found in this grade only. From the
study of the CO2 desorption kinetics, it is clear that this
shrinkage is related to the high diffusivity, leading to a
quick gas escape before the matrix can solidify. Further
information on the chain configuration would be
required to explain the significantly different desorption
kinetics between PB1-c and the two homopolymers. The
lower crystalline content (see Table 1) can be pointed out
as a contributor toward higher solubility and diffusivity.

The lack of foaming ability of PB1-d can be related to
its low viscosity, which hinders the matrix from with-
standing the stretching forces required for bubble
growth.60

A similar volume expansion ratio was achieved with
PB1-a and PB1-b. Both grades allowed the foaming of
dimensionally stable foam extrudates, which was one of
the main research questions of this study. The CO2 diffu-
sivity has been found equivalent for both resins. PB1-b
presents a slightly broader processing temperature win-
dow than PB1-a.

For PB1-a, cell size is larger for higher die tempera-
tures. This is consistent with the report of previous
authors.61 Interestingly, for PB1-b, the opposite trend is
found, with significantly larger cell sizes obtained with
the lower die temperatures. It has been noticed that the
die swell of PB1-b is higher than for PB1-a, and higher
for lower temperatures, where the die swell Bexp is
defined as:62

Bexp ¼ d
d0

, ð4Þ

where d is the measured diameter of the extruded strand
and d0 the diameter of the die.

While for the measurement of the true die swell d
should be measured in a complete relaxed strand, requir-
ing some annealing,62,63 the measurement of the
extruded strand diameters provides qualitative data on
the die swell, which can be correlated to the degree of
elasticity of different samples.63,64 Therefore, we can see
that the PB1-b qualitatively presents higher elasticity
than PB1-a, and that lower temperatures allow for a
higher melt elasticity, which in turn supports the bubble
growth. Table 4 presents the comparison of Bexp for
PB1-a and PB1-b, obtained with a die temperature
of 110�C.

TABLE 3 Density of the obtained foams

(CBA) % wt Die T� (�C) Density (g/cm3)

PB1-a 4.2 110 0.74 ± 0.03

7.1 110 0.50 ± 0.02

8.5 110 0.60 ± 0.03

10.0 110 0.52 ± 0.03

11.2 110 0.63 ± 0.09

4.3 115 0.51 ± 0.12

7.2 115 0.51 ± 0.04

8.6 115 0.49 ± 0.18

10.1 115 0.60 ± 0.09

PB1-b 2 110 0.61 ± 0.02

3 110 0.47 ± 0.04

4.2 110 0.50 ± 0.05

5.5 110 0.48 ± 0.03

7 110 0.49 ± 0.03

2 115 0.67 ± 0.01

3 115 0.59 ± 0.02

4.2 115 0.54 ± 0.01

5.5 115 0.54 ± 5.5

7 115 0.59 ± 0.08

2 120 0.60 ± 0.01

4.2 120 0.48 ± 0.01

5.5 120 0.56 ± 0.05

7 120 0.56 ± 0.05

Abbreviations: CBA, chemical blowing agent; PB1, polybutene-1.

TABLE 4 Die swell

d (cm) Bexp

PB1-a 0.99 ± 0.06 2.48 ± 0.15

PB1-b 1.09 ± 0.06 2.73 ± 0.15

Abbreviation: PB1, polybutene-1.
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The found correlation between die swell and foaming
ability is consistent with the observations of previous
authors.28 It can be seen how multiple variables affect
the foaming process, leading to the complexity of its
optimization.

4.2 | Foamability of PB-1 versus other
polymers

The foaming processing window for PB-1 has been found
narrow. This was expected, as PB-1 presents characteris-
tics which have been previously identified as challenging
for foaming, such as (a) linear molecular structure, which
typically involves the lack of required extensional viscos-
ity to withstand the stretching forces during bubble
growth;60 (b) semicrystallinity, which limits the
processing window due to crystallization-induced stiff-
ness on the lower temperatures and insufficient melt
strength on the higher temperatures42 as well as hinders
the blowing agent's solubility and diffusivity;29,43,65 and
(c) rubbery state at room temperature, which facilitates
the escape of the gas, impacting on the dimensional sta-
bility of the foam.42 It should be noted that some of these
features can also be used to the advantage of foaming.
For example, while crystallization has significant effects
both on cell nucleation mechanisms and cell growth,29,43

it has been found an effective way to improve the
foaming ability of polymers with low-melt strength, as
the rigid crystalline structure will help restrict the foam's
cell coalescence.65 An optimal crystallization degree dur-
ing processing is needed to ensure the foam has a high
expansion ratio and a large cell density, and so knowl-
edge on its kinetics. The closest polymer that PB-1 can
relate to is PP, as member of the polyolefin family, semi-
crystalline, and with a Tg below room temperature. Early
research on foaming of PP has found the same hurdles
described above22,45 related to the low-melt strength of
PP. There is a need to find a processing optimum
between allowing for bubble growth and preventing gas
loss through the extrudate's hot skin. A successful strat-
egy reported is to keep the die temperature as low as pos-
sible as to reduce gas loss during expansion,24 in
common to the findings of our study, where a lower tem-
perature than the recommended processing temperature
was used.

It should be noted that the objective of this study is to
assess foamability and identify favorable grades for
foaming using available extrusion equipment. Hence,
optimization of the process conditions is not in the scope
of this work. There is room for improving the obtained
foam through modifications of both the resin and the
extrusion equipment and process.

Early work estimated that the operable temperature
range for producing an acceptable PP foam spanned a
mere 4�C,66 range which has been confirmed by later
authors.67 This is narrower than the 10�C found in our
study for PB-1. Despite this, successful foaming of PP is
reported though the use of branched24,57 or linear/
branched PP blends,68 reduction of the melt temperature
and use of high-molecular weight blowing agents for
minimizing gas loss during expansion, adaptation of the
processing conditions at the die to match crystallization
kinetics24 and the use of nanoparticles.69,70 Commercial
breakthrough has come with the optimization of
processing tools, with the use of strand foam extrusion
technology.71 This method involves the use of a breaker
plate, a multi-orifice die producing several individual
foam strands, which are then pressed together to yield
low-density foam sheets.72 This enables expanding and
stabilizing low-melt strength polymers, and is currently
the state-of-the-art technology for commercial PET
foam,72 for which low-melt strength was for long a hur-
dle toward successful foaming.28,46,73 There are therefore
multiple strategies and pathways open for further optimi-
zation and successful development of a PB-1 foam.

5 | CONCLUSIONS

The foam extrusion behavior of four commercial grades of
PB-1 was evaluated, including a thermoplastic elastomer,
two homopolymers and a random copolymer. Very differ-
ent behaviors were encountered, highlighting the impor-
tance of careful screening with different grades. The two
homopolymers were successfully foamed, presenting good
dimensional stability and achieving cell population densi-
ties of up to 104 cells/cm3 and an expansion ratio of up to
1.8. Foamability was hence confirmed and most promising
commercial resins identified. An identified challenge is
low-melt strength. Possible optimization strategies to
increase the expansion ratio include resin rheology
improvements, tailoring processing conditions to the crys-
tallization kinetics and optimizing the extrusion equip-
ment, which will be part of future research.
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Abstract: Insulating polymeric foams have an important role to play in increasing energy efficiency
and therefore contributing to combating climate change. Their development in recent years has been
driven towards the reduction of thermal conductivity and achievement of the required mechanical
properties as main targets towards sustainability. This perception of sustainability has overseen
the choice of raw materials, which are often toxic, or has placed research efforts on optimizing one
constituent while the other necessary reactants remain hazardous. The transition to the circular
economy requires a holistic understanding of sustainability and a shift in design methodology and
the resulting research focus. This paper identifies research needs and possible strategies for polymeric
foam development compatible with Circular Product Design and Green Engineering, based on an
extensive literature review. Identified research needs include material characterization of a broader
spectrum of polymer melt–gas solutions, ageing behavior, tailoring of the polymer chains, detailed
understanding and modeling of the effects of shear on cell nucleation, and the upscaling of processing
tools allowing for high and defined pressure drop rates.

Keywords: insulation; polymer; foaming; circular economy; cradle2cradle; green engineering; circular
design

1. Introduction

Insulation materials are covered by the European Eco-design Directive [1]. Eco-design,
from the design process standpoint, can be referred to as a relative approach. It “starts with
the present state of affairs and identifies existing problems, which people subsequently
attempt to solve” [2]. Although bringing improvement, this approach has been criticized for
limiting the search for truly sustainable innovations, as it only proposes optimizations from
what is existing [3]. The focus of this relative approach is ‘not the good, but the less bad’ [4].
Eco-design strives for a wide implementation of insulation materials, seeking energy
efficiency. Under the assumption that ‘the major environmental impacts of insulation lie in
the environmental benefits it provides during the use phase’ [5], research has been driven
by the objective of reducing thermal conductivity and matching the required mechanical
properties as the only viewpoint, assuming that this is sustainable as such.

This has led, for example, to the selection of chlorofluorocarbon (CFC) first and
flammable hydrocarbons (i.e., pentane) at present as blowing agents [6], as they present
lower thermal conductivity than other inert gases, while at the same time increasing
the need for flame retardants, which are often toxic and hinder the later recycling of
the material [7]. Another paradoxical example could be the research efforts placed on
green polyurethane foams by deriving polyols from vegetable oils, such as palm [8–10],
rapeseed [11], soybean [12,13] and linseed [14,15], while diisocyanates are still required for
the polyurethanes’ synthesis, which are classified as suspected of causing cancer, as dermal
and respiratory sensitizers, for acute toxicity following inhalation, as well as eye, skin and
respiratory irritants [16] and have recently been restricted [17].
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The Circular Economy (CE) is gaining momentum. Increasing focus on the develop-
ment of circular buildings [18–20] and infrastructure [21–24] requires the availability of
circular materials and products. The availability of circular, sustainable and recyclable
insulation materials is reported to be particularly lacking [18], which shows the need for
research and development in this direction. The fundamental distinctions between circu-
lar product design versus eco-design have been the focus of methodological research [3].
Circular Product Design requires a holistic approach to ‘closing the loop’ of product life
cycles by extracting the maximum value of all raw materials and widespread recycling
and reuse [25]. However, recycling and reuse can be hampered by the presence of certain
chemicals because of technical barriers or because of their hazardous nature. Moving
toward the CE will require a paradigm shift in the way things are produced, i.e., using less
additives and eliminating toxic chemicals to enable mainstream recycling.

This paper takes the Cradle-to-Cradle framework [4] and will use the 12 Principles
of Green Engineering [26] and the Inertia Principle [27] as guidelines to measure the
fulfillment of Circular Design, as detailed in Section 2. Although sustainability and environ-
mental concerns have supported different research lines in polymeric foaming, such as the
elimination of CFCs [28–31], the use of inert gases as blowing agents [32–36], the foaming
of thermoplastic materials [32,37–39], biobased [40–42] or biodegradable [33,43,44], and
this typically involves only one aspect of the foam developed, and none of these works
considers or consistently applies the principles of Green Engineering or Cradle to Cradle.

Reviews of the literature on recent trends in polymer foaming, including knowledge
gaps, have been published in recent years [45–47]. These works provide a general overview
of the state of the art and current technical challenges. The novelty of this work is that it
presents a broad screening of the literature through a Circular Design filter, to answer the
following questions: how can polymeric foams be developed while consistently applying
the Cradle to Cradle framework? Which research gaps need to be addressed? The recycling
possibilities of traditional polymeric foams is out of the scope of this paper.

2. Designing for the Circular Economy

As to develop an insulating foam that meets the requirements of the circular economy,
the definition and criteria for this fulfillment need to be established.

The concept of CE is fed by different schools of thought, and a description of them
can be found in [48]. This section summarizes the essential concepts and applicability of
the selected frameworks and principles, which are Cradle to Cradle [4], the 12 Principles
of Green Engineering [26] and The Inertia Principle [27]. In this paper, the term Cradle to
Cradle design and circular product design will be used indistinctly. It should be stressed
that Cradle to Cradle is here referred to as the design methodology, and not to the scope or
boundaries of a Life Cycle Assessment (LCA). LCA is a tool for the assessment of environ-
mental impacts associated with established products or processes, while this paper and
the Cradle to Cradle design methodology is concerned with the design and development
of products and processes. Discussions on the similarities and differences can be found
in [49].

2.1. The Performance Economy and the Inertia Principle

With the objective of decoupling growth from resource consumption, the Performance
Economy [27] proposes business models based on trading performance instead of goods.
Through such business models, the internalization of waste costs is achieved and resource
efficiency is rewarded. Walter Stahler introduced a guiding principle for circular design
with the Inertia Principle: “Do not repair what is not broken, do not remanufacture some-
thing that can be repaired, do not recycle a product that can be remanufactured. Replace or
treat only the smallest possible part to maintain the existing economic value of the technical
system” [27]. The aim of the Inertia Principle is to maintain the integrity of the product for
as long as possible, minimizing the environmental costs of the required processes to restore
the economic value of the product. Transferring the concept to polymeric foams would
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prioritize thermoplastic foams over chemically recyclable foams, for example, as a lower
level of recycling is needed.

2.2. Cradle-to-Cradle Design

The cradle-to-cradle (C2C) design [4] antagonizes current recycling in that it starts
from the beginning (design for recycling), rather than the current end-of-pipe approach
(what to do with waste). It proposes a new approach towards sustainable design based on
the intelligence of natural systems.

Three main tenets are proposed:

• Waste equals food;
• Use of current solar income;
• Celebrate diversity.

The first tenet brings the notion that waste is a human based concept, and by replicating
nature, materials should be designed as nutrients that flow through the biological or
technical cycle.

In the biological cycle, biobased materials would be used and composted after their
lifecycle, serving as nutrients for crops to grow and allow the circular production of new
biobased materials. The technical cycle is a closed-loop system in which non-harmful,
valuable synthetic and mineral materials flow in manufacturing, use, recovery, and reman-
ufacture cycles. This definition implies no preference for bio or non-bio materials, as long
as they are fully recyclable and non-harmful. An important issue is to keep separate the
biological and technical cycles, to enable the correct flow of materials. Hybrid bio/technical
materials which cannot be later separated impeach their later recovery, as they cannot
be composted nor technically recycled. This provides a first design criterion. Material
safety plays a central role and is a fundamental criterion in the design. The second tenet
sets renewable energy as a source to power any C2C product or process, as nature uses
photosynthesis. Thus, by keeping materials in the circular economy and powering cycles
with renewable energy, the number of cycles a product or process is subjected to would be
irrelevant from the environmental impact perspective. However, the fact that today 100%
renewable energy is not yet available to all, and the choice of energy source supply for
i.e., manufacturing facility is not always in the scope of the engineer’s work is a source of
criticism towards the broad applicability of the framework [50]. The third tenet encourages
to tailor designs to maximize their positive effects on the particular niche in which they will
be implemented, or in McDonough and Braungart’s words, ecoeffectivity vs. ecoefficiency.

2.3. The 12 Principles of Green Engineering

The 12 principles of Green Engineering [26] provide a guideline for scientists and
engineers aiming to design new materials, products, processes, and systems that are benign
to human health and the environment. The principles are envisaged for broad applicability,
from the construction of chemical compounds to urban architecture. Some examples include
‘designers need to strive to ensure that all material and energy inputs and outputs are as
inherently nonhazardous as possible’ (Principle 1), ‘system components should be output
pulled rather than input pushed through the use of energy and materials’ (Principle 5), and
‘multicomponent products should strive for material unification to promote disassembly
and value retention’ (Principle 9). In the context of polymer foaming, the application
of Principle 1 would support the need to phase out polyurethane due to the toxicity
of diisocyanates.

The application of Principle 5 can be exemplified using shear forces to promote cell
nucleation, where the presence of high shear would “pull” the gas phase out of the solid
cavity [51], as will be discussed in Section 4.3. Principle 9 aims to minimize the use of
additives. For the full list of principles and their details, the reader is referred to Anastas
and Zimmerman [26].

As stated by the authors of both frameworks [52], the C2C vision sets the course for
‘what do I do?’ while the 12 Principles of Green Engineering answer “How do I do it?” In
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this sense, they will be used to define the research needs for developing insulating foams
for the circular economy.

3. Methods

The objective of this paper is to identify the research needs and potential strategies for
polymeric foam development from a circular economy perspective, where the meaning of
a circular economy perspective is fulfilling the criteria described in Section 2. Data were
retrieved through a literature search. As search engines, Google Scholar, Google Patents,
and Espacenet were used. Used key words included foaming, polymeric foam, foamable,
AND recyclable, recycled, thermoplastic, environmentally friendly, sustainable, high tem-
perature, thermally stable, and insulation. Screened documents included peer reviewed
journal articles, books and handbooks, dissertations, project reports, and patents. Relevant
references identified in the evaluated pieces of literature were additionally included for
completeness.

The retrieved literature was screened and the data were sorted to answer the follow-
ing questions:

• What characteristics does a polymer need to have for successful foaming?
• Which are the main morphology–properties relationships of cellular plastics and the

link to processing conditions?
• Which strategies can be followed to use these relationships and what research needs

to arise when developing insulating polymeric foams according to circular product de-
sign?

Data collection, screening, and sorting was conducted in the period 2019–2022.

4. Results

The properties of polymeric foams are related to the properties of the polymer matrix and
to the foam morphology, which in turn is connected to the relative density and the geometric
structure of the foam [53]. At the same time, the final foam morphology itself is conditioned
by the selection of polymer, blowing agent, and expansion techniques [6,54]. Developing a
foam with target properties involves the selection of raw materials, process conditions, and
foaming tooling and technology. The following sections evaluate each of these aspects and
the research needs arising from them when following Circular Product Design.

4.1. Selection of Raw Materials: Need for Material Characterization

Material selection plays a central role, as it defines the properties of the final product
and at the same time their nonhazardous and recyclable nature are at the heart of C2C
design. The fulfillment of the full recyclability criteria implies no preference between
bio-based or non-bio-based materials. A recent review comparing LCAs of fossil based and
bio-based polymers found it was not possible to conclusively declare any polymer type
as having the least environmental impact in any category [55]. Therefore, they will not be
discussed separately in this paper. While the use of different additives is common in foam-
ing, such as cell stabilizers [56–58], flame retardants [56,58,59], nucleating agents [32,58,59],
and fillers [60,61], material diversity should be minimized to facilitate the later recycling of
the product.

In line with the Inertia Principle [27], thermoplastics would be preferred to thermosets,
as they retain greater product integrity, followed by chemically recyclable polymers. In line
with the 12 principles of Green Engineering [26], the non-hazardous nature of the materials
should be placed first. The requirement to replace commonly used foams because of their
non-recyclability or hazardous nature of raw materials triggers the need for alternative
foaming polymers. Insulating foams are often part of multi-functional sandwich struc-
tures. The application of circular product design to the complete structure may trigger
the interest to foam particular polymers to match the other material layers [62]. However,
the foamability performance assessment is not trivial. When comparing resin properties,
PET can be expected to provide superior mechanical and thermal performance as well as
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improved chemical and flame resistance than PS [63], leading to a reduction of additives
requirement. However, PET has long been a challenge in foaming, related to its low melt
strength [54,64,65]. Likewise, the IR-absorbing characteristics of PLA arising from the ester
group anticipate it to have better insulating performance than PS foam [36], but its foaming
has again been found to be problematic, due to its low melt strength [40]. Polybutene-1 s
high heat deflection temperature [66] and low thermal conductivity of 0.114 W/mK [67]
make it a great candidate for insulation where heat resistance is required, such as district
heating pipes. However, its foamability is only recently being explored [62].

The basic principles of foaming can be found in the literature [6,35,45,68] and involve
the sorption of the blowing agent into the polymer matrix under pressure, and the nucle-
ation and growth of bubbles, which can be induced through a reduction in pressure or an
increase in temperature. There is mass transport from the blowing agent in the polymer–gas
solution to the bubbles, which ends with the vitrification or crystallization of the polymer.
This last stage is critical for the success of the foaming process, as it stabilizes the cellular
structure. A schematic illustration of the process is presented in Figure 1. Delayed or slow
vitrification or crystallization may result in a too large extensional elongation of the cell
walls, resulting in cell wall rupture and coalescence.

Figure 1. Cell nucleation, growth, and stabilization.

Blowing agents are a necessary constituent of polymeric foams. They may be di-
vided into chemical (CBA) or physical blowing agents (PBA). Physical blowing agents
are generally preferred for lower density foams, while CBAs are preferred for high- and
medium-density foams [6,64]. Within PBA, chlorofluorocarbons (CFC), hydrochlorofluo-
rocarbons (HCFC), hydrofluorocarbons (HFC), hydrocarbons (HC), and inert gases (N2,
CO2) have been used [6]. Before the mid-1980s, CFCs were preferred due to their soluble,
volatile, and nontoxic nature [6]. However, their ozone depleting nature is well known, and
the Montreal Protocol signed in 1987 [69] called for the phase out of their manufacturing
and use, initially causing a shift to transition replacement HCFCs, and later to HFCs. These
are now called to phase out due to their high global warming potential (GWP) by the Kigali
Amendment to the Montreal Protocol [70] in force from 1 January 2019.The phase-out
program is represented in Figure 2.

Today, hydrocarbons, despite flammable in nature, are the blowing agent of choice
for extrusion foaming of insulating foams [6]. This flammable nature is a hazard [71,72],
and typically requires further adding flame retardants, which are often toxic themselves [7].
Therefore, focus should be placed on the use of inert gases. There is currently increased
interest in the use of CO2 as a blowing agent due to the mentioned safety and environmental
reasons, as well as cost considerations [36,43,73,74]. The main drawback of its use is its
higher diffusivity than that of long-chain hydrocarbons such as pentane, which affects the
maximum expansion ratio achievable [32], the thermal aging of the foam [75], and can
cause post-foaming shrinkage [72,76,77]. Strategies to overcome this will be discussed in
Section 4.2.2. An alternative is the use of hydrofluoroolefines (HFO), labeled 4th generation
blowing agents or refrigerants [78,79]. The main advantage of these blowing agents is
their very low global warming potential [79–81], ozone depletion potential [79,81], and
flammability [79], while presenting thermal conductivity similar to that of HFCs [82].
They also have a low photochemical ozone creation potential [80]. This has motivated
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their proposal [81,83] and evaluation [78,80,84] as blowing agents for polymer foaming,
including PU [78,81,83], HDPE [81,83], PBT [81], phenolic resins [81], PP [81,83], PS [81,83],
PTFE [81], PVC [81], PET [83] and cellulose acetate [84]. However, the toxicity of HFO is
conflictive and depends on the particular HFO in question [80,85,86]. Some are reported to
be toxic, such as HFO-1225 [85], while limited information prevents a conclusive statement
for others, such as HFO-1234yf, which undergoes atmospheric degradation producing
trifluoroacetic acid (TFA) [86]. There is reportedly no clear evidence of any HFO molecule
being toxicologically innocuous [85]. Thus, further research on the use of HFOs as blowing
agents for polymer foaming cannot be recommended.

Figure 2. Sankey diagram representing blowing agents phase out for non-article 5 countries (indus-
trialized) agreed in the Montreal Protocol and Kigali amendment.

The changes experienced and overcome by the foaming industry in the past 30 years
demonstrate how a shift towards a more sustainable design and manufacturing of poly-
meric foams is possible when the right framework and R&D investments are in place. Since
the number of inert gases is small and known, as for research needs concerning PBA, inert
gases solubility and diffusivity in different polymer matrixes, the rheology of the polymer
melt–gas solution and processing parameters can be cited and will be further discussed in
the following section.

Chemical blowing agents are solid or liquid materials which decompose under certain
conditions generating vapors [87]. An overview of the different blowing agents and their
mechanisms of action can be found in [81]. In terms of Circular Economy, the innocuous-
ness of the agent as well as of its decomposition products is a main selection criterion. Some
of the solid residues from the decomposition of CBAs such as 5-Phenyltetrazol, azodicar-
bonamide or hydrazides are hazardous [88] and hence make these compounds ineligible.
The CBA’s masterbatch carrier should be compatible with the polymer matrix. Since it is
typically impossible to use the same polymer as the matrix and master batch carrier, to
eliminate the risk of decomposition during production [88], using CBA’s involves polymer
blending to some extent, and its impact on later recycling options, should be explored.

Concerning the polymer, the foamability of polymers is strongly related to their rheo-
logical behavior [74,89,90]. Characteristics commonly reported as required for successful
foaming include high melt strength to withstand the elongational stresses acting during
the bubble growth phase [32,33,40,64,65,91,92] and strain hardening as an enhancement of
melt strength, contributing to the success of cell stabilization [43,89,90,93,94] and widening
the processing window [90]. Strain hardening behavior would contribute to successful



A Circular Economy Approach to Multifunctional Sandwich Structures

  128

hcu

Materials 2022, 15, 6212 7 of 24

foaming when it occurs at the strain rates relevant to the foaming process [95], which are
reported to be between 1 and 5 s−1 [74], although it has been suggested that the quan-
titative increase in the achieved expansion ratio might not remain when the process is
scaled-up from laboratory to production scale [96]. Other important aspects include the
size of the processing window, which is found between the melting temperature (Tm) and
the crystallization temperature (Tc) for semicrystalline polymers or the glass transition
temperature (Tg) for the case of amorphous polymers [45,97]. The processing window is
schematically represented in Figure 3. It has recently been reported that the crystallization
rate and processing window could be of higher importance towards the consecution of
low-density foams with fine morphology [98].

Figure 3. Schematic representation of the foaming processing window for semicrystalline and
amorphous polymers, adapted from [6].

However, data on the extensional rheology of polymer melts are not readily available
for all polymers [74].

Basic research is needed in polymer rheology characterization, to increase knowledge
and widen the choice of foamable polymers. However, while the rheology of the polymer
melt provides good starting information, the foaming process is determined by the rheology
of the polymer melt–gas solution [74,99]. It is well known that the dissolution of the blowing
agent can cause a plasticization effect on the polymer matrix [43,97,100,101], which results
in depressing the Tg and Tm. During bubble growth, a rapid viscosity increase can occur
as the gas dissolved in the melt diffuses into the cells if the processing temperature is
in the vicinity of the glass transition temperature of an amorphous polymer [43,100]. In
semicrystalline polymers, this is more complex, as the increase in free volume has an impact
not only on the crystallization temperature but also on its kinetics [43]. The crystallization
kinetics and Tc have been established as relevant factors for the foamability of semi-
crystalline polymers [43], and the knowledge of crystallization kinetics under the presence
of blowing agent is pointed out as a knowledge gap to overcome for successful foaming
optimization of each polymer–gas system under study [36]. It has significant effects both
on cell nucleation mechanisms and cell growth [43,102], as well as on the cell stabilization
step [36]. The semi-crystalline nature involves a sudden transition from a low viscosity
material above the crystalline melting temperature (Tc) to a high viscosity polymer below
the Tc [63]. This leads to a narrower processing window than for amorphous polymers.

Moreover, the gas does not dissolve in the crystals, resulting in lower gas
solubility [36,43,102,103].
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However, crystallization can also improve the foaming of low melt strength polymers
by restricting cell coalescence [36], as schematically represented in Figure 4. An optimal
crystallization degree during processing is needed to ensure that the foam has a high
expansion ratio and a considerable cell density.

Figure 4. Low melt strength polymers do not yield foams with suitable morphology due to cell
coalescence (top scheme). Crystal formation during the foaming of semicrystalline polymers can
restrict cell coalescence (bottom scheme).

Lastly, the solubility and diffusivity of the gas in the melt [104] and the interfacial
tension [45] condition the nucleation of the bubbles and the growth rate, hence the mor-
phology of the foam [43,54]. The surface tension of a polymer–gas solution is lower than
that of the pure polymer and intimately related to the gas concentration and polymer–gas
system [33]. These data are not commonly available. For the case of extrusion foaming,
the solubility limit at the given processing conditions marks the maximum mass of the
blowing agent that can be added, to ensure a complete mixing and dissolution into the
polymer, which would otherwise lead to premature bubble formation and inhomogeneous
foam morphology [105]. This highlights the importance of determining the solubility of the
blowing agent in the polymer at different pressures and temperatures.

Looking into the foam’s application, the characterization of the ageing of the foam is
vital to confirm the fulfilment of the required properties during the required service life,
which for insulation products spans decades. This reaches a further dimension from the
circular economy perspective, as the different product lifecycle stages should be considered.
While crystallinity challenges the foam processing, it could have positive consequences
concerning the aging of the foam, since the crystalline regions create a more restrictive
pathway for the diffusing molecules, hence decreasing the diffusivity of the blowing
agent [102] out of the cells. Together with the permeability, it can play a major role on
the ageing of the thermal properties of the insulating foam. The thermal conductivity of
a foam (λfoam) is the sum of the thermal conductivity due to conduction in the polymer
matrix (λpol), the thermal conductivity due to conduction in the gas (λgas) and the thermal
conductivity due to radiation (λrad) [106,107]:

λfoam(t) = λgas(t) + λpol + λrad (1)
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The contribution of convection is typically disregarded as it is reported to only oc-
cur when the cell size exceeds a few millimeters, with references stating the threshold at
3 mm [108], 4 mm [109] or 5 mm [110], the temperature is low, or the temperature gradient
is very high [111]. Since the composition of the cell gas changes over time as the blowing
agent diffuses out of the foam and ambient air diffuses in, so does the thermal conduc-
tivity of the foam. For reference, λcyclopenthane = 0.0110 W/mK, λCO2 = 0.0165 W/mK and
λN2 = 0.0258 W/mK, as compiled in [87].

Mangs [106] studied the ageing of the insulating capacity of PET and PU foams and
determined the effective diffusion coefficients of CO2, N2 and O2 in PET and PU foams, and
concluded they are 10 to 30 times lower in the PET foam, in the temperature range studied
from 23 to 90 ◦C. This leads to a 10-times slower decrease in insulation capacity for PET than
for PU foam [106]. Consistent with this, Ref. [111] reported effective diffusion coefficients
of oxygen, nitrogen, and carbon dioxide in PET foams approximately 5–15 times lower
than those in PU foam. With these data, a typical district heating pipe insulated with PU
and a 3 mm polyethylene casing of dimensions DN 40/125 would decrease its insulation
capacity by 16% after 30 years, while a pipe with PET foam with the same dimensions
and a 1 mm PET casing would see a decrease of 3% [111]. Therefore, while the initial
thermal conductivity of PET foam is higher than that of PU, associated with a larger cell
size [106,111], the difference may be offset over time, as conceptually illustrated in Figure 5.

Figure 5. Conceptual representation of the long-term insulating capacity of foams depending on the
permeability of the polymer.

Crystallinity can also be used to modify the mechanical properties and heat resistance
of the produced foams. There is a strong relation between heat resistance and crystallinity of
a material, since the crystalline regions could sustain the material stiffness past its Tg [112].
Modifications in crystallinity could be introduced during resin manufacturing. However,
the foaming process itself can enhance crystallinity, due to the free volume allowed by the
dissolved blowing agent and the biaxial stretching during bubble growth. This is reported
to allow PLA foams to have a higher crystallinity than neat PLA, and consequently a higher
temperature resistance [40]. Thermal annealing is also possible in some cases. In this line,
an increase in the compression strength of PET foam of up to 130% at 100 ◦C has been
obtained after an overnight temperature soak at that temperature [113], which extends the
service temperature of the foam past its Tg.
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In summary, all non-toxic and recyclable polymers and gases would meet the C2C criteria.
The need to replace widely used foams based on hazardous or non-recyclable raw materials, or
the integration of foams in multifunctional sandwich structures, triggers the need for foaming
alternative polymers. Characterization data on (i) polymer melt–gas systems, including extensional
rheology, solubility and diffusivity of the gas in the melt, superficial tension, plasticization effects,
and crystallization kinetics, are required to assess foamability and optimize foaming, and (ii) ageing
of foams, to assess their service life and benchmark foams according to their entire lifecycle, are
not always available for polymers and polymer melt–gas systems which have not yet been foamed.
Research on material characterization is needed to broaden the choice of foamable polymers.

4.2. Optimization of Polymer Foamability

The previous section discussed that the foamability of many polymers remains to
be explored. Nevertheless, it is recognizable that the foaming of the most easily-foamed
polymers has been achieved. However, how can properties equivalent to state-of-the-art
polymeric foams be achieved, based on materials that are already ‘second choice’ in their
foaming abilities? In this section, strategies to overcome the most commonly reported
challenges are revised.

4.2.1. Overcoming Poor Melt Strength

As compiled in the previous section, the lack of suitable melt rheology is a common
challenge. Melt rheology can generally be modified by additives [64,114], changes in
molecular weight and molecular weight distribution [64,90] and cross-linking, either chem-
ically [115–118] or by electron beam irradiation [119–121]. Extensive cross-linking turns the
matrix into a thermoset, conditioning its recyclability [115]. Again, additive minimization
is desired to facilitate broad recyclability. Therefore, the focus of this review is placed on
modification of the polymer and processing:

• Reactive extrusion: branching and chain extending.

Branching polymers have been reported to have better foaming properties, as branches
contribute to melt strain hardening as they prevent the macromolecules to disentangle
at the same rate as exponential deformation during the bubble growth phase [74,94,122].
Therefore, resin rheology is reported to be improved through reactive branching or chain
extension, resulting in successful foaming [58,65,122,123], adding branching agents or
chain extenders during the extrusion process [54,122,124]. It may be argued that adding
branching and chain extending agents is additivation, and modification of the matrix
would complicate the later polymer sorting and recycling. There is a thin line between
additives and reactants that could lead to a definitions debate. However, C2C does strive for
tailor-made design in contraposition to “one-size-fits-all” through its Celebrate Diversity
tenate [4] (see Section 2.2). At the same time, it should be highlighted that, even in
thermoplastics, successive washing and reprocessing cycles lead to polymer degradation
and chain scissoring, as well documentation for the case of PET [125,126]. Endless recycling
in a fully closed loop cannot be achieved in practical terms. Therefore, reactive branching
and chain extending can also be used to improve the rheology and allow the use of
recycled resins.

However, care must be taken in the design and material selection for the branching
process. As reported in [63], relatively high concentrations of the unreacted branching
agent often remain in the final product, which may restrict certain uses or compromise its
long-term stability. A certain level of cross linking may occur by using chain extenders [127],
and its impact towards successive recycling loops needs to be assessed. Toxic chemicals
like diisocyanates have been explored as chain extenders for PLA [128–131], overturning
environmental benefit claims on the developed material, stemming from its bio-based and
bio-degradable nature. Pyromellitic dianhydride, which has been found to successfully
improve the rheology of PET and recycled PET as a chain extender [132–134], has recently
been reported to be suspected of causing occupational asthma [135].
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Chain extending and branching through reactive extrusion have been found a suc-
cessful technique to improve the melt strength and enable successful foaming of polymers.
Research and development efforts are required to identify and/or develop nontoxic chain
extenders and branching agents:

• Improving foamability properties during the resin manufacturing phase.

With the knowledge on resin properties required for successful foaming, optimization
could be conducted during the resin manufacturing phase, which will later reduce the
need for additives. The development of high melt strength polypropylene (HMS-PP) has
been an area of great industrial research activity in recent years and has enabled its foam-
ing [32,89,136,137]. The better foam morphology obtained with HMS branched PP vs. linear
PP can be visualized in Figure 6. Linear HMS-PP has been developed for foaming [138]
but most HMS-PP arise from the addition of long branches, produced through gamma
irradiation [139], Ziegler-Natta [140] or metallocene catalysis [141,142]. Metallocene cata-
lysts [56] are promising to tailor the resin structure to fit foaming processes, as they allow
better control on the monomer and molecular weight distribution [143,144]. Metallocene
catalysts not only can allow for custom design and engineering of new polymeric materials
but also offer environmental benefits as they allow for producing polyolefins with milder
process conditions, do not contain toxic heavy metals, and the additional chemicals and
compounds used for their heterogenization are chemically inert [144].

Figure 6. Foams produced with long-chain branched PP (a) and linear PP (b) under the same foaming
conditions, reproduced from [89] with permission from Wiley.

The development of HMS-PP was demand driven, given the interest of foaming
PP. Cited properties that justify this interest include higher rigidity compared to other
polyolefins [89,136], higher strength than PE [32,136], superior impact strength compared to
PS [32,136], higher service temperature range and good temperature stability [89] compared
to PE and PS [32,136], and competitive material cost [32]. Interest in foaming other polymers
may grow, sparked by the need to replace a material for environmental or regulatory aspects,
as in the case of PU, or as a result of broader availability of properties data (Section 4.1).
As the uptake of circular product design increases, another driver would be to match the
foam’s polymer with other material layers within sandwich structures [62].

It is expected that demand will drive the tailoring of resin properties as they become the focus
of foaming research:

• Optimizing the processing tools.
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Another strategy to overcome the low melt strength is the optimization of the process-
ing tools. A success story is strand foam extrusion technology [139]. A multi-orifice die
that produces several individual foam strands is used. These are then pressed together to
yield low-density foam sheets, as represented in Figure 7. This tooling facilitates expanding
and stabilizing low-melt strength polymers, allowed the development and commercializa-
tion of PP foam plank products [137] and is currently the state-of-the-art technology for
commercial PET foam [145].

Figure 7. Collided foam strands exiting a multi-orifice die.

Optimization of processing tools is an effective strategy to advance polymer foaming.
Significant research efforts are needed in this area, for example for the manufacturing of
nanocellular foams.

4.2.2. Processing Strategies towards Cell Stabilization

Having addressed the melt strength optimization to support the bubble growth, the
next stage for allowing successful foaming would be to support and optimize the cell
stabilization step and dimensional stability of the obtained foam. CO2 is a suitable blowing
agent given its high solubility and produced plasticization, which allows to foam at lower
temperatures and supports the stabilization step when the plasticization is lost upon des-
orption [45]. However, the shrinkage and collapse of the cellular structure of the resulting
foams due to its high diffusivity in the hot polymer matrix are problematic, in particular
with low rigidity [71,72] and elastomeric [76,77] polymers. A long-established strategy
to overcome this has been the use of long chain hydrocarbons as blowing agents [57,136].
Long chain blowing agents have low volatility resulting in low diffusivity [138], while CO2
has a higher diffusivity related to its smaller molecular size [146]. This slower gas diffusion
contributes to a better control of the cell stabilization step. The flammable nature of these
blowing agents [71,72] and the consecutive need for flame retardants trigger the need to
move towards inert gases, as discussed in Section 4.1. Another common procedure is the
addition of surfactants and permeability modifiers [56,57], examples of which are stearic
acid amide, glycol monostearate, and glycine fatty acids [56]. Given the criteria to avoid the
use of additives, a processing strategy to prevent or minimize gas escape is to reduce the
temperature, thereby reducing the diffusivity [147]. Freezing extrudate skin by lowering
the die temperature has been reported as a successful strategy to prevent gas escape and
stabilize cell structure [136,148]. In a batch foaming study [33], reduction of saturation
pressure is suggested as a strategy to prevent cell collapse due to gas escape. However, this
comes together with a lower pressure drop rate, which has been identified as a parameter
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that correlates with cell density [149]; therefore, a compromise between the two needs to
be found.

A study on the effect of confined foaming of rubbery elastomers in a mold vs. free
foaming with CO2 has recently been published [76]. It concluded that, through confined
foaming with permeable molds, dimensionally stable foams could be obtained with a
higher cell uniformity but also density than in the case of free foaming. With impermeable
molds, dimensionally stable foams with higher expansions could be achieved due to the
restriction of the gas escape. However, post expansion and relaxation could occur after
removal from the mold in some cases.

CO2-N2 mixtures have been reported to be used to tailor and optimize the resulting
foam microstructure [33] and avoid post-foaming shrinkage while still using inert gases
only [72,77], as a synergetic effect is achieved between cell nucleation enhanced by CO2
solubility and minimized shrinkage due to lower diffusivity of N2.

A novel proposed anti-shrinkage strategy is to reduce ambient pressure during the
post-foaming ageing phase [77] to counterbalance the decrease in pressure inside foam
cells due to CO2 escape, as schematically represented in Figure 8. This is an excellent
example of how creative use of physical and processing parameters can be used to avoid
the use of additives or hazardous raw materials. The work [77] also modelled the effect
of cell shape on the shrinkage, concluding that circular cells present better dimensional
stability, followed by hexagonal and last square shaped cells. This would also be an
interesting strategy, although the obtention of particular cell shapes in practical terms
remains a challenge.

Figure 8. Negative pressure created within the cells as the gas diffused from the hot skin of the foam
(top scheme). Lowering ambient pressure during the post-foaming ageing phase could counterbalance
the pressure decrease inside the cells and prevent shrinkage.

Identified strategies to control the dimensional stability of cellular structures compatible with
CE include optimizing the foaming pressure and temperature, reducing ambient pressure during
post-foaming, and the use of molds. The impact of these strategies on the obtained foam morphology
and skin formation and optimization and potential trade-offs between the different parameters in
play need to be assessed and adjusted for each practical case.

4.3. Tailoring Properties through Foam Processing and Cellular Structure

The cellular structure has a decisive influence on the thermal and mechanical prop-
erties of foams [53,108]. The foam morphology is characterized by cell size, shape and
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population density, cell size variability, existence and morphology of skin and foam bulk
density, all of which are function of the selected polymer–gas system, the processing
parameters and the processing tools.

As for thermal properties, the different contributors to the foam’s effective thermal
conductivity were presented in Equation (1). After considering the physical properties
of the foam’s raw materials, the thermal conductivity can be modified through the cell
morphology as it affects the thermal radiation. It is influenced by both the cell size and
cell shape.

Concerning the shape, increasing the cell isotropy is reported to reduce thermal
conductivity, related to effects of polymer chain alignments in anisotropic foams [150].
Differently, a reduction of the thermal conductivity from 0.035 W/mK to 0.025 W/mK was
achieved through the production of very elongated cells, with an aspect ratio ideally larger
than 2 [151]. This highly anisotropic cellular structure was achieved through the choice of
a multi-hole die geometry and high pulling speed during the extrusion process, together
with a high melt strength resin [151].

The reduction of the cell size contributes to favorable insulating properties of the
foam in different ways. On one hand, small cell size slows the diffusion of the blowing
agent out of the foam [33], reducing the thermal aging of the foam with time. On the other
hand, reducing the cell size has been experimentally proven as an effective way to reduce
thermal conductivity of polymeric foams [150,152] irrespective of the blowing agent [153],
and related to the radiative heat transfer within the foam [154]. This is explained by the
higher number of reflections occurring in foams with smaller cell size [53]. This however no
longer holds for highly expanded nanocellular foams, as the thin cell walls and struts may
become highly transparent to thermal radiation, not being able to attenuate it [155,156]. An
optimum between volume expansion and cell size needs to be reached to minimize thermal
conductivity in cellular nanocellular foams [155]. A quantitative step forwards to reducing
thermal conductivity would be by using the Knudsen effect, which would be achieved
when the gas molecules do not interact with each other but collide with the molecules of
the surrounding solid, reducing the energy transfer through the gas molecules [157]. That
is, when cell size is comparable or smaller than the mean free path of the gas [107,158].
This has been demonstrated to occur in nanocellular polymeric foams, with cell diameter
<700 nm [159]. While research on the foaming of nanocellular polymers is ongoing [159,160],
so is the understanding of their structure–properties relationships. The effect of the cell
size distribution on the thermal conductivity of nanocellular foams has been recently
modelled [161], highlighting the interest on bimodal structures. This is because, while
nanometric cells reduce the conductivity through the gas phase, microcellular pores reduce
the conduction through the solid phase.

The cellular structure not only affects the thermal properties but also the mechanical
ones, which is key in many multifunctional applications of cellular plastics. Early work
by Gibson and Ashby [162] modeled the cell as a cube and related the Youngs modulus
(E) to the relative density of the foam and the E of the cell wall material. Modeling the
mechanical behavior of foams has been progressively refined to adjust the cell shape to that
of a Kelvin cell [163], account for cell anisotropy [164,165], account for cell size in addition
to relative density [166] and, with the use of Laguerre tessellation models, variation of cell
size and cell wall thickness [167]. These models are represented in Figure 9.
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Figure 9. (a) Cube cell model, reproduced from [162] with permission; (b) Kelvin cell model, re-
produced from [163] with permission; (c) Kelvin cell model, which accounts for cell anisotropy,
reproduced from [165] with permission; (d) Laguerre tessellation model of a foam, reproduced
from [167] with permission.

These models provide the indication that E scales with relative density [53], decreases
with increasing cell size and variability of cell wall thickness [167], and can be maintained
constant while reducing density if cell size is reduced [166]. In this line, a breakthrough in
the mechanical properties of polymeric foams came with the development of microcellular
foams pioneered at MIT during the 1980s [168–170]. They refer to those with cell size
in the order of 10 µm and a cell population density of the order of 108 cells/cm3. Their
development was aimed at reducing the amount of polymer used in mass produced
products, as well as their transportation costs. The impact strength of the foams was
found to be increased by 6 to 7 times versus that of solid polymers of the same linear
dimensions, related to improved craze initiation and crack blunting [171], and appeared
to have higher specific strength and improved fatigue life [170]. It appears clear that
the reduction of the cell size results in improved mechanical and insulating performance
of polymeric foams, and should be a design target. The nucleation step is key for the
achievement of large numbers of small cells and as such has been the focus of research
since early stages of microcellular foaming. According to classical nucleation theory, two
mechanisms are possible for a second phase nucleation in a primary phase: homogeneous
nucleation, which would occur when a second component reaches a critical amount,
forming a stable second phase, or heterogeneous nucleation, when a third phase is formed
in the interphase of two other phases [172], such as an additive in a polymer matrix. The
activation energy for heterogeneous nucleation is lower, resulting in the earlier nucleation
of heterogeneously nucleated bubbles than of homogeneously nucleated bubbles [173]. The
number of nucleated bubbles is a function of the concentration of heterogeneous nucleation
sites and their relative effect on the nucleation activation energy [173]. Additives can
enhance nucleation by providing the presence of an interface, but also by reducing the
surface tension of the polymer [174]. With additive minimization in the focus of this article,
homogeneous nucleation can be enhanced by increasing the pressure drop, the driving
force for bubble nucleation, as can be recognized from the following general expression for
nucleation rate (N) [33]:

N = M·B exp

[
− 16πσ3

3kBT(Pv − PL)
2

]
(2)

where M and B are increasing functions of the gas concentration and of the gas diffusivity,
respectively. kB is the Boltzmann constant, and Pv and PL are the equilibrium gas pressure
and the pressure in the liquid phase.
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This effect is clearly observed in [175]. By modifying the foaming pressure drop,
polybutene-1 foams with similar density were produced, but with very different microstruc-
ture: cell size reduction by a factor of 1/6 and cell population density increase by a factor
66 were achieved by increasing the foaming pressure from 50 to 100 bars. This is illustrated
by the two micrographs in Figure 10.

Figure 10. PB-1 foam obtained with a P drop of 49 bar (a) and of 99 bar (b).

A further parameter that affects the thermodynamic instability driving bubble nu-
cleation is the pressure drop rate, as first proposed by Park et al. [149]. It affects the
competition between cell nucleation and growth because the gas that contributes to cell
growth is minimized by maximizing the pressure drop rate. The fundamental role of the
pressure drop rate in the density of polymeric foam cell population has been confirmed by
later authors [176], and efforts have been made to explore and understand the boundary
conditions under which the number of nucleated cells can increase with increasing pressure
drop rate. Using a miniature batch foaming apparatus that achieves pressure drop rates of
up to 500 MPa/s [177], Tammaro et al. [178] report that the density of the cell population
increases linearly with the pressure drop rate on a bi-logarithmic scale. Studies on the
effect of maximizing the pressure drop rate have typically been carried out in batch appa-
ratus [176,177,179], and R&D efforts are needed to expand the technology for commercial
foam manufacturing under these process conditions.

A further parameter that plays a role in cell nucleation is the effect of shear forces in
the melt, which occur at the die in an extrusion process. These forces have been reported
to promote nucleation and are interpreted through a cavity model, where the presence of
high shear would “pull” the gas phase out of the solid cavity [51]. They are found to have
a greater impact on cell nucleation than the pressure drop rate, with particular relevance at
low saturation pressures, when the pressure drop is an insufficient driving force [51,180].
This can be observed in Figure 11.

Although more recent studies generally confirm these observations [181], in this review
of the literature, no mechanistic or phenomenological model has been found relating shear
to cell nucleation.

A more comprehensive understanding of the mechanism is needed to fully use this
parameter in morphology optimization. Acting shear forces are related to the polymer
melt–gas solution rheology, highlighting the need for characterization data as presented in
Section 4.1.
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Figure 11. Cell population density as a function of gas saturation for HDPE foamed with different
pressure drop rates and the application of shear [180].

Mechanical and thermal properties of polymeric foams are generally improved with
the reduction of cell size, and can be tuned through cell size variability. Pressure drop
rate and acting shear have been confirmed as processing parameters that contribute to
the obtention of microcells, by promoting cell nucleation. Research is needed for a more
detailed understanding of the effects of shear on cell nucleation. R&D efforts are needed
to scale up manufacturing tools to obtain high pressure drop rates in commercial scale
manufacturing.

5. Conclusions

For the development of polymeric foams consistent with circular product design, the
following strategies and research needs have been identified during this review:

• To broaden the selection of polymeric foams, research on material characterization is
needed, on (i) polymer melt–gas systems, including extensional rheology, solubility
and diffusivity of the gas in the melt, superficial tension, plasticization effects and crys-
tallization kinetics to assess foamability and optimize foaming, and (ii) ageing of foams,
to assess their service life and benchmark foams according to their entire lifecycle;

• Chain extending and branching through reactive extrusion has been found a successful
technique to improve the melt strength and enable successful foaming of polymers.
Research and development efforts are required to identify and/or develop nontoxic
chain extenders and branching agents;

• Polymer chain configuration could be tailored for foaming applications during the
manufacturing phase. It is expected that the demand will drive the tailoring of resin
properties of alternative polymers as they become the focus of foaming research;

• Optimizing the processing tools is an effective strategy to advance on polymer foaming.
The breaker plate could be used for the foaming of low melt strength polymers. Signif-
icant research efforts are required in this area, to allow the commercial manufacturing
of, i.e., nanocellular foams;

• Identified strategies to control the dimensional stability of cellular structures include
the foaming pressure and temperature and the use of molds. The impact of these
strategies on the obtained foam morphology and skin formation, and the optimization
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and potential trade-offs between the different parameters in play need to be assessed
and adjusted for each practical case;

• Mechanical and thermal properties of polymeric foams are generally improved with
the reduction of cell size and can be fine-tuned through cell size variability. The
pressure drop rate and acting shear have been confirmed as processing parameters
that contribute to the obtention of microcells by promoting cell nucleation. Research is
needed to gain a more detailed understanding of the effects of shear on cell nucleation.
R&D efforts are needed to scale up manufacturing tools to obtain high pressure
drop rates.
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Abstract: The polyurethane foam in district heating pre-insulated pipes has a critical role to play
both as thermal insulation and as load bearing element, as it serves as bond between the medium
pipe and the casing. Hence, knowledge on how the foam behaves under multiaxial stresses is of
great importance for the design as well as for aging predictions of the network. It is known that cell
shape anisotropy in polymeric foams leads to anisotropy in its mechanical properties. In this study,
we evaluate and quantify the microstructural anisotropy of PU foam from pre-insulated pipes as
well as its mechanical behaviour under compression in the three orthogonal directions. We cover
rigid and flexible PU foam, batch and continuous manufacturing, and different pipe diameters. The
results were compared with those predicted by available rectangular and Kelvin cell shape models.
We have found that PU from pre-insulated pipes is orthotropic and present stronger anisotropy than
that typically found in PU slabs. The traditional bonded pipes under consideration behaved in a
similar way. However, when comparing the two flexible pipes in this study, despite no significant
differences in cell shape anisotropy were found, a significantly different behaviour for the E modulus
ratio was observed. This shows that while the manufacturing process exerts the main influence on
cell shape anisotropy, to explain the difference in stiffness behaviour other factors need to be taken
into consideration, such as cell size and cell size variability.

Keywords: cell anisotropy; polyurethane foam; sandwich structure; district heating;
multiaxial loading

1. Introduction

District heating (DH) pre-insulated pipes are composed of an inner medium pipe, polyurethane
(PU) insulating foam, and a polyethylene (PE) casing. The PU foam bonds the medium pipe and
the casing. The medium pipe can be steel or plastic (i.e., PEX) depending on the network operating
temperature. Available PU pre-insulated bonded pipes can be manufactured with different processes
and PU formulations. Rigid bonded steel pipes are the most widely used. They are manufactured
in batch, where the PU is injected between the service pipe and the casing. Service pipe and casing
are manufactured in a separate process. The flexible pipes, which have appeared in the market more
recently, are manufactured in a continuous process where the PU is poured into a moving casting
mould, and the PU material flows around the moving pipe. Then, the PE outer casing is extruded in
place [1]. Pre-insulated flexible pipes are available, presenting different degrees of flexibility achieved
through different formulations of the PU foam and with corrugated and smooth casing. Figure 1
presents a cross-section of a pre-insulated pipe.
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DH pipe networks are usually buried underground. They are subjected to multiaxial loading,
as the operation temperature produces an expansion of the pipe, which is partially restrained by the
surrounding soil. This expansion leads to axial shear stress on the foam, as the axial expansion is
partially counterbalanced by the soil friction, and in compression of the foam in the radial direction
due to the earth pressure. Hence, the polyurethane foam in this application has a critical role to play
both as thermal insulation and as load bearing element, minimizing the heat losses of the network,
critical for the sustainability of the whole district heating system, while serving as bond between
the medium pipe and the casing. Therefore, knowledge on how the foam behaves under multiaxial
stresses is of great importance both for the design as for aging predictions of the network, which
is key as this infrastructure’s lifecycle is expected to last for over 30 years. However, details on the
microstructure and behaviour of the PU foam in DH pre-insulated pipes are insufficiently well known,
and therefore design standards and calculation methods used in the sector relate mainly to the steel
medium pipe [2,3]. While aging of PU foam in district heating pipes has been a subject of research
during recent years, the focus has been placed mainly on oxidation and thermal degradation [4–6],
but details on the microstructure and its relation to the bonded pipe’s mechanical behaviour remain
mostly unexplored. In order to optimize structural design, detailed understanding of the mechanical
behaviour of the elementary materials is required. There is a need for better characterization of the
PU foam used in DH pipes, which would allow the development of material models and numerical
simulations that could support the design process.

The mechanical properties of cellular solids are greatly influenced by the microstructure of the
foam, as well as the properties of the solid material constituting it. Key structural features are [7]:

• The relative density.
• The degree to which cells are open or closed.
• The geometric anisotropy of the foams.

It is a noted phenomenon that the cells of polymeric foams tend to be elongated in the foam rise
direction of the mould due to the acting viscous forces during the foaming process, and are hence
anisotropic. This phenomenon and its impact on the material’s properties is well described in [7].

The PU foam used in DH pipe insulation presents closed-cells. The first model relating the
shape-anisotropy to the mechanical properties of cellular foams is proposed by Huber and Gibson [8]
as an extension of the model proposed by Gibson and Ashby [9]. This model is based on a simple cubic
cell geometry. The cell aspect ratio R, would influence the elastic modulus of the cell foam according to:

E3

E2
=

E3

E1
=

2R2

1 +
(

1
R

)3 , (1)

where E3 is the elastic modulus in the rising direction, E1 and E2 in the perpendicular direction to the
foam rise, and R is the anisotropy ratio, defined as the ratio of the largest cell dimension to the smallest.
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This expression assumes axisymmetric cells. For the case of orthotropic cells, where all three
dimensions of the cell differ, the different values of R are needed to characterize it:

E1

E2
= (R12)

2


1 + (R32)
3

1 + (R31)
3

, (2)

E2

E3
= (R23)

2


1 + (R13)
3

1 + (R12)
3

, (3)

E3

E1
= (R31)

2


1 + (R21)
3

1 + (R23)
3

 (4)

For closed cell foams, an additional term should be considered [7]:

(1−φ) 2R

1 +
(

1
R

) , (5)

where Φ is the fraction of solid material located in the cell’s struts, which for open cell foams is ϕ = 1.
However, closed-cell foams tend to mechanically behave similar to open-cell ones when the membranes
across the cell faces are thin in relation to the cell edges [8]. Since measurement of cell wall thickness is
difficult [10], we will assume the PU under study behaves mechanically, such as an open cell foam.

Later models relating the mechanical properties to the cell anisotropy have been developed for
open cell foams using an elongated tetrakaidecahedron Kelvin model [11] as the repeating unit cell,
such as those from Gong et. al. [12], Ridha et. al. [13] and Sullivan et al. [14]. This geometry more closely
represents the cellular structure observed in polymer foams than the rectangular cell. The fundamental
difference between the Kelvin model developed by Sullivan et al. from those by previous authors is that
the geometry and size of the repeating unit cell is defined by three independent dimensions, allowing
to account for additional variation in the unit cell shape. The equivalent expression to Equation (1)
with this model would be:
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=
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=
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(6)

where
Q̃ = 2 +

√
2Q,

ρf = density of the foam
ρs = density of the basis solid material

for an hypocycloid:
C1 =

√
3− π

2
,

C2 =
20
√

3− 11π

2
√

3−π
,

Q = b/(L cos θ),

where b, L and θ are dimensions describing the cell shape. For more insights on the geometric
description of the elongated tetrakaidecahedron unit cell, the reader is referred to [14]. It should be
noted that this unit cell is axisymmetric.
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The anisotropy of polyurethane foams and its impact on their mechanical properties has been
extensively studied [8,15–20]. However, significant differences and variability of the foam and the
obtained results are expected between these studies and the case of PU pre-insulated pipes, due to:

(a) The foam manufacturing process can have a great influence on the resulting microstructure of
the foam [21]. All previous studies have been conducted with PU slabs foamed in rectangular
moulds, where the distance between the mould walls is significantly larger than in pre-insulated
pipes. Since cell anisotropy in foams is caused by the acting viscous forces between the liquid and
the mould walls during the foaming process [7], it is expected that the narrower distance between
mould walls in the case of the pre-insulated pipes will have a higher impact on the anisotropy
of the cells. Moreover, the geometry of the mould, annular in the case of pipes, could have an
influence on the cell’s microstructure. Furthermore, the effects of manufacturing in a continuous
process remains to be explored.

(b) PU foams can be tailored through modifications in the chemical formulation [22–24]. However,
details on the chemical formulation of the PU are rarely documented in the studies found in the
literature and they may or may not match those of PU insulated pipes.

(c) Not all studies cover the three orthogonal directions.

This paper seeks to address some of the challenges faced in the network design, damage
accumulation and aging modeling for district heating piping systems by closing the knowledge gap on
the microstructure and mechanical anisotropic behavior of the PU insulating foam from batch-produced
bonded pipes and continuously produced flexible pipes.

2. Materials and Methods

In this study, three different types of pipes where investigated: traditional bonded pipes with
steel medium pipe, rigid PU foam and smooth PE casing, flexible bonded pipes with PEX medium
pipe, flexible PU foam and PE corrugated casing (denoted FC-DN40 in this study), and flexible bonded
pipe with PEX medium pipe, flexible PU and PE smooth casing (denoted FS-DN40). For the traditional
bonded pipe, three nominal diameters were evaluated: DN20 (denoted B-DN20), DN40 (B-DN40) and
DN100 (B-DN100). The flexible pipes’ nominal diameter was DN40. All pipes were insulation series 1
(insulation thickness 28.5 mm) manufactured by Logstor.

The traditional bonded pipes used in this study were manufactured in a batch process by injecting
the PU insulating foam between the service pipe and the outer casing. The casing is manufactured in a
previous process and one pipe is manufactured at a time [25]. The PU foam is blown with cyclopentane,
with properties as required by EN 253 [26]. Further information about the PU formulation is not
provided by the manufacturer.

The flexible pipes are manufactured in a continuous process, where the PU is poured in a moving
casting mould, hence the PU material flows around the moving pipe. Then, the PE outer casing is melted
in place in an extruder station [1], manufactured according to EN 15632-1 [27] and EN 15632-2 [28].
The formulation of the PU from the two flexible pipe types included in this study is visibly different,
however further information about the chemical formulation is not provided, as it is proprietary data
from the manufacturer. Flexible pipes are supplied in coils of up to 200 m length, which makes the
laying of the pipes faster and more economical. Flexible pipes with smooth casing are typically used for
branches. The flexible pipes with corrugated casing have a small bend radius as to allow for laying of
the pipe on difficult sites and around obstacles. This extra flexibility is achieved through the geometric
design of the corrugated casing and the chemical formulation of the PU [25].

2.1. Sample Preparation

Samples were machined out of the pipes following [26] as far as possible. The pipes were stored
at 23 ◦C for at least 72 h prior removal of the casing. After discarding 500 mm of the pipe ends, cuboids
were cut out of the pipe’s insulation according to Figure 2 with different orientations, in order to
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mechanically test the foam along the three orthogonal directions X1 (red), X2 (blue) and X3 (green).
Sample size was 30 × 30 × 20 mm for the B-DN100 and ca. 25 × 25 × 20 mm for the other pipes, since
the smaller diameter prevented the extraction of larger specimens. However, successful testing of
samples this size under uniaxial compression can be found in studies in the literature [19,29], and
given the obtained 1000 times cell size to sample size difference, it can be assumed that the used sample
size will have no impact on the results [30]. While it was foreseen in the design of experiments to
extract three samples of each case equally distributed around the circumference, this was not possible
as the tolerances in pipe dimensions from the manufacturing process made the pipes slightly oval,
preventing the extraction samples of the same size from all segments of the circumference.
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2.2. Microstructural Characterization

The cross sections of all five pipe foams were examined in an optical microscope (Leica DMLP,
Wetzlar, Germany). Slices of the PU foam where cut along the three orthogonal directions under study
for each pipe with a cutter (planes 1-2, green; 1-3, blue and 2-3, red, see Figure 2). As to facilitate
the view of the cells through the microscope, two sample preparation procedures were followed and
compared: the first was infiltrating the samples with a blue coloured epoxy resin under vacuum.
After curing the resin, the samples were polished until reaching the cell walls. The second procedure
consisted in shading the surface of the foam with a black felt tip pen. While both procedures resulted
valid, the simplicity of the second favoured this technique.

The cell size and shape were then measured from the obtained micrographs by adjusting the
cells to an ellipse using Fiji [31]. The shape anisotropy R can then be calculated as the ratio from the
largest dimension to the shortest. The rotation angle of the ellipse was measured in order to confirm a
preferential direction of the cell elongation. Around 100 cells were measured per cross section and pipe.

2.3. Mechanical Characterization

Standard [32] was followed as far as possible. The main deviation is in the smaller sample size
used, as described and justified in Section 2.1. Five specimens per pipe type and orientation were tested
for compression using a universal testing machine, under a displacement controlled rate of 2 mm/s.
The force was measured with a 20 kN load cell, accuracy class 0.5 (HBM, Darmstadt, Germany). The
strain was measured by 3D digital image correlation (DIC) [29,33] using an ARAMIS 5M adjustable
stereo camera system (GOM mbh, Braunschweig, Germany) with a resolution of 2448 × 2051 pixels.
The images were acquired at frequency of 1 Hz. The strain measured by the ARAMIS optical system’s
software is based on a stochastic pattern recognition analysis. Therefore, a stochastical pattern was
painted on one side.

Samples where individually accurately measured using caliper and weighed prior testing.
Engineering stress-strain curves where derived from the obtained data. The E modulus is obtained

for each case from the slope of the initial linear segment of the curves. Given that the E modulus is the
property most sensitive to cell shape [7], ratios of E3/E1 and E3/E2 are related to the shape anisotropy
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ratio R for each pipe type and compared with the available models. For completeness of the study,
the compressive stress at 10% strain (σ10) was obtained, as its value is a requirement included in
EN 253 [26].

3. Results

3.1. Microstructure of the PU Foam

Micrographs of the three sections of the PU foam for the five pipes under consideration are
presented in Figure 3. The obtained average cell size and shape anisotropy ratio R is presented in
Table 1, as well as the obtained cell symmetry.Polymers 2020, 12, x FOR PEER REVIEW 7 of 14 
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Table 1. Mean cell area and R per plane and pipe type and resulting symmetry.

Pipe Plane
Number of
Measured

Cells

Mean Cell
Area

(mm2)

Cell Area
Std. dev
(mm2)

Mean R
R

Standard
Deviation

Symmetry

B-DN20
1-2 103 0.012 0.009 1.18 0.15

orthotropic1-3 108 0.018 0.010 2.13 0.46
2-3 100 0.020 0.015 1.58 0.35

B-DN40
1-2 114 0.012 0.005 1.27 0.19

axisymmetric1-3 103 0.018 0.013 1.81 0.38
2-3 101 0.018 0.015 1.75 0.38

B-DN100
1-2 79 0.026 0.013 1.39 0.54

orthotropic1-3 81 0.023 0.008 2.58 0.52
2-3 74 0.028 0.011 1.89 0.31

FC-DN40
1-2 130 0.011 0.006 1.19 0.15

orthotropic1-3 107 0.015 0.008 1.70 0.35
2-3 137 0.012 0.007 1.37 0.23

FS-DN40
1-2 100 0.017 0.010 1.15 0.12

orthotropic1-3 100 0.016 0.010 1.72 0.30
2-3 101 0.015 0.010 1.32 0.24

The obtained R distribution and cell size for each plane is plotted in Figure 4 for each case.Polymers 2020, 12, x FOR PEER REVIEW 8 of 14 
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3.2. Mechanical Behaviour of the PU Foam

The obtained E modulus and σ10 per pipe type and compression direction is presented in Table 2.
The resulting engineering stress-strain curves for the PU foams tested under uniaxial compression
in the three orthogonal directions are presented in Figure 5a–e. The shape of the obtained curves
corresponds well with those expected for polymeric foams: an initial linear elastic region, which is
controlled by cell wall bending of the cells, followed by a plateau associated with the collapse of the
cells [7].
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Table 2. Obtained density, E modulus, and σ10 per pipe type and compression direction.

Pipe (kg/m3) Direction E (MPa) E Std dev (MPa) σ10 (MPa) σ10 St. dev (MPa)

B-DN20 76.2
X3 52.1 1.9 0.72 0.05
X2 8.4 1.6 0.38 0.03
X1 6.1 1.5 0.30 0.03

B-DN40 76.2
X3 51.5 8.6 0.68 0.03
X2 7.4 2.1 0.39 0.06
X1 5.5 0.7 0.28 0.01

B-DN100 75.6
X3 53.6 4.2 0.75 0.02
X2 7.7 0.8 0.41 0.11
X1 5.2 0.8 0.33 0.06

FS-DN40 67.9
X3 15.7 1.8 0.63 0.01
X2 8.2 1.1 0.57 0.11
X1 6.6 1.0 0.56 0.08

FC-DN40 99.2
X3 27.4 0.8 0.42 0.05
X2 20.5 5.1 0.35 0.04
X1 17.9 5.2 0.24 0.02Polymers 2020, 12, x FOR PEER REVIEW 9 of 14 
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Figure 5. Stress–Strain curves for (a) B-DN20 (b) B-DN40 (c) D-DN100 (d) FS-DN40, and (e) FC-DN40.

Significant differences can be found between the samples deformed in the three orientations.
Curves from samples deformed in the X3 direction (rising of the foam) present a pronounced peak in
the stress at the outset of plastic instability, followed by a stress drop and a flat plateau region. The
shape curves from samples deformed in the X1 and X2 directions do not present this pronounced peak.
The shape of the curves from pipes B-DN20, B-DN40, B-DN100 and FS-DN40 agree with the typical
load-deflection curves for rigid polyurethane foam, and the FC-DN40 for elastomeric polyurethane [7].
Hence the foam from FS-DN40 could be classified as semi-rigid. It can be seen from Figure 5a–c that
the three traditionally bonded pipes behave in a similar way, with a much higher compressive strength
in the X3 direction, followed by X2 and X1, while FS-DN40 (Figure 5d) presents a less pronounced
difference between the compressive strength for the different directions, although following the same
tendency. Comparing the two flexible pipes through Figure 5d,e, a different behaviour is observed.
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The stress strain curves in the three directions overlap for FC-DN40, despite having no significantly
different shape anisotropy ratio than FS-DN40.

The Young’s modulus E where obtained from the initial slope of the stress-strain curve for each
tested specimen and are presented in Figure 6a. The compressive strength at 10% strain is presented in
Figure 6b.
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All pipes present mechanical anisotropy in the E modulus under compression and the compressive
strength between the X3 direction and X1 and X2.

4. Discussion

4.1. Microstructure of the PU Foam

Elongation of the cells in the rise direction is easily observed from Figures 3 and 4. For the
plane 1-2, despite diverging from circularity (which would correspond with an aspect ratio of 1), the
percentage of cells elongated in the same direction is in the range 56% to 74%, while in the 2-3 and
1-3 planes they are in the range 97% to 100% in the case of the bonded pipes. Therefore, it is clear
that the aspect ratio of plane 1-2 shows irregularity of the cells’ shape, while in the planes 2-3 and 1-2
shows strong anisotropy in the foam rise direction, which is axial to the pipe length (X3). As for the
flexible pipes, in which due to the continuous manufacturing process the foam expands both around
the pipe diameter as well as axial to the pipe length as the pipe is pulled through the extruder, we
find anisotropy of the cells in the axial direction (X3), showing that this is the predominant expansion
direction. However, statistical evaluation of the cell geometries shows that the extent of the anisotropy
is lower for both flexible pipes than for the traditional bonded pipes. Given that both flexible pipes
have different PU formulations, densities and casing geometry but present no significant difference in
R, we can conclude that the manufacturing process exerts the main influence on the observed shape
anisotropy ratio.

Literature reports a typical R for polymeric foams of around 1.3 [7]. The study on PU by [8]
yielded an R between 1.2 and 1.6, while that of [20] ranged from 1.34 to 1.72. In our study, we have
obtained an R from 1.31 for the case of FS-DN40 up to 2.58 for the B-DN100 bonded pipe. This shows
that the PU foam in pre-insulated pipes presents a much stronger anisotropy than PU slabs. This
can be explained by the geometry of the mould, the annular section of the pipe in this case. When
foaming from a liquid in a mould, viscous forces act between the mould walls and the foaming melt as
the volume expansion leads it to rise in one direction, provoking an elongation of the cells [7]. The
distance between walls in the bonded pipe is of roughly 28 mm, while the foam expands along the 6 m
length of the pipe. Therefore, the acting viscous forces are higher than those in a rectangular mould
where the distance between walls is larger in relation to the rise direction. This shows the importance
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of evaluating foams manufactured under representative conditions and how sandwich materials may
have different properties and behaviour than their individual constituents.

In order to determine if the foams present axisymmetric or orthotropic behaviour, a series of t-tests
with 0.05 significance level were run comparing R in the 1-3 and 2-3 planes for each pipe type. The
results are shown in Table 1. With the exception of B-DN40, all pipes were found to present orthotropic
shape anisotropy in the microstructure. Shape anisotropy ratio was found higher in the 1-3 plane,
corresponding to the X2 direction. In this direction, the distance between the mould walls, which
would be the outer diameter of the medium pipe and the inner diameter of the PE casing is smaller
than in the X1 direction, which would be casing to casing.

4.1.1. Effect of Pipe Diameter

The effect of increasing pipe diameter on the microstructural anisotropy of the cells was evaluated
between the three traditionally bonded pipes under consideration. The hypothesis was that anisotropy
would increase with the pipe diameter for the same insulation thickness, as the surface of the pipes
increases with the diameter, and with it, the friction forces between the liquid and the mould during
the foaming process, contributing to the shape anisotropy. The three pipe diameters where compared
one to one in the 1-3 and 2-3 planes, using a t-test with 0.05 significance level. R was found to be
significantly higher in B-DN100 compared to B-DN40 and B-DN20 in both directions, while B-DN40
was higher than B-DN20 in direction 2-3, but not in 1-3. One possible explanation is that the pipe
surface difference between the DN20 and DN40 pipes would not be significant enough as to produce
an increase in R. However, we cannot conclude that there is an evident correlation between the pipe
diameter and the cell shape anisotropy for the diameter range under study.

4.1.2. Comparison between Smooth and Corrugated Flexible Pipes

After running the t-test, no significant difference was found between the FSDN40 and FCDN40
pipes in any of the three orthogonal directions. Therefore, we can conclude that the manufacturing
process has a larger impact on cell shape anisotropy than the foam formulation.

4.2. Mechanical Behaviour of the PU Foam and Relation to the Cell Shape Anisotropy

The PU foam of the five pipe types under study present mechanical anisotropy on the E modulus
and σ10 under compression. The three traditional bonded pipes under study present similar E modulus
and E modulus ratios. The three traditional bonded pipes and flexible pipe FS-DN40 present similar E
for the X1 and X2 direction, which is the X3, which varies and increases with the shape anisotropy.

It is interesting to compare the two flexible pipes. While they present no significant difference in
cell shape anisotropy, their mechanical behaviour under compression is very different. The modulus
ratio for FC-DN40 is roughly 50% lower than that of FS-DN40. While the difference in E modulus
for the same directions can be explained by the different chemical formulation, the difference in ratio
does not relate to the shape anisotropy ratio in the same way than the other PU foams under study,
showing that other effects come into play. One possible explanation is the effect of cell size and cell size
variability. It has been noted that the Young modulus decrease with increasing cell size variations [10].
From Figure 4b and Table 1 we can see that the variability in cell size for FC-DN40 is ~35% lower than
that of FS-DN40 in planes 1-2 and 2-3, which could explain the lower E modulus for FS-DN40. It could
be however argued that, since the cell sizes have been determined from 2D micrographs and cells have
different sizes at different altitudes, the measured sizes might diverge from the real values. This effect
would however appear equivalently in all measured planes. While the most rigorous indicator for cell
size is cell volume, as applied by [34], its measurement implies 3D reconstruction and complex image
processing to obtain the polyhedral profile of each cell [10]. 2D micrographs are commonly used for
the determination of cell size [8,10,19,20] and the obtained cell size has been reported to be close to that
measured with 3D reconstruction [35]. Another variable that can affect the E modulus is the variability
in cell wall thickness [10,36], which is out of the scope of our study.



 169          

  Polymeric Foams for District Heating Pre-Insulated Pipes hcu

Polymers 2019, 11, 2074 11 of 13

In Figure 7 the modulus ratio vs. shape anisotropy R is plotted for the five pipe types under
study, as well as values from the literature. The rectangular cell model [1] for both open-cell and
closed-cell (assuming Φ = 0.8) as well as the Kelvin cell model [2] under the scenarios Q = 2, Q =

√
2

and Q = 1 and ρf/ρs = 0.056 and ρf/ρs = 0.082 (corresponding to the foam densities 67.9 kg/m3 and
99.2 kg/m3, see Table 2, and ρs = 1200 kg/m3 [3]). Since the literature data corresponds to axisymmetric
foams and the Kelvin cell model assumes axisymmetric, only the ratios between X3/X1 are plotted
to facilitate the comparison. From this graph we can observe, firstly that the shape anisotropy and
the modulus anisotropy present in the traditional bonded pipes is significantly higher than the cases
previously reported in the literature. This shows how foams in sandwich structures present different
morphologies and behaviour than stand-alone foams and the need to characterize them individually
obtained under real manufacturing conditions. As for the relation between the modulus ratio and R,
the obtained results could be best fitted to the Kelvin cell model using different values of Q. Foam cells
with similar shape anisotropy but different modulus ratio could be explained by differences in the
cell shape. Still, cation needs to be taken given the experimental variability in R and modulus ratio.
The fact that the cells in PU from DH pipes are orthotropic, and that this involves a deviation from
the idealized Kelvin cell, needs to be highlighted. While unit-cell based models can yield important
results, real foams are typically non-uniform presenting variations in size and shape in the struts and
in the cells, limiting their accuracy.Polymers 2020, 12, x FOR PEER REVIEW 12 of 14 
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5. Conclusions

Polyurethane foam in pre-insulated bonded pipes for district heating applications present strong
cell shape, elastic modulus and compressive strength anisotropy, higher than that reported for PU foam
slabs especially for the traditional bonded pipes. This is due to the geometry of the mould, the annular
section between the medium pipe and the pipe casing, where the distance between the walls is much
smaller than that of rectangular moulds for the production of slabs. This highlights the importance of
the foam manufacturing in the resulting cell microstructure and how foams in sandwich structures
present different properties and behaviour than foam slabs. The cells have been found to be mainly
orthotropic, with different dimensions in the three orthogonal directions.

The three traditional bonded pipes under consideration behaved in a similar way. However,
when comparing the two flexible pipes under consideration, no significant difference in cell shape
anisotropy was found, but significantly different behaviour as for E modulus ratio. The equivalent
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shape anisotropy is due to the same manufacturing process. To explain the difference in stiffness
behaviour other factors need to be taken into consideration, such as cell size and cell size variability.
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Abstract

The piping network is the essence of DHC. Its insulation is fundamental for its correct and efficient functioning. State of the
art DHC networks are insulated with polyurethane (PU) foam, which presents outstanding mechanical and insulating properties.
However, the high toxicity of the diisocyanates (European Chemical Agency, 2008) required for its production and the recently
approved European Restriction on their Use (European Commission, 2020) highlight the need for sustainable alternatives.

Polyethylene terephthalate (PET) foam has been previously identified as a promising candidate for DHC given its mechanical
properties (Ramnäs, 2008) and high insulation capacity retention, due to slow gas diffusion (Mangs, 2005) . However, its
behavior upon ageing remains unexplored. Without this knowledge, the material cannot be reliably introduced in the market.
The objective of this work is to experimentally investigate PET foam’s ageing behavior, with a focus on the effects of thermal
cycling, thermally induced crystallinity and hygrothermal degradation on its mechanical properties.

Different ageing trials were conducted in an environmental chamber. The effects on the mechanical properties and crystalline
structure were evaluated. No degradation was found in the scenarios covered by this study. Service temperature over 100 ◦C
is found possible thanks to thermally induced crystallization.
c⃝ 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

District Heating (DH) networks are called to bring sustainability through the decarbonization of the heating
sector. But as we curve towards a circular economy, the term sustainable expands from carbon neutral to additionally
recyclable and non-toxic.

The energy efficiency of state-of-the art DH pipelines is warrantied with polyurethane foam (PU), which presents
outstanding thermal conductivity values as well as the necessary load bearing capacity to support the acting
stresses on buried pipelines. However, the recently approved restriction on diisocyanates [1], required for the PU
manufacturing, highlights its toxicity [2] and the urge to look for more sustainable materials. The lower operating
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Nomenclature

DSC Differential Scanning Calorimetry
σc,10 compression strength at 10% strain
σf,max maximal flexural strength
εf strain at break
r.H relative humidity
∆Hf enthalpy of fusion, measured at the melting point
∆H0

f enthalpy of fusion of the 100% crystalline polymer, measured at the equilibrium melting
point

Tg glass transition temperature
U toughness
Xc weight degree of crystallinity

temperature of the 4th generation DH [3] opens up the possibility, not only to include renewable and waste heat
sources in the system, but to use alternative polymeric foams.

A promising candidate is polyethylene terephthalate (PET) foam. PET is non-toxic and recyclable, and its
current wide use across sectors and established recycling processes allows for a cascading-use of the material,
as well as a competitive price. PET foam has been previously explored for DH applications [4,5]. Results showed
excellent thermal resistance ageing behavior due to very low gas diffusion rates, which would allow long-term
energy efficiency of the system. In terms of mechanical properties, PET foam showed outstanding creep behavior,
as well as possessing a compression strength over 0,3 MPa required by EN 253, under temperatures up to 80 ◦C,
after which a reduction of the strength occurs due to the transition from the glassy to the rubbery state [5].

However, for successful commercial implementation, knowledge on its ageing behavior is needed to confirm the
attainment of the required service life. In this paper we summarize our efforts to close this knowledge gap.

Previous research has shown that thermal and thermoxidative degradation of PET occurs at or above the melting
temperature of PET (∼250 ◦C) and the reaction rate at lower temperatures is very low [6,7] and hence not an
issue for DH applications. The temperature fluctuations of the system however expose the pipeline’s materials to
mechanical and thermal cyclic loading. We have found that this causes degradation of the mechanical properties of
PU pre-insulated pipes [8] and could also be the case for PET. The vicinity of the operation temperature with the
materials Tg and hence fluctuation around it could also lead to changes in crystallinity, impacting on the mechanical
properties. Therefore, the effects of thermal cycling were evaluated.

Another source of degradation could be moisture. Buried DH pipelines can be located below the groundwater
level and damage due to moisture is reported to be frequently encountered in the field [9]. Though the HDPE casing
protects the insulation from water ingress, it has been recently reported that moisture penetrates the casing [10].
While an aluminum layer is an efficient diffusion barrier [11], moisture can still penetrate through the pipe ends and
joints [9,11]. Moisture can degrade the mechanical properties of polymeric foams due to plasticization and swelling
[12]. Further degradation risk involves hydrolysis, which has been widely reported for PET, above Tg [i.e. 13,14].
Therefore, hygrothermal ageing was the second degradation pathway investigated.

2. Materials and methods

2.1. Materials

Commercial closed cell cyclopentane-blown PET foam boards (Gurit Kerdyn Green) of two densities were
examined: 80 and 100 kg/m3.

2.2. Thermal cycling ageing trials and evaluation

Specimens of approx. 50 × 50 × 50 mm were subjected to thermal cycling inside an environmental chamber
(Weiss WK1 340, Reiskirchen, Germany). Three trials were conducted according to the following profiles:
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• Thermal Cycling A.
Temperature was varied between 25 ◦C and 100 ◦C. The upper temperature was chosen above PET’s Tg to

examine the potential changes in the crystalline structure. The duration of the temperature ramps was 30 min, and
the set points were held for 75 mins. This was kept equal for all trials. The number of cycles was set to 250, which
is the number of cycles established for fatigue check for secondary effects for distribution lines according to [15].
• Thermal Cycling B.

Temperature was varied between 25 ◦C and 75 ◦C, as to assess the effects of cycling below PETs Tg. The number
of cycles was set at 125, which is half of the number of cycles established for fatigue check for secondary effects
for distribution lines according to [15].
• Thermal Cycling C.

Temperature was varied between 25 ◦C and 75 ◦C, and the number of cycles was set at 250 for the same reason
as in A.
Evaluation:

Reference (unaged) and aged samples were tested under compression at room temperature in a universal testing
machine following standard [16] as far as possible. The samples were tested in the direction perpendicular to the
extrusion, which would correspond to the radial direction of the pipes.

Five specimens were tested per condition, under a displacement-controlled rate of 2 mm/s. The force was
measured with a 20 kN load cell, accuracy class 0.5 (HBM, Darmstadt, Germany). The strain was measured
by 3D digital image correlation (DIC) [17] using an ARAMIS 5M adjustable stereo camera system (GOM mbh,
Braunschweig, Germany). The images were acquired at frequency of 1 Hz. Samples where individually accurately
measured using calliper and weighed prior testing.

Engineering stress–strain curves where derived from the obtained data. The E modulus is obtained for each case
from the slope of the initial linear segment of the curves. The compressive stress at 10% strain (σc,10) was obtained,
and both parameters were used to assess the changes in mechanical properties.

Crystallinity of the 80 kg/m3 foam unaged and after A ageing was assessed through DSC following [18] standard
with a heating rate of 10 k/min. This analysis was conducted in duplicate. The degree of crystallinity is calculated
as:

Xc =
∆Hf

∆H0
f

(1)

were ∆H0
f is taken as 140 J/g [19].

2.3. Behavior under temperature

Additional compression tests of unaged specimens were conducted under temperature. For this, an environmental
chamber (Weiss WK3-180/70/5-UKA, Reiskirchen, Germany) was placed around the universal testing machine.
Samples were tested at 70 ◦C and 100 ◦C after ∼2 h of temperature stabilization. Additional samples were
temperature soaked overnight at 100 ◦C and then tested at 100, 70 or 85 ◦C. Ca. 2 h of temperature stabilization
at the testing T was applied prior the test.

2.4. Hygrothermal ageing trials and evaluation

Samples were aged at 40 ◦C and 80% r.H inside an environmental chamber (Memmert ICH-C, Schwabach,
Germany) for up to six months. The selected temperature corresponds to an accelerated ageing from the ground
moisture temperature (around 10 ◦C), but with a comfortable ∆T of 20 ◦C from Tg, considering the depression in
Tg caused by the moisture [20] . Ageing above Tg would alter the degradation mechanisms. The selected relative
humidity is the maximal allowed by the chamber.

Specimens of approx. 200 × 25 × 25 mm before and after ageing were subjected to a 3-point bending test
under a displacement-controlled rate of 1.5 mm/min. The force was measured with a 2 kN load cell, accuracy class
0.5 (HBM, Darmstadt, Germany) and the strain with DIC as described in the previous section.

Engineering stress–strain curves where derived from the obtained data. The maximum flexural stress (σf,max)
and strain at break (εf) were obtained from the curves. The E modulus is derived for each case from the slope of
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the initial linear segment of the curves. The toughness was calculated as the integral under the stress–strain curve,
according to (2):

U =

∫ εf

0
σf,max · dε (2)

Degradation was assessed in terms of the changes in mechanical properties.

3. Results

3.1. Thermal cycling ageing

Fig. 1 presents the engineering stress–strain curves for the samples tested under compression, in unaged condition
and after thermal cycling trials A, B and C for the foam 80 kg/m3 (a) and 100 kg/m3 (b). The E modulus and σ10
obtained from the curves are summarized in Table 1.

Fig. 1. Compression stress–strain curves for foam 80 (a) and 100 (b) unaged (U) and after thermal cycling ageing A, B and C trials.

Table 1. Mechanical Properties derived from compression tests, unaged and after thermal cyclic ageing.

E modulus (MPa) σ10 (MPa)

Unaged TC-A TC-B TC-C Unaged TC-A TC-B TC-C

80 15.83 ± 2.15 12.5 ± 4.71 10.83 ± 3.99 15.3 ± 2.57 0.30 ± 0.01 0.33 ± 0.01 0.29 ± 0.02 0.31 ± 0.02
100 24.02 ± 1.84 20.09 ± 3.39 27.08 ± 8.77 23.16 ± 7.71 0.41 ± 0.05 0.49 ± 0.07 0.51 ± 0.02 0.52 ± 0.03

As can be seen in Fig. 1(a) and (b) and Table 1, the applied thermal cycles did not produce a significant change
in the mechanical properties. An increase in the strength for foam 100 after trials B and C can be noted. Given the
variability between samples, this increase should be taken with care.

No significant change in weight or dimensions was detected after the ageing trials.
A representative DSC curve for foam 80 unaged and after trial TC-A is presented in Fig. 2. The presented curves

correspond to the second heating ramp. From the curves and Eq. (1) a weight % crystallinity of 33.8% for unaged
and 31.3% for aged foam 80 can be derived.

3.2. Behavior under temperature

Fig. 3 presents the engineering stress–strain curves from compression tests conducted at different temperatures.
The left column presents the results of tests conducted after a short stabilization time of approx. 2 h, for foam 100
(a) and foam 80 (c). As can be seen, the strength is progressively reduced as the temperature is increased. The
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Fig. 2. DSC curves for unaged and TC-A aged 80 kg/m3 PET foam.

Fig. 3. Stress–Strain curves for samples tested under temperature for foam 100 (a) and 80 (c). Samples tested under temperature after an
overnight 100 ◦C temperate soak are presented in (b) (foam 100) and (d) (foam 80).

graphs on the right column present the foams tested at the same temperatures, but after an overnight temperature
soak at 100 ◦C. The strength is significantly increased, from 0.1 ± 0.01 MPa to 0.23% ± 0.009 MPa for the 80
foam and from 0.16 ± 0.01 MPa to 0.38 ± 0.01 MPa for the 100 PET foam when testing at 100 ◦C after overnight
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soak, meaning a 130% strength increase. This significantly reduces the gap with the behavior at room temperature.
The implication on this regarding the selection of the design values at the network operation point and possible
service temperatures will be discussed in Section 4.

3.3. Hygrothermal ageing

Fig. 4 presents the bending stress–strain curves for foam 80 (a) and 100 (b). Foam 80 was tested in both the
extrusion (E) and parallel (P) directions, unaged (FU) and aged (FA) after 6 months. Foam 100 was tested in the
E direction, unaged and after 3 and 6 months ageing. One of the FU-80 P samples did not break during the test,
marked with a cross at the end of the curve. The values of toughness, maximum strength and strain at break are
presented in Table 2.

Despite a decrease in the mean for most properties of aged samples can be seen for most properties, a two-sample
t-test with a significant level of 0.05 was undertaken for all toughness aged/unaged pairs, which showed that the
results are not statistically different.

Fig. 4. Bending stress–strain curves for foam 80 (a) and 100 (b).

Table 2. Mechanical Properties derived from flexural tests.

σf,max
(MPa)

U (MJ/m3) ε at break E modulus
(MPa)

∆σf,max
(%)

∆U (%) ∆ε at
break (%)

∆E modulus
(%)

FU-80E 0.76 ± 0.10 0.05 ± 0.03 0.091 ± 0.04 21.84 ± 1.30 n.a n.a n.a n.a
FU-80P 0.78 ± 0.14 0.07 ± 0.04 0.12 ± 0.06 18.9 ± 1.78 n.a n.a n.a n.a
FU-100E 1.28 ± 0.07 0.08 ± 0.01 0.092 ± 0.01 35.00 ± 3.05 n.a n.a n.a n.a
FU-100P 1.29 ± 0.08 0.1 ± 0.02 0.106 ± 0.02 33.52 ± 1.85 n.a n.a n.a n.a

FA100E - 3 m 1.27 ± 0.09 0.07 ± 0.01 0.083 ± 0.01 35.32 ± 1.50 −1.1 −11.7 −10.3 0.9
FA100E - 6 m 1.23 ± 0.05 0.07 ± 0.01 0.084 ± 0.01 32.46 ± 1.13 −4.9 −14.1 −8.6 −7.2
FA80E - 6 m 0.77 ± 0.02 0.05 ± 0.01 0.1 ± 0.02 20.99 ± 0.55 1.5 4.2 9.5 −3.9
FA80P - 6 m 0.76 ± 0.05 0.05 ± 0.02 0.101 ± 0.02 19.87 ± 2.59 −2.6 −24.3 −15.8 5.1

4. Discussion

The acting cyclic loads in DH pipes could be a cause of fatigue for the constituent materials. While this is widely
considered for the steel pipe, only a few studies evaluate its effect on the insulating foam [8,21]. A foam is not a
material, but a structure, and repetitive expansion and contraction and related flexure of the cell walls could lead to
cracking events [22]. Cell anisotropy [23] and hysteresis intrinsic to polymers may exacerbate irreversible changes
in the cellular structure. A previous study with PU foam at high temperature reports that the cell expansion is wider
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in the direction parallel to the foam direction and original shape is only partly recovered [24]. One contributor
to the foam thermal expansion is the expansion of polymer itself. The second contributor is the expansion of the
gas inside the cells, applying pressure to the cell walls [24]. With increasing temperature, the expansion of the gas
coincides with the reduction of the strength of the polymer matrix. We have found no effect of the applied cycles on
the mechanical properties of the PET foam. This is related to the low thermal expansion of PET, of 9.1 · 10−5 K−1

[25] vs 15 · 10−5 K−1 for PU [22]. Due to the semicrystalline nature of PET, a further change in the mechanical
properties could arise from temperature induced changes in crystallinity. No significant changes in crystallinity were
detected after the applied thermal cycles. The results from the static tests under temperature (Section 3.2) suggest
that the 75 min temperature hold time was not long enough to allow for thermal crystallization. The hold time was
selected in order to achieve a manageable trial duration for the 250 cycles, which ascended to 8 weeks.

It is seen in Fig. 3(a) and (c) that the strength and E modulus decrease with increasing temperature, consistent
with previous observations in PET [5] and other polymeric foams [22,26]. However, it can be seen that the strength
at 100 ◦C can increase by 130% with time under temperature. This indicates that during this period the crystallinity
degree increased. The intermolecular bonding is higher in the crystalline phase than in the amorphous, increasing the
strength of the polymer [27]. This effect is expected to occur in DH networks, which are held at high temperature for
long periods of time. Therefore, limiting the PET foam for networks operating below 100 ◦C due to the softening of
the foam at its Tg (∼80 ◦C) [5] is proven conservative, as the σ10 = 0.3 MPa required by EN 253 can be exceeded
at 100 ◦C (Fig. 3b). It should be noted that in any case the standard requires this σ10 at room temperature. Foaming
semicrystalline polymers is a recent development, and its particularities i.e. crystallinity degree changes with time
and temperature should be taken into account when selecting the materials properties at the design point of the
piping network.

As for moisture-induced ageing, no effects have been found after 6 months accelerated ageing. While the obtained
data does not allow us to predict long term behavior, at the ground temperature all involved processes will be
slower. It should be noted that the samples were left to stabilize at ambient conditions prior mechanical testing,
since the focus of the study was to evaluate irreversible degradation. Therefore, loss of mechanical properties due to
the plasticization effect of moisture would not be detected in this experimental plan. Equivalently only permanent
effects related to swelling. i.e. deformation of the cells, would be detected. It has been seen during the study that
moisture uptake by PET foam is very low, reaching only 0.3% weight increase after over 2600 h of 80% moisture
exposure at 40 ◦C. The details on the moisture uptake and its in-situ and long-lasting effects will be discussed in
another publication [28]. This very low moisture uptake limits to a great extent the degradation. It is known that PET
is susceptible to hydrolysis at temperatures above its Tg and has been widely studied [13,14]. The chain scission
produced by hydrolysis leads to embrittlement, conditioning the service life of the material. Therefore, bending tests
were selected to better detect embrittlement, which was not found after the applied 6 months hygrothermal ageing.
We have found that the cellular structure of the foam produces no deviation in the hydrolysis reaction rate from that
occurring in films [29]. According to models developed by previous authors based of PET films [14], service life
at 40 ◦C and 50% r. H would be 30 years, assuming an Arrhenius relationship. Since all the experimental data is
collected above Tg, it is likely that deviations are encountered in the glassy state, leading to an underestimation of
the service life below Tg [14]. Since the temperature gradient through the insulation thickness keeps the insulation
in contact with the medium pipe dry, high humidity levels would only be found at low temperatures. Degradation
through hydrolysis is hence not foreseen an issue for steel PET-insulated pipes.

5. Conclusions

The ageing of PET foam has been studied, in order to confirm its suitability as insulation for DHC pipes. No
degradation due to thermal cycling or hygrothermal exposure has been detected, related to the low coefficient of
thermal expansion and moisture sorption of PET. Previously determined service temperature limit to PET’s Tg at
around 80 ◦C has been proven conservative, due to the thermally induced crystallinity increase and its impact on the
material’s strength. Therefore, PET foam could be a sustainable replacement for PU, eliminating the use of toxic
chemicals in the DH piping manufacturing and supporting the transition to the Circular Economy.
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Abstract: The recently approved restriction on diisocyanates highlights the health and safety issues 
concerning polyurethane manufacturing and the relevance of developing sustainable insulating 
polymeric foams. This is particularly challenging for applications where the foam is subjected to 
high temperatures (>80 °C) and bear loads, such as insulating and bonding material for district heat-
ing pipes. As part of a PhD project concerning pre-insulated district heating pipes for the circular 
economy, polybutylene (PB-1) has been identified as a promising candidate for the application, due 
to its low thermal conductivity, high-temperature mechanical properties, retention, excellent envi-
ronmental stress cracking resistance (ESCR) and outstanding creep resistance. It is a recyclable ther-
moplastic and of non-toxic nature, pre-requisites for circular product development. On the contrary 
to other polyolefins, PB-1 is reported to strain-harden and has high melt strength, required proper-
ties for foaming. The purpose of the study is to assess the foamability of PB-1 through extrusion 
foaming experiments. A twin-screw extruder was used with varying concentrations of a chemical 
blowing agent. The obtained samples have been characterised for density, expansion ratio and mi-
crostructure. Foams with a volume expansion ratio of 1.8 were achieved. The results confirm the 
foamability of this polymer. The increase of the die pressure and its contribution to strain hardening 
were identified as key parameters for successful foaming. Further research will include improving 
the expansion ratio with a physical blowing agent and mechanical characterization of the foam. 

Keywords: polymeric foam; polybutylene; district heating; insulation; thermoplastic; circular econ-
omy 
 

1. Introduction 
District heating (DH) infrastructure is called to be a cornerstone element towards 

decarbonizing the heating sector. Thanks to a district heating network, the use of decen-
tralized renewable and waste heat sources is enabled. For its technical and economic fea-
sibility, correct insulation of district heating pipes is critical. As for state of the art, all 
district heating pipes are insulated with polyurethane foam (PU) [1]. 

PU foams present the lowest thermal conductivity among foamed polymers used 
commercially [2]. While PU has excellent thermal and mechanical properties, it has im-
portant environmental and toxicity drawbacks, which trigger the need for research in new 
and alternative insulating foams. 

PU is produced from a ca. 50/50 mix of a polyol and either TDI (toluene diisocyanate) 
or MDI (methylene diphenyl diisocyanate). TDI and MDI are classified as suspected of 
causing cancer, as dermal and respiratory sensitizers, for acute toxicity following inhala-
tion, as well as eye, skin and respiratory irritants under the EU’s CLP Regulation [3]. The 
European Commission has approved to restrict the use of diisocyanates to a concentration 
limit of 0.1% by weight under REACH on 4 August 2020 [4]. 
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There is a need for developing environmentally friendly insulating foams following 
a holistic approach: conceptualized from the beginning out of non-toxic and recyclable 
materials and a safe manufacturing process. In this context, the foamability of PB-1 is explored. 
Promissing properties for the application are its low thermal conductivity of 0.114 W/mK [5], 
good mechanical property retention under high temperature, excellent environmental 
stress cracking resistance (ESCR) and outstanding creep resistance [6]. It is a recyclable 
thermoplastic and of non-toxic nature, pre-requisites for circular product development. 
In contrast to other polyolefins, PB-1 is reported to strain harden and has high melt 
strength [6], required properties for foaming [7]. However, its foaming behaviour has not 
been found reported in the open literature. In this study, the foamability of PB-1 is studied 
through extrusion foaming experiments with a chemical blowing agent. The obtained 
samples have been characterised for density, expansion ratio and microstructure. Foama-
bility is assessed in terms of achieved volume expansion ratio, microstrucure and pro-
cessing window using available extrusion equipment. Optimization of the foaming pro-
cess is out of the scope of this study. The presented results are part of a larger screening 
of commercial PB-1 grades.  

2. Experiments  
2.1. Materials 

Toppyl PB0110M PB-1 from LyondellBasell was extrusion foamed using Hydrocerol 
CT 550 chemical blowing agent (CBA), kindly provided by Clariant.  

2.2. Extrusion Foaming Process 
The extrusion process was undertaken with a twin screw ZSE 27 MAXX extruder 

(Leistritz Extrusionstechnik GmbH, Nürnberg, Germany), with D = 28.3 mm, L/D = 48, 
and 12 modular barrels with 2.1 kW heating power each and water cooling. A strand die 
with three strands of 4 mm diameter each was used. The feeding temperature was set as 
low as possible as to create a melt seal and avoid premature degassing of the CBA, which 
was set at 140 °C. The temperature was progressively increased to 175 °C after the CBA 
dosing point, which as to allow its complete decomposition, and then progressively low-
ered. The amount of dosed CBA was varied from 4.2 to 10% wt., for die exit temperatures 
of 110 and 115 °C. Screw speed rate and feed rate were kept constant to 100 rpm and 4 kg/h 
respectively. 

2.3. Foam Characterization 
The foam samples were randomly collected at each processing condition after achiev-

ing the steady state and characterized for density, volume expansion, cell size and cell 
density. 

The density was determined with a 100 mL glass pycnometer, distilled water and a 
Sartorius AC 211 S (Goettingen, Germany) balance.  

Foam volume expansion ratio is often determined as the ratio between the density of 
the polymer and the density of the foam. However, since a CBA is used—for which the 
effective foaming components amount to 70% wt., and up to 10% wt.—CBA was dosed, 
resulting in the addition of 3.3% wt. of the decomposition products. It was found to be 
more accurate to determine the volume expansion ratio Vexp as  

V��� = diameter foam extrudate
diameter polymer extrudate (1)

in an analogous method to the one used by [8].  
The diameter of the obtained foam samples and neat polymer extrudates were ob-

tained from photographs taken using a Nikon D700 camera and a tripod. Photographs 
were recorded from immediately after collection (max. time between collection and initial 
photo 20 s) up to over 2 h after extrusion, in 20 s time-lapse intervals. The diameter of each 
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strand was measured in five different locations of each strand once its dimension was 
stable using Fiji [9]. The average of the five measurements is presented in each case. 

The morphology of the foams was examined in an optical microscope (Leica DMLP, 
Wetzlar, Germany). Cell size was measured from the obtained micrographs using Fiji [9]. 
Cell population density (N0), defined as the number of cells per unit volume of the original 
unfoamed polymer, was calculated as [10,11]: 

N� � �nA�
� �� ∙ V��� (2)

where (N0) is the cell population density (cell/cm3), n is the number of cells in the micro-
graph and A the area of the micrograph (cm2). 

3. Results and Discussion 
The density of the obtained samples is presented in Table 1. 

Table 1. Density for samples under different process conditions. 

Die T (°C) CBA% wt. Density (g/mL) 
110 4.2 0.740 ± 0.032 * 
110 7.1 0.5 ± 0.017 * 
110 8.50 0.598 ± 0.031 * 
110 10 0.53 ± 0.034 * 
115 4.2 0.50 8± 0.122 * 
115 7.1 0.508 ± 0.036 * 
115 8.50 0.488 ± 0.178 * 
115 10 0.601 ± 0.089 * 

* Standard deviation. 

The determined volume expansion ratio, cell population density and cell size and 
their relation to the process conditions can be found in Figure 1. 

 
Figure 1. (a) Expansion ratio vs. introduced amount of CBA. (b) Cell population density vs. introduced amount of CBA. 
(c) Cell size vs. introduced amount of CBA. 

Representative micrographs for each process condition can be found in Figure 2. 
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Figure 2. Micrographs of obtained foams under different process conditions: die T° = 110 °C and 
4.2% CBA (a); 7.1% CBA (b); 8.5% CBA (c) and 10% CBA (d) die T° = 115 °C and 4.2% CBA (e); 
7.1% CBA (f); 8.5% CBA (g) and 10% CBA (h). 

3.1. Microstructural Characterization and the Relationship with the Process Conditions 
As can be seen in Figures 1c and 2, foams present large pores with significant cell size 

variability. The two die temperatures used did not produce any difference in the obtained 
cell size for CBA concentrations of 4.2 and 7.1% wt. Cell size decreased for 8.5% wt. as cell 
population density increased. This inverse trend has been previously reported [12]. This 
effect is particularly significant for the 110 °C die T° trial, where the average cell size was 
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reduced by more than 50%. After this point N0 decreased again and cell size increased. 
This can be explained as the increase of CBA provides more available gas for cell nuclea-
tion, until a maximum is reached. With further gas increase and cell growth, cells collide 
against each other, reducing the n° of cells and increasing their size [13], as can be ob-
served by the trends in Figure 1b,c. 

3.2. Effect of Process Conditions on the Volume Expansion Ratio 
The two die temperatures tested were selected as a result of a preliminary process 

parameter screening. With die T° over 120 °C, limited expansion was achieved. This is an 
indication for low melt strength, which prevents the polymer melt from withstanding the 
stretching forces of the bubble growth, leading to cell collapse, and of high gas diffusion 
out of the polymer matrix. The lower processing temperature was conditioned by viscos-
ity, being 110 °C the lowest temperature at which the melt would flow out of the extruder.  

As can be seen in Figure 1a, with the die T° of 110 °C, the expansion ratio increased 
until a maximum and then decreased. This indicated that at this temperature the expan-
sion behaviour is governed by the polymer melt’s stiffness. Expansion increases with in-
creasing CBA concentration due to the plasticisation effect of the gas [12]. After reaching 
a maximum, the gas starts diffusing out of the polymer’s hot skin. For the 115 °C die tem-
perature series, the maximum expansion was achieved with the lowest concentration of 
CBA tested. Since the cell size and cell population density of the samples obtained at the 
lowest concentration (4.2%) was not higher than those obtained with increasing CBA dos-
ages, we can conclude that from that dosage the increased level of gas just increased the 
diffusion out of the hot skin of the extrudates, thus the volume expansion remained at 
constant levels.  

During the execution of the trials, a transient situation was encountered where the 
die pressure was increased from the 45 bar of the reported trials up to 75 bar. Under these 
conditions, a higher volume expansion was obtained, and strain hardening was observed 
on the extrudates. The relationship between strain hardening and successful foaming is 
known in the field [7], as well as the relation between pressure drop and cell population 
density [14]. The data of this obtained foam are not included due to the non-reproductible 
process conditions (transient), but show the potential of improved foaming of this resin 
under optimal process conditions. As mentioned in the introduction, process optimization 
is out of the scope of this study, which aims at screening foamability.  

4. Conclusions  
An experimental study on the extrusion foaming behaviour of a commercial PB-1 

resin was presented. Foamability of the resin was confirmed. High-density foams were 
produced, with a volume expansion of 1.8. The processing window was screened and the 
influence of process conditions on the microstructure and volume expansion of the ob-
tained foams was studied, indicating that PB-1 foam of medium density can be produced 
when the foaming process is optimized. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

PB-1 Polybutylene 
ESCR Environmental stress cracking resistance  
DH District heating  
PU Polyurethane 
TDI Toluene diisocyanate 
MDI Methylene diphenyl diisocyanate 
EU European Union 
CLP Regulation Classification, labelling and packaging of substances and mixtures regulation 
REACH Registration, evaluation, authorisation and restriction of chemicals 
CBA Chemical blowing agent 
wt. Weight 
T° Temperature 
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Mechanical Behaviour of Polylactic Acid Foam as 
Insulation Under Increasing Temperature 
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Abstract – Measures to increase the share of renewables in heat generation, combined with 
increased energy efficiency provide a direct emissions reduction on the heating sector. 
Energy efficiency measures, as well as the role-out of sustainable heating technologies such as 
district heating networks have one key actor: insulation. However, state of the art insulating 
materials such as polyurethane or polystyrene have severe environmental drawbacks 
incompatible with today’s transition to the circular economy, and are the Achilles’ heel of the 
sector in terms of sustainability. Biobased and biodegradable polylactic acid (PLA) foam 
could be a promising replacement for fossil-based polymeric insulating foams. This study 
provides data on the mechanical behaviour of expanded PLA foam under different 
temperatures, which will help to assess its potential use as insulation where the foam is subject 
to heat. 

Keywords – Circular economy; insulating foam; Polylactic Acid (PLA); thermal 
behaviour 

Nomenclature 
σ10 Compressive Stress at 10 % strain MPa 
E Young Modulus MPa 
T Temperature °C 
Tg Glass transition temperature °C 
a Sample width  mm 
b Sample depth mm 
h Sample height mm 

1. INTRODUCTION  

Energy efficiency measures combined with sustainable renewable sources of heat would 
significantly reduce global CO2 emissions and contribute to the achievement of goals such as 
the EU 2020 climate and energy package.  

The 4th generation District Heating [1] aims in this direction: by reducing the network´s 
temperature, up to now non-used waste and renewable heat sources can be introduced in the 
system, significantly contributing to the decarbonisation of the sector, as well as contributing 
to higher air quality in urban areas. Decreasing the operating temperature will bring higher 
energy efficiency of the system, and its effects on the system´s elements such as the heat 
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exchangers have been studied [2]. But the temperature reduction additionally opens up new 
possibilities in materials selection. This potential remains still untapped. 

Today´s insulation materials are to a big extent petroleum-based polymeric materials. 
Polyurethane (PU) and Polystyrene (PS) accounted for 42 % of the European thermal 
insulation market in 2012 [3], and PU is the standard insulation for District Heating Pipes [4]. 
However, the environmental profile of these materials makes insulation the weakest point of 
the sustainability efforts these energy efficiency measures intend to bring.  

While PU is chemically inert [5] and non-toxic, its base material isocyanates are toxic and 
present a number of health and safety issues and harmful effects in varying degrees [5]–[8]. 
PU is produced from either TDI (toluene diisocyanate) or MDI (methylene diphenyl 
diisocyanate). TDI and MDI isomers and mixes thereof are classified as suspected of causing 
cancer, as dermal and respiratory sensitizers, for acute toxicity following inhalation, as well 
as eye, skin and respiratory irritants [8]. The residual styrene in the PS matrix is carcinogenic, 
and thus threatening human health [9]. None of these foams is recyclable.  

There is an urgent need for developing alternative insulation materials which are nontoxic 
and fully recyclable, which would support the transition from eco-efficiency to a circular 
economy. 

Within the frame of an exploratory research project aiming at identifying polymeric foams 
suitable for the insulation of 4th generation district heating networks, the mechanical behavior 
of PLA foam under different temperatures has been studied in order to obtain information on 
if and how the foams could be used as insulation in applications where they are subjected to 
or in contact with higher temperature.  

Polylactice acid (PLA) is a thermoplastic aliphatic polyester derived from biomass such as 
corn starch and sugarcane. It is the best-developed commercially available biopolymer [10] 
and is currently produced at low cost and commercialized in large quantities [11]. Given its 
physical properties and biodegradable nature, its first application niche has been biomedical 
applications, followed by disposable packaging. However, interest and applications 
concerning the building sector are under development. In 2016 Dutch plastic pipe manufacturer 
DYKA presented a PLA piping system for housing rain water collection at the VSK trade show 
(NL), claiming similar properties to PVC and long service life [12]. Previous work on PLA 
foams have reported comparable behavior with polystyrene foams in terms of mechanical and 
thermal properties [9], [13]. The PLA foam’s intrinsic IR absorbing characteristics, acted via 
the ester group in the PLA molecular chain, sets this polymer matrix as a good candidate for 
insulation applications and further enhances its environmental impact [9]. 

One of the limitations of PLA is its low service temperature, due to its low crystallinity 
because of its inherently low crystallization kinetics [10], and with a glass transition 
temperature (Tg) set around 60 °C. Tg signals the transition from a hard and relatively brittle 
state into a rubber like state [14]. There is no clear protocol or parameter to define the heat 
resistance of a polymer, however, Tg can give an indication of the heat resistance for 
amorphous or low crystalline polymers [15], [16]. The heat resistance of a material is strongly 
linked to its crystallinity. A higher degree of crystallinity implies a higher temperature 
resistance, since the crystalline regions should maintain material stiffness past the Tg [15]. 
Literature reports the potential of PLA foams to be used at elevated temperatures above its Tg, 
as a higher crystallinity is obtained due to the foaming process, and as a result, the PLA foam 
products can exhibit ductile and tough behaviour without easy deformation above Tg [10]. 

With the basis of the above stated quote, the aim of this study is to observe the mechanical 
behaviour of readily produced PLA foams above the material’s Tg, in order to obtain 
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information on how and if the foams could be used in applications where they a re subjected 
to or in contact with higher temperature. 

2. METHODS AND PROCEDURES 

Samples of molded expanded bead PLA foam were provided by BEWiSynbra. Samples 
where tested for compression in a universal testing machine at a constant strain rate of 
2 mm/s. The plates where placed inside a thermal chamber, where different temperatures can 
be set. The applied force was a direct output from the testing machine. The strain was optically 
measured using an ARAMIS adjustable stereo camera system. 

The selected test temperatures were 22 °C, 55 °C, 65 °C and 75 °C. Samples at 22 °C were 
tested after storage for several days at the laboratory´s room conditions: 22  °C and 30 % 
humidity. Samples tested at higher temperatures were previously temperature soaked inside  
the thermal chamber. Relative humidity inside the chamber could not be measured or 
modified and is thought to be very low.  

In order to evaluate the impact of the duration of temperature conditioning, a thermocouple 
was inserted in one sample to measure the time needed to reach 75 °C. It was achieved within 
minutes. A batch of three samples where tested at 75 °C after 2 h temperature conditioning, 
and 5 further samples after 48 h of temperature conditioning, showing no difference in 
behaviour. Therefore, in order to optimize the test execution timing, temperature soaking was 
2 h for the samples at 65 °C and over night for the samples at 55 °C. 

The presented results correspond to the mean of five probes tested for each of the selected 
temperatures: 22 °C, 55 °C, 65 °C and 75 °C. 

Samples for the 22 °C and 75 °C test series were provided as cut cubes 
(approx. 48·48·48 mm) by the supplier. Samples for the 55 °C and 65 °C were cut out of a 
slab with the same dimensions as the previous samples using a wire cutter.  
 

Fig. 1. Sample Preparation: before and after the painting of a stocastical pattern. 

Samples where individually accurately measured using caliber and weighed prior testing. 
After observing shrinkage at 75 °C, samples at 55 °C and 75 °C were re-measured after being 
temperature soaked and immediately before testing. Dimensions of samples tested at 65  °C 
were re-evaluated from the images taken from the ARAMIS stereocamera. The strain measured 
by the ARAMIS optical system´s software is based on a stochastic pattern recognition analysis. 
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Therefore a stochastical pattern was painted on one side, using canned black spray paint and 
a toothbrush. 

IR spectroscopy has been reported as an appropriate technique to qualitatively and 
quantitatively determine the degree and nature of crystalline and non-crystalline order and 
has been previously been used in the study of PLA [16]–[18]. Hence in order to observe 
changes in the crystallinity structure due to the heating, foam tested under room temperature 
and under 75 °C where analysed using a Thermoscientific Nicolet iS 10 FTIR spectrometer.  
 
 

    
Fig. 2. Visualization of the compression test of sample 75-2. From left to right after 54 s, 272 s, 465 s and 563 s. 

3. RESULTS 

Table one presents the weight and dimensions of each sample, at room and at test 
temperature.  

As can be derived from the data, samples tested at 55 °C experimented an average 
volumetric schrinkage of 0.8 % at 55 %, of 3.6 % at 65 °C and of 14.4 % at 75 °C. Schrinkage 
is typically observed when the gas inside the foam cells diffuses out of the foam in a faster 
rate as air diffuses in, creating a negative pressure in the closed cells [11]. 

TABLE 1. SAMPLES WEIGHT AND DIMENSIONS 

      At room T, °C At test T, °C 

Sample Test T° Weight, g a, mm b, mm h, mm a, mm b, mm h, mm 

22-1 22 3.44 48.3 47.9 48.7 48.3 47.9 48.7 

22-2 22 3.52 48.49 48.5 48.6 48.49 48.5 48.6 

22-3 22 3.75 48.1 50.2 48.7 48.1 50.2 48.7 

22-4 22 3.41 48.16 48.12 48.03 48.16 48.12 48.03 

22-5 22 3.65 48.12 48.2 48.2 48.12 48.2 48.2 

55-1 55 3.55 48.04 48.13 48.06 48.8 47.96 47.84 

55-2 55 3.35 47.99 48.2 45.85 47.96 47.85 45.88 

55-3 55 3.29 48.7 48.12 45.94 48.06 48.06 45.74 
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      At room T, °C At test T, °C 

Sample Test T° Weight, g a, mm b, mm h, mm a, mm b, mm h, mm 

55-4 55 3.63 47.83 48.03 48.11 47.81 47.9 47.97 

55-5 55 3.7 48.01 48.33 47.94 47.92 47.98 47.61 

65-1 65 3.58 48.37 48.7 47.78 47.70 48.02 47.12 

65-2 65 3.77 48.58 48.1 49.6 47.91 47.43 48.91 

65-3 65 3.47 48.85 48 48.12 48.12 47.29 47.41 

65-4 65 3.52 48.35 47.9 48.8 48.30 47.86 48.75 

65-5 65 3.7 48.25 48.6 48.2 47.39 47.73 47.34 

75-1 75 3.49 48.22 48.23 48 45.68 45.67 45.55 

75-2 75 3.58 48.09 48 48.1 46.2 45.39 45.04 

75-3 75 3.46 48.34 48.29 48.05 46 45.79 47.7 

75-4 75 3.64 48.02 47.97 48.1 45.25 45.23 45.36 

75-5 75 3.6 47.98 48.1 48.04 45.35 45.54 45.42 

 
The average density for the foam samples is 31 kg/m3. 
Fig. 3 presents the stress strain curves for each sample tested. A clear grouping per test 

temperature can be observed. 

 
Fig. 3. Stress vs Strain curves for the tested PLA foam samples under different T. 
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Compressive strength at 10 % strain and E modulus were calculated for each sample. 
E modulus was determined for the zone between 25 % and 75 % of F10, as per 
EN ISO 844:2014 [19]. Average values per test temperature and their variance are presented 
in Table 2. 

TABLE 2. CALCULATED COMPRESSIVE STRENGTH AT 10 % STRAIN AND E MODULUS FOR EACH T° 

T, °C σ10, MPa Variance σ10 E, MPa Variance E 

22 0.158 5.4·10–4 0.591 4.01·10–3 

55 0.075 4.2·10–5 0.298 5.23·10–4 

65 0.048 2.2·10–5 0.249 7.79·10–4 

75 0.034 1.5·10–5 0.228 4.20·10–4 

 
The relationship of σ10 and E with the test temperature can be observed in Fig. 4 and Fig. 5. 
 

 
Fig. 4. Relationship of compressive strength with test T°. 

 
Fig. 5. Relationship of E modulus with test T°. 

y = 1E−0.5x2 – 0.0034x + 0.2281 
R2 = 0.99 

 
y = −0.0024x + 0.2094 

R2 = 0.99 

y = 0.0001x2 – 0.0169x + 0.9125 
R2 = 0.99 

T, °C 
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The obtained IR Spectra of foam samples stored at room temperature (22 °C) and after 
soaking at 75 °C is presented in Fig. 6. 

 

 
(a) 

 

 
(b) 

Fig. 6. IR spectra of PLA foam samples after storage at (a) 22 °C and (b) 75 °C. 

The peaks corresponding to the amorphous and crystalline phases are marked.  
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4. DISCUSSION 

The investigation was carried out with PLA bead foams. Because of the manufacturing 
process of pre-insulated pipes, the use of bead foam it is not expected, but of extruded foam. 
However, extruded PLA foams are still under R&D and not commercially available. 
Hence, this study intends to provide qualitative data rather than quantitative data as for  
district heating applications. The generated data is however valuable for other insulating 
applications requiring foam sheets. Extruded foams would be expected to have a higher 
density and higher mechanical strength than bead foams. Compared to insulation foams 
according to district heating standards (PU), the tested material has a half the density, which 
has an influence on the mechanical properties. 

Thus PLA foams would be useful for district heating application operating in the lower 
temperature levels. In the case of lower temperature, the mechanical strength of the material 
plays a minor role, since temperature induced stresses and displacements are less 
significant [20]. 

The compresive strenght at 10 % strain obtained at room temperature is equivalent to that 
reported by Parker et al [13]. As expected for a thermoplastic, compression strength and E 
modulus steadily decreased with the testing temperature. However no sudden drop in 
properties was observed around the Tg. Two correlations are presented for σ10, linear and 
quadratic polynomial, as a similar best fit was obtained. 

As for the stress strain curve (Fig. 3), an interesting result is that the different samples tested 
for each temperature presented a larger deviation at room temperature and behaved closer 
alike as we went up with temperature.  

The original crystallinity of the provided foam samples would be between 20 and 30 % 
according to the manufacturer. Work from Auras et al. [16] and Younes and Cohn, compiled 
in [21], report a peak related to the crystalline phase, at 755 cm–1 in [21] and 756 cm–1 in [16], 
and to the amorphous phase, at 869 cm–1 in [21] and 871 cm–1 in [16]. Consistent with these 
studies, both peaks were found and identified in our work. Crystallization of the amorphous 
but thermally crystallizable PLA copolymers is reported to be initiated by annealing at 
temperatures starting at 75 °C [16]. Since this temperature corresponds to the higher testing 
temperature of this work, determining if further crystallization occurs due to the operation 
temperature the insulation is subjected to would provide valuable information about the aging 
of the foam. Further work on the preparation of a standard curve is needed to allow for 
quantitative determination of each phase. Further research is needed to evaluate the potential 
impact of thermal cycling. 

Since the processing of PLA is still in its infancy, an increase of heat and mechanical 
stability is possible through further research and control on crystalization kinetics. 

5. CONCLUSIONS 

This study provides data that can be used for the simulation of systems where the insulating 
foam is subject or in contact with temperature, in order to assess the suitability of PLA for 
given applications. As expected for a thermoplastic, compression strength and E modulus 
steadily decreased with the testing temperature. However no sudden drop in properties was 
observed around the Tg.  

Further research is needed to determine the effects of thermal cycling on PLA insulating 
foam. 
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This study is based on a limited number of specimens. Further research is necessary to get 
a more profund insight in the thermal behaviour of this biodegradable insulation material.  
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Determination of the melting point depression of 
PB-1-CO2 solutions through image analysis
Lucía Doyle     
lucia.doyle@hcu-hamburg.de                                                 HafenCity University, Hamburg

Abstract
In the context of replacing polyurethane foam in DH pre-insulated pipes due to the toxicity of 
the diisocyanates, and facilitating recycling by eliminating the need to separate material layers 
of the sandwich structure, the foaming of PB-1 with CO2 is being studied. The assessment of the 
plasticization effect induced by CO2 in the polymer melt and determination of the melting point 
depression is required for the establishment and optimization of the foaming processing window. 
In this paper, a method for the determination of the melting point through image analysis is pre‐
sented, validated and used for the study of PB-1 – CO2 solutions. The obtained results through 
image analysis agree with those obtained with differential scanning calorimetry, validating the 
method. The CO2 - induced melting point depression of PB-1 was determined as ΔT = 140C.  

Introduction
Heating accounted for 50% of the global energy consumption in 2018, being so the largest energy 
end-use (IEA, 2019). The integration of renewable energy and waste heat sources could be largely 
facilitated by District Heating and Cooling (DHC). The backbone of DHC is the piping network, which 
enables the distribution and exchange of heat and cold between different producers and consumers. 
The use of polyurethane (PU) pre-insulated pipes has been a fundamental element for the transi-
tion from the 2nd to the 3rd Generation DHC (Lund et al., 2014). The PU acts both as insulation, 
ensuring and significantly increasing the energy efficiency of the system, and as bond between the 
heat medium pipe and the casing. The toxicity of the diisocyanates (ZAPP, 1957) required for the 
PU manufacturing and the recently approved restriction on their use (European Commission, 2020) 
challenge the continuity of PU pre-insulated pipes. With this background, the team of Technical 
Infrastructure Management HCU opened a research line on alternative polymeric foams which 
could replace PU in DHC pipelines in 2019 (Doyle, 2021; Doyle & Weidlich, 2019; Doyle & Weidlich, 
2020; Doyle & Weidlich, 2021). This includes both the evaluation of commercial foams for the appli-
cation as well as the foaming of other polymers. With the final goal of developing a pre-insulated 
pipe made out of a single material, as to facilitate recycling by eliminating the problematic of layer 
separation in sandwich constructions, the foaming of semicrystalline polybutene-1 (PB-1) is being 
studied. As for blowing agents, inert gases, mainly CO2, are considered for environmental reasons. 

The success of the foaming process and the morphology of resulting foams is strongly related to the 
foaming temperature. The foaming temperature window is found between the melting temperature 
(Tm) and the glass transition temperature (Tg) in the case of amorphous polymers, and between Tm 
and the crystallization temperature (Tc) for  the case of semicrystalline polymers (Di Maio & Kiran, 
2018; Sarver et al., 2018). The obtained expansion ratio and cell morphology are conditioned by 
the relative distance of the foaming temperature from the melting and crystallization temperatures 
of the polymer-CO2 dissolution under equilibrium (Sarver et al., 2018). It is well known that the 
dissolution of CO2 in a polymer matrix can cause a plasticization effect (Pasquali, Comi, Pucciarelli, 
& Bettini, 2008; Reignier, Gendron, & Champagne, 2007; Sarver et al., 2018; Takahashi, Hassler, & 
Kiran, 2012) resulting in a depression of Tm, Tg and Tc, causing a shift on the processing window. 
Energy savings also arise from the possibility to process at lower temperatures (Frerich, 2015). 
The determination of these temperatures under CO2 environment is of great importance for the 
correct setting and optimization of the process parameters.
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Different techniques have been used for the determination of the melting point depression of 
polymer – CO2 mixes. Reignier et al. (2007) used high pressure differential scanning calorimetry 
(HP-DSC) with Poly-ɛ-Caprolactone (PLC) and CO2. Kelly et al (2013) used infrared spectroscopy in a 
high pressure cell with PLC and CO2. Takebayashi et al. (2014) used near infrared spectroscopy (NIR) 
with a high-pressure cell for biphenyl and naphthalene under high-pressure CO2. Frerich (2015) 
studied the melting behavior of PLA, PBS and PLA-PHS and CO2 with a scanning transitiometer in a 
high-pressure cell. Lian et al. (2006) measured the carbon dioxide-induced melting point depres-
sion of PCL and PBS though the light transmission change through a view cell. A lamp was placed 
on one end of the view cell and images captured on the other end via a borescope attached to a 
videocamera. The polymer chip was placed in the optical path blocking the light, the melting was 
observed by the sudden light transmission through the cell. It could not be derived if the change 
detection was human based or computer based. Analogously, Takahashi et al. (2012) studied the 
melting behavior of biodegradable polyesters in CO2 at high pressures through changes in the light 
intensity through the polymer with a view cell, using a photodetector for measuring the light inten-
sity change. Pasquali et al. (2008) studied the meting point reduction of PEG 1500 in supercritical 
CO2 via photographs through a view cell. The temperature was fixed and pressure increased until 
the polymer melting onset, defined as the appearance of the first liquid drop. However, it is not 
specified how the first drop is detected. 

Aside from common the high-pressure cell, the presented methods require complex equipment 
or rely on human decision to detect a change on a set of images. However, human-scored image 
analysis is qualitative (Carpenter et al., 2006), and may be exposed to subjectivity and bias, 
leading to non-reproductible results. Therefore, automated image analysis is preferred. In this 
paper, a method for the determination of the melting point of polymer CO2 mixes through digital 
image analysis and processing is presented and used for the characterization of Polybutene-1 –
CO2 solutions. Tests were undertaken in an autoclave with sapphire windows which allowed for 
image acquisition. 

Data on the melting point depression of PB-1 CO2 binary system has not been found available in 
the open literature. Its determination provides valuable information for the optimization of the 
foaming temperature.

Methods
As materials, PB-1 kindly provided by LyondellBasell, and CO2 of >99.8% purity purchased from 
Westfalen were used.

Melting experiments were conducted in an autoclave having two windows opposite each other 
(Eurotechnica GmbH, Bargteheide, Germany). The autoclave is heated with a heat jacket and CO2 
is injected with a piston pump. The autoclave’s inner environment is monitored with a temperature 
sensor type K with a precision of ±1 0C and a digital pressure sensor with a precision of 0,5%. A 
light source with variable intensity is placed by one of the windows and a camera (Fastcam SA-X2, 
Photron Limited, Japan) on the opposite window. The trigger of the camera is coupled to the auto-
clave control system, so that pressure and temperature are logged simultaneously to the image 
acquisition. A sketch of the system is provided in Fig.1
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Fig. 1:  Schematic representation of the autoclave with coupled image acquisition system

After reaching the required temperature, a pellet is placed centred in the optical path, on an optical 
glass support. The autoclave is purged 3 times with CO2 before each trial. CO2 is then introduced 
with a stepwise increase in pressure. Images are acquired in 20 s intervals and data logged accord-
ingly. Trials were conducted in triplicate.

An image processing and analysis pipeline was developed using the open-source software Cell 
Profiler (Carpenter et al., 2006; Kamentsky et al., 2011) version 4.1.3. The main steps included 
converting each image to greyscale, inverting image intensities, identifying the pellet (segmenta-
tion) and measuring the pellet. The full list of parameters measured is presented in Table 1. The 
pipeline is available at https://github.com/LuciaDoyle/MeltingPoint_ImageAnalyis.git 

Tab. 1: Parameters measured for the pellet in each image

Area Eccentricity Median Radius

Bounding Box Area Equivalent Diameter Min Feret Diameter

Bounding Box Maximum X Euler Number Minor Axis Length

Bounding Box Maximum Y Extent Orientation

Bounding Box Minimum X Form Factor Perimeter

Bounding Box Minimum Y Major Axis Length Solidity

Center X Max Feret Diameter Center X

Center Y Maximum Radius Center Y

Compactness Mean Radius Center Z
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Reproducibility was evaluated by running multiple sets of experiments and comparing the results. 
The method was validated through comparing the results of melting under atmospheric condi-
tions obtained from the image analysis with the typical differential scanning calorimetry (DSC) 
curve provided by the manufacturer. For the tests under pressure, the duration of the intervals 
was established after running successive trials with increasing interval duration to confirm the 
attainment of equilibrium conditions. 

Once the method was validated, the melting point depression of PB-1 was determined by executing 
successive runs at different temperatures. In each run the temperature would be fixed, and CO2 
pressure increased in 5 bar steps. Reported results were executed with an initial stabilization time 
of 2 h at the first pressure level and the successive pressure increases conducted in 1 h intervals.

Results
Method Validation
In order to validate the method, the relationship between geometrical deformation measured 
through the image analysis and polymer melting was proven. For this, a pellet was placed in the 
view cell and progressively heated up to 150 0C, which is above the melting point of PB-1, reported 
in the data sheet as 1310C. 

The obtained sequence of image measurements is compared with the typical PB-1 DSC curve 
provided by the manufacturer in Fig. 2. For ease of analysis, eccentricity and major axis length 
were selected as reference parameters. Eccentricity is defined as the ratio of the distance between 
the foci of the ellipse and its major axis length, corresponding e=0 to a circle. Major axis length is 
length of the major axis of the ellipse that has the same normalized second central moments as 
the region, given in pixels (Rocha, Velho, & Carvalho, 2002).

It should be noted that PB-1 is polymorphic and undergoes crystal–crystal transformation at room 
temperature. When cooling from the melt, it crystallizes into Form II, which is metastable and 
characterized by a tetragonal unit cell. It then undergoes transformation into Form I stable crystals 
(Boor & Mitchell, 1963; Jones, 1963; Natta, Corradini, & Bassi, 1960), a process reported to have 
a duration of around 10 days depending on the storage conditions (Hadinata et al., 2007). Data 
reported corresponds to the melting of Form I.

Figure 2. (a) presents the parameters eccentricity and major axis length measured through the 
images (b) the DSC heating ramp, (c) the first image of the sequence, corresponding to the pellet 
in the solid state and (d) the last image of the sequence, corresponding to the pellet in the molten 
state. 

A very good correlation between graphs (a) and (b) can be observed, showing how the selected 
geometrical parameters correlate unequivocally with the melting event. Fig.2 (c) shows the first 
image of the sequence, and (d) the last, where the change in geometry can be observed. The 
change is not abrupt enough as to determine the onset with ease through the naked eye. It can 
be observed that the major axis length decreases during the melting event, which seams coun-
terintuitive. It should be noted that when the region is fitted to an ellipse, it does not necessarily 
have its major axis parallel to the x axis. Moreover, since the best fit ellipse is found per image, it 
may change its orientation between images. Indeed it does change orientation during the melting 
event, causing the effect of the major axis length decreasing.

For the determination of the melting point of the polymer-CO2 solution, the selected procedure 
was to fix a temperature and progressively increase the pressure, which was conducted in 5 bar 
steps, given the constant volume of the autoclave. The melting point depression is explained in 
terms of solubility effect, with the CO2 acting as diluent in the melt (Lian et al., 2006). In order to 
ensure equilibrium conditions, care was taken in establishing the pressure increase duration steps. 
Trials were conducted with increasingly longer time steps, from 30 minutes to 2 hours. Procedure 
was fixed at 1 h time steps after a 2 h stabilization period at the initial conditions.
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Fig. 2:  (a) pellet deformation measured from the images during temperature increase. 
(b) DSC heating ramp. (c) initial pellet image. (d) last pellet image (molten)

Determination of melting point depression of PB-1 under CO2 
Representative runs for different set temperature are presented in Fig. 3. Additional trials at 112ºC 
and 105ºC was executed, were no melting was achieved with the pressures run up to 110 bar. The 
arrows highlight the melting point. 

Fig. 3: Representative runs conducted at T = 123ºC (a) and 117ºC (b)
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The obtained melting points as a function of pressure are given in Fig. 4. As can be seen, the melt-
ing point of PB-1 decreases linearly down to 1170C, with a pressure of 45 bar. This  represents a 
ΔTm depression of 140C. 

Fig. 4: Melting point of PB-1 in the presence of CO2 at different pressures

The shape of the plot corresponds to that typically encountered in other polymer-CO2 solutions, 
where the melting point decreases linearly with P until an abrupt change in slope occurs, from which 
the melting point remains more or less costant (Lian et al., 2006; Pasquali et al., 2008; Sarver et 
al., 2018; Takahashi et al., 2012). This changes in behaviour are explained through solubility effects 
at low pressures, as the addition of low concentrations of a diluent in a melt depresses the pure 
component melting point, and by hydrostatic pressure effect increasing the melting temperature 
at higher pressures (Swaan Arons & Diepen, 1963). In order to measure the values after the kink 
point, a variable cell would be required, as to fix a temperature and progressibly increase the 
pressure. The extent of the melting point depression can be correlated to the amount of absorbed 
CO2 (Fukné-Kokot, König, Knez, & Škerget, 2000; Pasquali et al., 2008; Sarver et al., 2018), which 
is dependent on the applied pressure at a given temperature.

The CO2 – induced plastitization effect observed in PB-1 is consistent with that reported by (Shi, 
Wu, Li, Liu, & Zhao, 2009) through the reduction of Tc. In their study, they report a depression of Tc 
from 900C under atmosferic conditions to 600C under supercritical CO2 at 8 MPa when free cooling 
from the melt at 1700C, as detected with in-situ FTIR. This data also complements our findings 
towards the establishment of the processing window, since Tc cannot be detected through the 
here presented method. It should be however noted that unlike Tm, Tc is a second order transition 
and its value dependent on the cooling rate applied during the measurement (van Krevelen & 
Nijenhuis, 2009). The cooling rate at which the “free-cooling” occurred in the experiments by (Shi 
et al., 2009) is not reported. Data from the manufacturer provides a Tc of 710C at a rate of 100C/
min, suggesting a much slower rate in the study by Shi et al. 

Conclusion
This work demonstrates that the measurement of a sample’s geometrical features through image 
analysis is a powerful technique for the determination of the melting point in polymers and poly-
mer-CO2 solutions.
 
The melting point depression of PB-1-CO2 mixtures was observed and quantified to ΔT=140C. This 
provides useful information for the study and optimization of PB-1 foaming with CO2.
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