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The Special Issue “Structure, Properties and Applications of Polymeric Foams” aimed
to gather the numerous reports associated with the different aspects of polymeric foams.
First of all, The Guest Editor would like to express gratitude to the Editors-in-Chief of
Materials for the opportunity to create and run the Special Issue, as well as to all the authors
from the whole world who contributed with their high quality papers, and reviewers, who
helped to enhance the level of manuscripts. Finally, the Section Managing Editor, Ms. Yulia
Zhao, should be acknowledged for the excellent management of the editorial process.

Focusing on the topic of the Special Issue, foaming of polymeric materials enables
weight reduction, very important from the economic point of view, but most of all it should
be considered as an excellent means to provide new properties to various polymeric ma-
terials [1,2]. Permanent developments in foaming technologies allow manufacturing of
foams with micro- and even nano-sized pores, expanding the already very wide range of
their applications. Moreover, recent advances allow the preparation of functionally graded
foams, which are characterized by the engineered porosity distribution, imitating the cellu-
lar materials created by nature, e.g., plant stems or bones. Recent progress in processing of
such materials was comprehensively summarized by Suethao et al. [3]. Nevertheless, it
is important to remember about the most conventional applications of polymeric foams
as insulation materials, which still require substantial research, e.g. considering the heat
transfer mechanism, investigated by Blazejczyk et al. [4].

Moreover, having in mind the ongoing trends and law regulations, it is important to re-
member the environmental impact of polymeric foams. Recent technological developments
often involve biodegradability of foams, application of environmentally friendly raw mate-
rials, and innovative recycling methods [5]. Such an approach was strongly emphasized by
Abolins et al. [6], who described the innovative transformation of tall oil fatty acids into
bio-polyols. Their application in manufacturing of rigid polyurethane foams could enable
substitution of petroleum-based materials and reduction in foams’ environmental impact
without the deterioration of thermal insulation performance. Another interesting paper
dealing with the biopolyols from renewable resources was published by Kosmela et al. [7].
They used biopolyol (obtained by crude glycerol liquefaction of Enteromorpha macroalgae
and Zostera marina seagrass originated from Baltic Sea) to prepare rigid polyurethane foams.
Except for the conclusions related to the benefits of the environmentally-friendly approach,
it is worth mentioning the excellent application of micro-computed tomography for the
evaluation of foams’ cellular structure. When combined with the finite element analysis, it
can be used to investigate the relationship between the macroscopic mechanical properties
and microscopic foam structure, as presented in the excellent paper of Iizuka et al. [8].
Deeper analysis of this relationship can enable the adjustment of the manufacturing process
to obtain the desired microstructure of foams, which directly affects their performance.
As a result, tuning the microstructure of foams could be used to acquire desired global
materials properties [9].

Alongside for the application of renewable raw materials, the use of recycled ones
should be emphasized considering the current pro-ecological trends, as in the work of

1



Materials 2021, 14, 1474

Hejna et al. [10] dealing with structure and performance of flexible foamed polyurethane/ground
tire rubber composites.

Summarizing, the Guest Editor believes that the collection of the articles presented
as a Special Issue “Structure, Properties and Applications of Polymeric Foams” perfectly
shows the multitude of foams’ applications and potential research directions associated
with these materials.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Polymer foams are an important class of engineering material that are finding diverse
applications, including as structural parts in automotive industry, insulation in construction,
core materials for sandwich composites, and cushioning in mattresses. The vast majority of these
manufactured foams are homogeneous with respect to porosity and structural properties. In contrast,
while cellular materials are also ubiquitous in nature, nature mostly fabricates heterogeneous foams,
e.g., cellulosic plant stems like bamboo, or a human femur bone. Foams with such engineered
porosity distribution (graded density structure) have useful property gradients and are referred
to as functionally graded foams. Functionally graded polymer foams are one of the key emerging
innovations in polymer foam technology. They allow enhancement in properties such as energy
absorption, more efficient use of material, and better design for specific applications, such as helmets
and tissue restorative scaffolds. Here, following an overview of key processing parameters for
polymer foams, we explore recent developments in processing functionally graded polymer foams
and their emerging structures and properties. Processes can be as simple as utilizing different surface
materials from which the foam forms, to as complex as using microfluidics. We also highlight
principal challenges that need addressing in future research, the key one being development of
viable generic processes that allow (complete) control and tailoring of porosity distribution on an
application-by-application basis.

Keywords: porous polymers; cellular materials; microstructure; property gradient; functionally
graded structure

1. Introduction

Polymer foams find a wide range of applications, including in pillows and mattresses,
physical insulation, furniture, engineering materials, housing decoration, and electronic devices,
etc. In comparison to metallic and inorganic (e.g., ceramic and glass) porous materials, polymeric
porous materials are of interest as they are substantially lighter (because of their lower density),
have lower cost, offer a wider range of compressive strengths (from elastic to flexible to semirigid to
rigid), and are producible at considerably lower temperatures using a range of methods, including spray
foaming [1–10]. This review will focus on foams of a polymeric nature only.
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The polymer foams with supercritical fluids are attracting interest, especially for producing
microporous foams. These are cellular polymer foams with approximate 10 µm in pore dimeter and
109 pores per cm3 in pore density. These compact materials present high toughness, high impact
strength, and high stiffness-to-weight ratio. In addition, polymer foams with supercritical CO2 do
not usually require the use of harmful organic solvents. Such an advantage provides the method
suitable for processing porous structures from biocompatible polymers as scaffolds for biomedical
applications [11–13].

From a market perspective, recently reported global market values of exported polymer foam are
presented in the Table 1. The exported values of polymer foam have increased from 2017 to 2018 for all
types of polymer foam (based on data from the International Trade Centre (ITC) [14]).

Table 1. Values of the polymer foam exported to the world during 2017–2018 [14].

Types of Polymer Foam
Exported Value in Million USD (% of Total)

2017 2018

Polystyrene foam 1.276 (10.3%) 1.339 (9.9%)
Polyvinyl chloride foam 1.799 (14.5%) 2.001 (14.9%)
Polyurethanes foam 3.860 (31.1%) 4.167 (30.9%)
Other plastic foams 4.426 (35.7%) 4.852 (36.0%)
Rubber foams 1.053 (8.5%) 1.110 (8.2%)

Generally, polymer foams are porous materials that have two or more phases. In a two-phase
polymer foam, the polymer matrix forms a continuous phase and the gaseous-porosity phase is
composed of gas bubbles. The porous structure is produced by either a chemical or a physical blowing
agent for gas bubble production in a polymer matrix. In the case of chemical blowing agents, a chemical
reaction produces gas bubbles, usually through the decomposition of a chemical. By contrast, physical
blowing agents are inert gases or supercritical fluids (mostly CO2 and N2), which can be dissolved into
the polymer matrix during a saturation process [15–20].

Chemical blowing agents can be used for both liquid and solid polymers. Concerning liquid
polymers, in particular natural latex, chemical blowing agents such as potassium oleate are used in the
“Dunlop process” to manufacture rubber foams for pillows and mattresses, etc. [21–25]. In contrast,
production with a solid polymer is performed by gas diffusion processes (induced by a chemical
blowing agent) between the foam and molten polymer matrix. This type of process can be controlled
by the formulation and process of polymer to be foamed [26].

2. Polymer Foaming Process

Normally, the process of polymer foam production with a physical blowing agent is divided
into two principal steps. First, the polymer matrix is saturated with a physical blowing agent (gas or
supercritical fluid) at constant conditions. Next, the supersaturated state is brought about by phase
separation, induced either by rapidly increasing temperature or reducing pressure, for generating gas
bubbles, and therefore cells, inside the polymer matrix [27–30]. The cells grow to reach the point that
the viscosity of the polymer matrix is increased corresponding to the force opposing the expansion of
the foam until it becomes sufficiently high [31]. The foam density depends on the gas loading or the
gas fraction in the polymer matrix, the cell size and distribution count on the cell nucleation process,
and the expansion process [32].

In the case of plastic foam (or non-rubber foams), there are three basic processing steps:
(1) polymer/blowing agent solution mixing, (2) microcellular nucleation, and (3) cell growth and
density stabilization. The first step of single-phase polymer/blowing agent solution mixing is formed
by saturating the polymer with the blowing agent under certain conditions. The saturation point is
determined by the solubility limit of the blowing agent in the polymer, while the time required for
the solution formation is determined by the rate of diffusion of the blowing agent into the polymer
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matrix. Microcellular nucleation (Figure 1) is controlled by inducing a thermodynamic instability in
the single-phase solution. This is usually succeeded by drastically reducing the solubility of the gas in
solution by operating the pressure and/or temperature of the mixture [33–40]. Since the separation of
the polymer and gas phases is thermodynamically more favorable, the resulting supersaturated mixture
becomes the driving condition for the nucleation of numerous microcells. Continuous microcellular
processing typically utilizes a rapid pressure drop to nucleate bubbles. This stage is very crucial to the
overall process, because it dictates the cell morphology of the material and its resulting properties.
Therefore, solubility as a function of pressure is important for the development of the process. The final
stage in the production of microcellular plastics is cell growth. After cell nucleation has occurred,
any available gas diffuses into the cell and increases its size, thereby reducing the density of the polymer
matrix. Generally, the growth of cell depends on the time allowed for the cells to expand, the system
temperature, the amount of gas available, the processing pressure, and the viscoelastic properties of
the polymer/gas solution [41–45]. –

Figure 1. Overview of the microcellular foaming process.

Typical foaming processes can be classified into batch foaming, and extrusion and injection
molding. The batch foaming process has lower process temperatures than those needed in other
processes; this causes an increasing of the CO2 solubility in amorphous polymers, resulting in higher
cell densities and smaller cell sizes [46]. Such foam characteristics, i.e., cell size and cell density,
affect directly the mechanical properties of polymer foam [47]. Generally, the batch foaming process
is utilized to amorphous polymers, which starts from the rubbery state at the saturation condition.
On the other hand, the semicrystalline polymers possess the non-uniform cell structure because of the
inability of the polymer/blowing agent formation in the crystalline structure. This type of crystalline
structure of the polymer needs to be destroyed before foaming due to the melting point reduction of
the polymer using a co-solvent [47].

Concerning the process of polymer foaming with a physical blowing agent, the porous structure
of the polymer/gas (fluid) system depends on the important parameters below [48,49]:

(i) the degree of crystallinity of the polymer matrix,
(ii) the amount of the dissolved gas (fluid),
(iii) the degree of saturation of gas in the polymer,
(iv) the interfacial energy of polymer/gas (fluid), and
(v) the plasticization profile of the polymer/gas system (i.e., the melting point and the glass transition

temperature, Tg, of polymer matrix).

Interestingly, among conventional polymer foams, the different cell sizes (graded density
structure) attract far more attention compared with a uniform cell structure, because this type
of functionally graded structure exhibits better mechanical properties compared with conventional
foams [50,51]. However, fabrication of such functionally graded foams is complicated. Generally,
the functionally graded structure of polymer foam can be obtained by foaming process, nanofiller,
blowing agent, or polymer composition, etc. In recent years, various graded cellular materials have
attracted interest [52,53]. The polyethylene foam with density gradient improved the mechanical
properties due to the change of deformation mode [54]. The polyurethane honeycombs with four
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density gradients were modified from the uniform density equivalent using different parameters:
fused filament fabrication 3D printing, density grading, energy absorbing, and damping profiles [55].
Several types of graded foam are produced for functional applications, such as impact strength,
acoustic capabilities, energy absorption, etc. These new graded foams (polyurethane foam, acrylonitrile
butadiene styrene foam, polyethylene foam, polypropylene foam, polylactic acid foam, and polymethyl
methacrylate foam) are investigated in the structure–property relationship [56–61].

The main aims of this review paper focus on the importance of structure-property-processing
relations in polymer foams. In particular, recent polymer foams with cell size gradients or functionally
graded foams are of interest. Functionally graded foams are foams that incorporate various cell sizes in
the same material and therefore possess a structure with a “cell size gradient”. This structure could be
mimicked from structural materials found in nature, such as bones and bamboo. These types of foams
could be useful for tailor-made material products with functional properties ranging from thermal
insulation, to high stiffness or strength at low weight, to buoyancy, and impact resistance [62–65].
Consequently, cellular structure with cell size gradients (different cell sizes) has received interest from
both academic and industrial sectors.

3. Thermodynamic Aspects and Computer Modeling of Polymer Foam Processing

The mechanism of gas bubble nucleation inside the polymer matrix for the relevant foaming
method is very complex, governed by multiple phenomena, including interfacial energy of polymer/gas
system. The creation of gas nuclei can be related to either homogeneous or heterogeneous nucleation
(Figure 2). Homogeneous nucleation possesses the spontaneous generating of gas molecules in the
polymer matrix; on the other hand, heterogeneous nucleation exhibits the gas nuclei on the boundaries
of two phases (polymer and another material like filler) [66–70]. In the case of plastic foaming without
use of a chemical agent, bubble nucleation is often assumed to be homogeneous. However, in the
process of rubber foaming with a chemical agent and filler, both homogeneous and heterogeneous
nucleation occur.

– –

efore possess a structure with a “cell size gradient”. 

–

–

the Gibb’s free energy
Gibb’s free 

Gibb’s free energy 

Gibb’s ∆𝐺
∆𝐺 = (−4𝜋𝑟3 3⁄ )∆𝑃 + 4𝜋𝑟2𝛾𝑟 𝛾∆𝑃∆𝐺 𝑟𝑐

Figure 2. Schematic of homogeneous and heterogeneous nucleation in a polymer/gas system.

Nucleation refers to the initial stage of gas bubble formation from the initial polymer matrix.
In this step, a gas bubble has to conquer the Gibb’s free energy before the bubble can grow to an
optimum scale. This step is explained by classical nucleation theory: the difference of Gibb’s free
energy of the polymer/gas system can be expressed as the sum of gain in the Gibb’s free energy related
to the formation of interface. Generally, in an isothermal system at chemical equilibrium, the difference
of Gibb’s free energy (∆G) corresponds to the formation of polymer/gas system, which is expressed by
the equation [31]:

∆G =
(

−4πr3/3
)

∆P + 4πr2γ, (1)

where r is the radius of spherical cluster, γ is the interfacial energy between gas and polymer, and ∆P

is the difference of pressure. The next equation is obtained and relates to homogeneous nucleation,
as ∆G is plotted against cluster size with a maximum at a critical radius, rc, is obtained:
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d∆G/dr = 0 thus rc = 2γ/∆P, (2)

The maximum value of ∆G∗ for homogeneous nucleation is derived by substituting Equation (2)
into Equation (1) as [71]:

∆G∗ = 16πγ3/3∆P2, (3)

Decreasing the interfacial energy, or increasing the difference of pressure, results in increasing the
nucleation rate. However, the interfacial energy of the polymer/gas system is complicated to measure.
Normally, such interfacial energy is calculated corresponding to the surface energy of each material at
equilibrium [31,72]; the limitation of this theory relates rather to the determination of this parameter.

The presence of fillers, suspension of chemical agents, impurities, or another material in the
system is the cause of heterogeneous nucleation. Generally, the presence of particles or impurities
decreases the Gibb’s free energy ∆G and involves a reduction factor f as:

∆Ghet = ∆Ghom

(

f(m,w)/2
)

,

m = cosθ = (γ13 − γ23)/γ12 and w = R/rcr (relative curvature), (4)

where R is the radius of particles; γ13, γ23, and γ12 are the interfacial energies of polymer/particle,
gas/particle, and polymer/gas, respectively; and θ is the contact angle between the cell, polymer,
and particles.

The type of nucleating agents affects the nucleation process of polymer foam, which can
be explained by continuum conservation models. Concerning the polymer melt, thermodynamic
fluctuations allow nucleus growth due to the surface and viscous forces. When the pressure inside the
cell decreases, the gas concentration at the cell surface also decreases [15,66]. In the batch foaming
process, the cell growth certainly depends on the temperature process. Based on classical nucleation
theory, when the foaming nucleation temperature (Tnuc) decreases, the formation of smaller cells
can occur. If Tnuc is below the glass transition temperature (Tg) of high viscosity polymer matrix,
nanocell structures can appear. On the other hand, microcell structures appear when the Tnuc closes to
the Tg of the polymer matrix (Figure 3).

𝑑∆𝐺 𝑑𝑟 = 0⁄ 𝑟𝑐 = 2𝛾 ∆𝑃⁄∆𝐺∗ ∆𝐺∗ = 16𝜋𝛾3 3∆𝑃2⁄

Gibb’s  ∆𝐺ℎ𝑒𝑡 = ∆𝐺ℎ𝑜𝑚(𝑓(𝑚,𝑤) 2⁄ )𝑚 = 𝑐𝑜𝑠 𝜃 = (𝛾13 − 𝛾23) 𝛾12⁄ 𝑤 = 𝑅 𝑟𝑐𝑟⁄𝑅 𝛾13 𝛾23 𝛾12𝜃

Figure 3. Illustration of cell formation at (a) Tnuc << Tg; (b) Tnuc < Tg; (c) Tnuc = Tg; (d) Tnuc > Tg

in polymer; and (e) Tnuc > Tg near surfaces [73]. (Tnuc—foaming nucleation temperature, Tg—glass
transition temperature.) Adapted from [73], with permission from© 2005 American Chemical Society.
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Recently, flexible polymers like compressible elastomers with different densities (graded materials)
have been described by a worm-like chain model [74]. A self-consistent field theory (SCFT) was
developed using thermodynamic calculations of the system based on Helmholtz free energy. There were
two types of length scales relevant for a flexible polymer chain: polymer length L and persistence Lp.
The ratio of polymer length/persistence (L/Lp) ratio was found to be L/Lp << 1 for rod-like elastomer
structures, while L/Lp >> 1 was proposed for coil-like elastomer structures. This combination of
thermodynamic and computational modeling paves the way for a new foam material.

Foam processing computational models are useful to predict and estimate the properties of
polymer foams. These models are often related to a finite element (FE) method. These empirical models
employ time- or temperature-dependent density related to the nucleation and growth of bubbles in the
polymer foam. The continuum-level model applies a description of homogeneous nucleation through
the density model but does not include the gas model; this type of model has been developed to explore
optimum properties of liquid phase/gas bubbles during the self-expansion process [75,76].

Foam rheological property measurements are complicated to carry out, since the foam
microstructure usually changes. Thus, the viscosity is separated into two parts dependent on (1)
continuous-phase polymer properties and (2) gas bubble volume fraction: these two phases are
quite different [77]. The component mass fractions and densities can be utilized to determine the
gas volume fraction using the density model of polymer foam. Moreover, the gas volume fraction
components of foam heat capacity and thermal conductivity, which can be utilized for the energy
equation. The foam heat capacity is calculated by the mixture theory for polymer/gas system [78].
The effect of liquid vaporization can be defined from the density evolution and the mass fraction of
polymer/gas system [76,79].

There has been increasing recent interest in applying the concept of graded cellular materials to
polymers in order to improve their mechanical properties. Such cellular polymers exhibit a gradient in
their properties, for example, cell size/cell density, cell distribution, mechanical properties, etc. [54,62].
Therefore, it is worthy to explore the processing and mechanisms of graded cellular polymers,
which can be used to control desirable properties and behaviors. For example, researchers investigated
the behaviors of voronoi-type density gradient foams using the finite element (FE) method [80].
The results obtained show that the energy absorption is linked to the profiles of graded cell distribution.
The FE simulation can be also utilized to study the effect of temperature gradient on the properties of
graded foam [81]. Moreover, the density-graded models can be investigated for the deformation pattern
and energy absorption capacity of the resulting materials produced using a temperature gradient.
The latest advances of energy absorption (or impact resistance) for functionally graded foams relate to
density and temperature gradients during foam processing. For example, an increasing temperature
gradient leads to the reducing of energy absorption capacity in functionally graded foam [80,81].

4. Recent Processes to Produce Functionally Graded Foams

New processes have been developed to produce polymer foams with gradients in cell size
(gradient density) and properties (functionally graded) [82–85]. A gradient structure imparts
the foam with an asymmetric structure of cell size (Figure 4), with cell size at one end being
smaller (and denser). This structure provides superior properties, such as mechanical properties,
and proposes new functionalities for various applications, including in sound absorption and protective
equipment (helmets).

An example process of foaming with cell size gradient was presented in [86], where polymethyl
methacrylate (PMMA) absorbed CO2 at 28 MPa and 50 ◦C for 1 h in order to form the PMMA foam.
Figure 4 shows that the cell size at the near surface is smaller than the cell size faraway from surface.
The effect of high CO2 concentration in the surface increases cell density and reduces cell size.
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–

Figure 4. The functionally graded structure of bamboo (a) is comparable to the graded microporous
foams produced by Yuan et al. [86] (b), in which cell size and density are correlated to the location (b,c),
much like in bamboo (a). (d) The foam gradients are a result of gas concentration gradients during
processing. Images (b–d) by Yuan et al. [86].

Yet another process that produces gradient density polymer foams is when aluminum oxide
(AAO) film is used as a surface material for foam preparation [82]. Silane fluoride is used as an agent
to change the surface of the substrate. Polystyrene, polymethyl methacrylate, and polyacrylate may be
used as the polymer and CO2 as the blowing agent. For the method of foam preparation (Figure 5),
AAO film is modified by fluorinated silane using an impregnation method. The polymer plate is
placed on the AAO film and compressed to form a composite structure. The foaming process uses
supercritical CO2 as a blowing agent at 13.8 MPa and 100 ◦C for 12 h, permitting CO2 diffusion and
reaching an equilibrium state. Figure 6 presents the morphology of polystyrene (PS) foam on anodized
aluminum oxide (AAO) film from an SEM image. This method is also successful in producing foam
with cell size gradients. The results (Figure 6d) show that near AAO film surface, the cell size is small,
while cell density is high. Further away from AAO surface, the cell size is bigger, while cell density is
decreased [82].

Gradient density foams with low-density polyethylene (LDPE) have also been reported in
literature. Azodicarbonamide is used as a chemical blowing agent, and silicone rubber sheet
(SRS) is used as a contact material during the foaming of the polymer. ZnO is used to reduce
high-temperature decomposition of azodicarbonamide, and stearic acid is used as an extrusion
processing aid. All materials were mixed using a twin-screw extruder, and then LDPE foams were
injected inside a mold at temperatures during 200 and 240 ◦C [26]. The construction of outer solid skin
is formed by gas diffusion from the matrix to the surface of mold. The results show that the internal
pressure of foam increases when the amount of azodicarbonamide is increased; this consequently
affects final density by inducing significant gas absorption in silicone at the surface. X–ray visualization
revealed that the properties of foams produced with or without SRS were the same results. However,
foams produced with SRS showed the construction of a dense skin of SRS between 1800 and 2990 s,
whereas the conventional foam appears to remain free of a solid skin. Increasing foaming temperature
and maximum internal pressure induce an increase in the solid skin thickness.
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–

Figure 5. Using a conventional batch foaming method for the processing of graded polymer foams [82].
Adapted from [82], with permission from© 2016 Elsevier.

 

–Figure 6. (a–c) SEM images of graded polystyrene (PS) foam structure; (d) cell size and density at
different distance from the surface [82]. Adapted from [82], with permission from© 2016 Elsevier.

LDPE foams produced without SRS presented pores reaching right to the surface of the foam.
By contrast, a solid skin at the foam surface with significant thickness is observed when SRS is applied

10



Materials 2020, 13, 4060

into the mold at the foaming preparation. Based on this new process, two types of foam structure are
found: solid skin and porous core. The tensile stress–strain behavior of the skin, core, and structural
foam are distinct. From a mechanical properties point of view, the core has the lowest modulus and
strength, and the solid skin has the highest modulus and strength, whereas values of the structural
foam remain intermediate to the skin and core. The presented process allows the design of gradient
density foam structure and related properties [26].

Another interesting example of graded foam is a monodisperse polystyrene (PS) foam [87]:
this type of foam can program the pore size and density using different pressures during the foaming
process. Concerning this method, one can represent a cell size gradient in the PS foam using the gas
pressure variation, in particular, the big cell size of PS foam can be obtained by increasing the gas
pressure in the preparation method.

So far we have reviewed functionally graded polymer foams based on PMMA, LDPE, and PS.
A range of other thermoplastic polymers have been utilized to produce foams with a controlled
structure, including polypropylene (PP) and polycaprolactone (PCL). In a study by Yang et al.,
hollow molecular-sieve (MS) particles were used as a nucleating agent in supercritical carbon dioxide
(scCO2) for polypropylene (PP) foams. In this study, the PP pellets and MS particles were mixed using
a twin-screw extruder before they were pressed into sheets with a thickness of 1 mm. They were then
foamed inside an autoclave using CO2 as a blowing agent under pressure of 20 MPa and temperature
of 154 ◦C for 2 h [88]. Yang et al. [88] found that addition of MS particles substantially decreased
the distribution in cell sizes of the PP foam, with the foam cell density increasing by an order of
magnitude, and doubled the tensile strength. In another study, Llewelyn et al. used a hybrid foaming
method by utilizing a physical blowing agent (super critical nitrogen) and a chemical blowing agent
to produce polypropylene (PP) foam, with and without talc filler, by low-pressure foam-injection
molding (FIM). Through a hybrid foaming method with low pressure (FIM), foams with high cell
density and superior homogeneous cell structure were produced [89]. To produce inhomogeneous
foams, using chemical blowing was most effective, as a larger skin wall thickness was obtained. Using a
thermally induced phase-separation method, Onder et al. produced polycaprolactone (PCL) foams [90].
The PCL solutions were prepared in the tetrahydrofuran/methanol (THF/MeOH) solvent system by
slowly heating to 55 ◦C in a water bath. The homogeneous polymer solutions were quenched at low
temperature for 12 h. The PCL foams were warmed up to room temperature and thereafter dried by
vacuum drying. PCL foams with larger pores were obtained at lower PCL concentration, lower THF
content, and a higher quench temperature [90].

Apart from foams based on thermoplastic polymers, thermoset polymers and elastomers have
also been successfully used to produce foams with controlled structure (and therefore properties).
Song et al. [89] mixed a biobased epoxy resin (Greenpoxy 56) and an amine-based hardener using a
hand-held mixer for 20 min in order to produce an air-in-resin liquid foam. The biobased polymer
foams were formed in self-standing tubes. The porosity of biobased polymer foams was increased
from 71% to 85% by heating the air-in-resin liquid foam during the curing step [91]. The compressive
modulus and compressive strength of the polymer foams were significantly reduced as a result of
an increase in porosity. Vahidifar et al. mixed natural rubber (NR) compounds at room temperature
using a two-roll mill to produce an elastomeric foam. The one-step foaming process for the natural
rubber/carbon black (NR/CB) foam production was performed by compression molding using an
electrically heated press at temperature of 160 ◦C and pressure of 50 kPa for 30 min. Cell density of
NR/CB foam was increased around 14 times by increasing the CB content at the same foam density.
The morphology of NR/CB foams was divided into three layers: outer (no cells), middle (indeterminate
cells), and inner (circular cells) [92].

5. Conclusions and Future Research Outlook

Functionally graded polymer foams are an emerging innovation in polymer foam technology.
Their combination of light weight with efficient use of material and enhanced functional properties
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help the design of multifunctional products. For example, the graded structure may enable efficient
performance in low-energy impact as well as high-energy impact applications. Such functionally
graded polymer foams may find diverse applications, such as in tissue bioengineering, protective
gear (helmets), engineering structures (construction core materials and automotive car bumpers),
and filtration and insulation.

A variety of approaches have been employed by scientists to produce functionally graded polymer
foams, synthesized in Figure 7. A number of researchers have explored molding processes, such as
(reaction) injection or compression molding, and have employed the use of specific contact surface
materials (such as aluminum oxide film or silicone rubber sheet) or ingredients (such as supercritical
CO2 as a blowing agent). These have enabled the production of foams with gradients in porosity,
cell size, and properties, sometimes with a skin-core structure. Additive processes, such as 3D printing
and, more commonly, layer-by-layer lamination techniques (e.g., with thermal bonding), have also
been developed to produce functionally graded polymer foams. Each layer may have a distinct pore
and cell size, and the layers can range from nano- to micro- to macroscale. However, in such additive
manufactured foams, the presence of interlayer interfaces, which are regions of stress transfer and
stress concentration, increases issues with delamination and crack propagation. Templating routes
have also been examined using solid, liquid, and emulsion foam templates. Solvent-based approaches
(including particulate leaching and freeze drying) have also been explored. Mixed success has been
achieved using these for functionally graded polymer foam manufacture. While some approaches may
enable achieving versatile structures, producing nanoporous to macroporous structures, the processes
may hinder the formation of continuously graded structures and pore interconnectivity (open cell and
closed cell structures). A number of other processes have been also developed in literature, including
those based on microfluidics and the use of ultrasound to produce heterogeneous polymer foams.

The overarching and biggest challenge is control on microstructure. This includes control on
porosity and cell size, the gradient (qualitative such as continuously graded or discretely graded
structure or skin-core structures, but also more tailored quantitative), and pore interconnectivity
(open-cell or closed-cell or mixed and the extent to which they are tailorable). There is still some
way to go in understanding these processing-structure-property relations, let alone controlling them,
and developing viable generic processes for tailorable functionally graded polymeric foams.
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Figure 7. Synthesis of various approaches to process functionally graded polymer foams, and their
associated advantages and challenges.

Indeed, better understanding of processing-structure-property relations will require multidisciplinary
approaches, including empirical process science and polymer foam technology, but also the physical
thermodynamics and chemical kinetics behind the formation of functionally graded polymer foam
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microstructures, as well as process simulation and computer modeling. The latter may offer more
time-saving, cost-effective methods for obtaining insights and optimized routes to fabrication and
rapid prototyping for bespoke products (particularly in bioengineering, such as scaffold design and 3D
printing for individual patients).

Yet another discipline that may offer insights is the life/biological sciences. An architectural
engineering marvel is the Eiffel Tower, which was designed by Gustave Eiffel on the principles of
material minimization, through inspirations from the femur bone: a natural, functionally graded cellular
structure. Biomimetics and bioinspiration are important sources of design concepts. The intelligent
design of functionally graded polymer foams following designs in nature can unveil important insights
on structure–property relations. For example, the selection of the polymers—based on their chain
length and molecular weight, functional groups and species, and so on)—and how the polymer chains
interact with each other will have a notable impact on the morphologies and properties of the foams
produced. For instance, in wood and plant stems, other natural functionally graded foam structures,
the complex self-assembly and interaction of various polymer species (cellulose, hemicellulose, lignin,
pectin, and so on) lead to a beautiful hierarchical cellular structure, making it a model functionally
graded material [93–100]. Indeed, the minute changes in the polymer species, and their interactions
and formations, lead to a wide variety of wood species in nature with a range of functional properties,
including densities, strengths, and hardness [93,101–108].

Moreover, bioinspiration can help produce multifunctional products for specific applications,
such as scaffolds for interfacial tissue engineering (e.g., cartilage-bone scaffolds with an order of
magnitude difference in modulus between the cartilage and the bone), and protective foam shell of
helmets inspired from the functionally graded structures of sheep horn and horn core trabecular bone
of bighorn sheep rams. Such studies may also later fuel the design of hierarchical (multiscale porosity
distribution) functionally graded polymer foams and composite, fiber-reinforced or polymer-blended,
functionally graded polymer foams, taking bamboo as an inspiration, for instance. Furthermore,
rather than being based on petrochemical-derivative polymers, exploration of bio-derivative polymers
for the fabrication of functionally graded polymer foams may enable improvement in biocompatibility
(for bioengineering) and biodegradability (for better end-of-life options) [109–115].

There have been important technological, process-related advancements in functionally graded
foams over the past couple of decades, and further understanding and control of the process is key to
their inevitable utilization in functional products.
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Abstract: Polyurethane foams have unique properties that make them suitable for a wide range of
applications, including cushioning and seat pads. The foam mechanical properties largely depend
on both the parent material and foam cell microstructure. Uniaxial loading experiments, X-ray
tomography and finite element analysis can be used to investigate the relationship between the
macroscopic mechanical properties and microscopic foam structure. Polyurethane foam specimens
were scanned using X-ray computed tomography. The scanned geometries were converted to three-
dimensional (3D) CAD models using open source, and commercially available CAD software tools.
The models were meshed and used to simulate the compression tests using the implicit finite element
method. The calculated uniaxial compression tests were in good agreement with experimental results
for strains up to 30%. The presented method would be effective in investigating the effect of polymer
foam geometrical features in macroscopic mechanical properties, and guide manufacturing methods
for specific applications.

Keywords: polyurethane foam; structure-property relationships; finite element analysis; microscale
analysis; X-ray computed tomography

1. Introduction

Polyurethane foams have many unique properties, such as elasticity, softness, and
ease of forming. These properties make polyurethane foams attractive to automotive seat
designers since they can effectively support the human body and distribute the body
pressure. The improvement of the mechanical properties of the foams is an important
challenge. Controlling the mechanical properties of foams would be useful in designing
seats that are more comfortable and potentially at lower cost. The mechanical properties of
polyurethane foams depend largely on their microstructures (Figure 1). The foam structure
consists of a cluster of bubbles and struts at the edges of the cells. Figure 1 shows an example
of an open-cell foam in which the bubbles are linked together. The macroscopic stress–
strain relationship depends on the mechanical properties of the parent material, of which
the struts are made, and the geometrical structure of cells and struts [1]. Understanding the
relationships between the microscopic geometrical structures and macroscopic mechanical
properties is essential in developing foam products with superior mechanical properties.

Three main regions can be identified in the stress–strain curve for the compressive
deformation of elastomeric foams [1]. Figure 2 shows the typical stress–strain curve
under the uniaxial compression of foams. Linear elasticity is shown in the small strain
region, followed by a collapse plateau, and then densification appears accompanied by a
rapid increase in the stress. Firstly, the struts bend and the macroscopically linear elastic
behaviour is shown. Next, some of the struts start buckling and the slope of the curve
decreases due to the increase of the macroscopic stress. Finally, the slope of the curve
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increases again up to the same value as the matrix material, because of the contact between
struts. The contribution of microstructures to macroscopic properties depends on these
deformation mechanisms.

Figure 1. An example of optical microscope images of polyurethane foams.

Linear elasticity (Bending)

Plateau (Elastic buckling)

Densification

Figure 2. The typical stress–strain relationship of elastomeric foams under the uniaxial compres-
sive stress.

Cell structure geometries are virtually generated and their deformations are analysed
to investigate the effect of microstructures on macroscopic properties [2]. The cells were
postulated to have same size and the shape of the Kelvin tetrakaidecahedron. The edges of
the polyhedron were assumed to be struts that are represented by Euler–Bernoulli beams
and the macroscopic elastic properties were analytically calculated. This approach was also
expanded to the large compressive strain range up to 70% [3,4] and creep deformations [5].
Other researchers repeated the calculations of Zhu et al. [2], employing a finite element
approach, while still making use of Kelvin’s cell shape and Euler–Bernoulli beams [6–10].
Okumura et al. [11] and Takahashi et al. [12] analysed the mechanical responses in the
[001], [011], and [111] directions, as the Kelvin’s cell has anisotropic mechanical properties.
Furthermore, closed cell foams have been analysed with shell elements [13]. Modelling the
microscopic structures of polyurethane foam materials using the Kelvin’s cell is thought to
be a simple and effective way of investigating the deformation behaviour.

The Kelvin cell approach assumes that the microstructure is homogeneous; however,
in contrast, cell structures are generally heterogeneous. This is a significant disadvantage
of the repeated unit cell modelling approach [14]. To model the inhomogeneous structures
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of foams, the 2D and 3D Voronoi tessellations were employed and the Voronoi edges were
regarded as struts [14–17]. Moreover, faces in Voronoi polyhedrons were assumed as cell
membranes in closed cell foams [18,19]. The elastic properties in the small strain region
and the compressive stress–strain curves on the plateau region were calculated by the finite
element method while using beam elements. Furthermore, although the cross-sectional area
of a strut is often assumed to be constant, the central parts of struts are thinner than other
parts. The effect of this necking can be taken into account using solid elements [11,12,20–27]
or beam elements with variable cross-sectional properties [23,28–33]. In addition, the
curvature of struts were modelled [34]. Models that consider the heterogeneity of foams
are thought to show better results than Kelvin cell models with straight struts. Dynamic
crushing behaviour [35,36] and multiaxial crushing [37] were also analysed.

The use of X-ray computed tomography (CT) is one effective method for obtaining
a more adequate model that represents actual foam microstructures. The X-ray CT has
been performed to observe the microstructures of various kinds of porous materials, for
example, biomaterial scaffolds [38,39], soil materials [40], and polyurethane foams [41].
Therefore, the X-ray CT has also been used to generate the geometries for finite element
analyses. For example, finite element models for the microstructure of a trabecular bone
was generated based on micro-CT [42]. For artificial foam materials, Jeon et al. [43] analysed
closed-cell aluminium foams with finite element models meshed with solid tetrahedron
elements. The compressive stress–strain curves of the foam were calculated and compared
to the experimental results and the 20.86% volume error was shown up to 5.31% strain.
Similarly, linear elastic properties under the small strain regions were obtained from X-ray
CT scanned finite element models for ceramic foams [44] and a rigid organic foam [45].
Models that were obtained from the X-ray CT have been effectively used to investigate the
mechanical properties of foams under small deformations.

For cushioning products, such as automotive seat pads or bed mattresses, the mechan-
ical properties in the plateau regions are more important than the linear elastic regions. As
the slope of the stress–strain curve decreases in the plateau region, elastic foams soften
and help to distribute body pressure. Most of the studies employ tetrahedron meshing
due to the complexity of the geometry; however, this makes analysing large deformations
difficult. To analyse the deformation within the plateau region, hexahedron meshing is
required, as it is more suitable for large deformation problems.

This study aims to use X-ray CT scans of foam specimens in order to construct
validated finite element (FE) models that can be used to study and manipulate the foam
microstructure for achieving desirable stress–strain behaviour in the plateau region. The
microstructures of elastic polyurethane foams for automotive seat pads are scanned using
X-ray computed tomography and converted to STL files. The STL files are smoothed
and converted to solid CAD files with commercial CAD software, so that they can be
meshed with a hexahedron dominant solid mesh. The uniaxial compressive deformation
of the models are analysed with a finite element method and then compared with the
experimental results.

2. Materials and Methods

The methodology for analysing the deformation of X-ray CT scanned foam materials
and the materials supplied to validate its accuracy are explained here. The specimens were
scanned using X-ray CT, converted to CAD models, and then analysed with the implicit
finite element method. The tools used for this study are either commercially available CAD
or open-source software. Moulded elastic polyurethane foams were investigated using the
presented method and physically tested to compare with the result of the analyses.

2.1. Materials

The tested materials were supplied by Bridgestone Corporation in Tokyo, Japan.
Polyols, isocyanates, water, and low amounts of other materials were mixed and poured
into a 400 × 400 × 100 (mm3) sized mould and then expanded and polymerized. After
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demoulding, the foams were crushed between rollers, so that cell membranes were broken
and resulted in open-cell foams. The foams were left at least 24 h before proceeding to any
other process of the investigation to let the chemical reactions be completed. The foam
materials that were investigated in this study are mainly used for automotive seat pads by
moulding in product shaped moulds.

2.2. Scanning by the X-ray Computed Tomography

Specimens from the centre of larger samples were cut into 5× 5× 5 (mm3) sized cubes.
The X-ray tomography equipment that was employed for this study was the ScanXmate
RA150S145/2Be, a product of Comscantecno Co., Ltd. in Kanagawa, Japan. Figure 3,
shows an example X-ray CT scan image of the foam. The white parts indicate the foam
struts and the black parts are the pores. The size of the pixel was 7.5 (µm). The cross section
images were taken by rotating the specimens every 0.18◦, so that the cell structures could
be observed in three dimensions.

1mm

Figure 3. An example of the X-ray computed tomography (CT) scanned images for the
polyurethane foams.

2.3. Converting the Scanned Images to 3D STL Files

The cross sectional two-dimensional (2D) images were converted to three-dimensional
(3D) STL files by Fiji [46], a distribution of Image J2 [47]. Firstly, the scanned images were
binarized to black and white images using a threshold of the brightness. The threshold was
determined using Otsu’s method [48] and then verified by comparing the relative densities
measured with the actual specimen and calculated from the computational models. The
borders between the black and white pixels were regarded as the surfaces of the struts.
Triangles were then applied to the strut surfaces and the resulting surfaces exported as STL
files. Figure 4a shows an example STL file.
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(a) STL file converted from CT scanned images (b) Quad meshed surface model

(c) T-spline interpolation (d) Boundary representation solid model

Figure 4. Conversion from the STL files to the boundary representation solid models.

2.4. Converting to Smoothed Solid CAD Models

The STL formatted files consist of only triangle surfaces and the triangle edges are
sharp. When dividing STL files to finite elements directly, the triangle surfaces are divided
into further small elements that result in a considerable number of nodes and elements.
Therefore, the vertices of the triangle surfaces should be interpolated by mathematically
smooth surfaces. This smoothing can be performed using Recap® and Fusion 360® soft-
ware, both products of Autodesk, Inc. in California, CA, USA. Firstly, the STL files with
the triangle meshing were converted to surface models with quad meshing (Figure 4b).
The quad meshed surfaces were then interpolated and smoothed by T-spline surfaces
(Figure 4c). Finally, boundary representation solid models were generated based on the
T-spline surface models (Figure 4d). The resulting solid models were then capable of being
analysed in commercial FEA software.
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2.5. Hexahedron Dominant Meshing

Although the geometries were smoothed by the T-spline interpolation, they were
still too complex for hexahedron meshing to be applied. Therefore, mixed hexahedron
and tetrahedron meshing was employed. These two kinds of elements were joined by the
pyramid mesh elements. The mesh divisions were performed using Ansys® Academic
Research Meshing, Release 19.2 [49]. In this study, three representative geometric models
were analysed. Figure 5 shows the mesh divisions of these models and Table 1 summarises
the numbers of the nodes and the elements in each. Where possible, the models were
meshed with hexahedron or pyramid elements.

(a) Model A (b) Model B (c) Model C

Figure 5. Mesh divisions for the models.

Table 1. Numbers of nodes and elements for the models.

Model A Model B Model C

Nodes 27,730 24,937 30,081
Tetrahedron elements 10,873 11,586 12,041

Pyramid elements 16,202 16,795 17,083
Hexahedron elements 13,231 13,746 15,089

2.6. Finite Element Analyses

The deformation behaviour of three different specimen models was calculated with
the commercial FEA software Ansys® Academic Research Mechanical, Release 19.2 [50].
The large deflection was taken into account to analyse the deformations up to the plateau
region. As this study focused on the static mechanical properties of polyurethane foams,
the static implicit method was employed and the damping or the dynamic characteristics
were neglected.

2.7. Strut Material Model

A specimen without pores is needed in order to measure the stress–strain relationship
of the matrix material. The diameters of the struts are less than 0.1 mm and form a complex
microstructure. Foam was compressed between plates that were heated to 150 ◦C in order
to obtain a parent material specimen without pores. The original thickness of the foam was
50 mm and the compressed specimen had a thickness of 0.7 mm. The measured density of
the specimen was 1200 kg/m3.

Tensile testing was performed to obtain the tensile stress–strain relationship. The test
equipment was a universal testing machine AGS-X 10 kN with a 500 N load cell, products
of SHIMADZU CORPORATION. The specimen was cut into 50 × 5 mm2 rectangular
shape specimens and then a tensile test was performed under the strain rate 0.01 s−1. The
difference between the grippers was regarded as the elongation of the specimen.
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Figure 6 shows the measured nominal stress–strain curve. The experimental result is
approximated by the neo-Hookean (Equation (1)) and Mooney–Rivlin (Equation (2)) hyper
elastic models, respectively.

W = C10( Ī1 − 3) +
1
d
(J − 1)2 (1)

W = C10( Ī1 − 3) + C01( Ī2 − 3) +
1
d
(J − 1)2 (2)

W is the strain energy density, Ī1 and Ī2 are the first and second deviatoric strain invariants,
and J is the determinant of the deformation gradient. Table 2 shows the material constants
C10, C01, and d. Because the matrix material is thought to be incompressive, d was calculated
to let the initial Poisson’s ratio ν equal to 0.48. The Mooney–Rivlin model was employed
in this study, as it shows better agreement with the experimental result than the neo-
Hookean model.

Figure 6. The result of the tensile test for the matrix material and its approximations by
hyperelastic models.

Table 2. Material constants for the matrix material.

Hyperelasticity Models C10[MPa] C01[MPa] d[MPa−1]

Neo-Hookean 1.89 - 0.0661
Mooney-Rivlin 0.476 1.78 0.0554

2.8. Boundary Conditions

The foam model specimen was uniaxially compressed between two rigid shell plates,
as in Figure 7. The lower plate was fixed preventing any translational or rotational dis-
placements. Translational displacement was applied to the upper plate, whilst all other
degrees of freedom were constraint. Frictionless contacts between the foam model and
the rigid walls were defined while using the penalty method with a stiffness factor of 0.01.
Self-contacts between the struts were not considered, as this study focuses on the buckling
behaviour in the transitions to the plateau regions. Finally, remote displacements were
used to constraint the specimen lateral boundaries from rigid translational and rotational
movement. The average values of the displacements of the nodes on the boundaries that
correspond to these directions were fixed. This would allow for deformation, but not rigid
body movement.
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Rigid plates

Foam model

Figure 7. Boundary condition for the uniaxial compression analyses of the foam models.

2.9. Experimental Measurement for the Macroscopic Stress Strain Relationships

The uniaxial compression tests for the actual foam specimens were performed to
compare with the FEA results. The testing method was similar to ISO3386-1 [51]. The
25 × 25 × 10 (mm3) sized specimens were cut from the centre parts of the moulded foams.
The specimens were set into the same equipment as seen in Section 2.7 with the compression
plates. The lower plate was perforated by 6 mm holes arranged in a latticed pattern with
20 mm distances, so that the air in the foam could be ventilated. Firstly, the foams were
compressed to achieve 75% nominal strain with the speed 50 mm/s as the pre-compression.
Afterwards, the load was taken off with the same speed and the foams were left for 60 s.
After that, the foams were compressed again with the same speed and compressive strain
to measure the load and the displacement.

3. Results

3.1. The Deformed Shapes of the Models

Figure 8 shows the deformed shapes of the different specimen models at the macro-
scopic nominal compressive strains εc = 0.05, 0.25 and 0.50 respectively. The coloured
contour represents the Von–Mises equivalent strains εeq. The struts bend in the linear elastic
region (εc = 0.05), as mentioned in Section 1. After that, some struts start to buckle, which
indicates a transition to the plateau region (εc = 0.25). Finally, the models gradually become
denser and transfer into the densification region (εc = 0.50). Because self-contacts were not
applied in the foam models, the struts did not touch, but instead overlapped. The results
of the analyses enable the microscopic behaviour of the struts to be carefully observed.
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(a) Model A

(b) Model B

(c) Model C

Figure 8. The deformed shapes of the models with the distributions of the equivalent strain εeq.

3.2. Macroscopic Stress-Strain Relationships

The FEA results were compared with the experiment results to validate the accuracy
of the presented analysis method. Figure 9 shows both the experimental and FEA results
of the relations between the nominal compressive stress and strain. The slopes of the
stress-strain curves for the FEA results start decreasing in the strain region around 0.05 as
compared to the smaller strain region. It is thought to mean the transition from the linear
elastic regions to the plateau regions.

The models appear to be in good agreement with experiments in the linear elastic
and the plateau regions, and up to the strain of 0.30. Differences of the stresses between
the experimental and FEA results at the nominal compressive strain of 0.25 were 0.1%,
16.5%, and 6.6% for the models A, B, and C, respectively. In contrast, the FEA results are
stiffer than the experimental results in larger strain regions than 0.30. After reaching the
strain of 0.30, the slopes of the stress strain curves start increasing again. This behaviour
looks similar to the transition to the densification regions; however, self-contacts were not
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enabled within the model and the stress increase occurs far too early in the strain regions.
The presented method should be modified when applied for the densification region.

(a) Model A

(b) Model B

(c) Model C

Figure 9. The experimental and FEA results in the relations between the macroscopic compressive
stress and strain.

4. Discussions

The compressive response of Polyurethane foam geometries was simulated while
using FE methods and then compared with experiments. Foam specimens were scanned
using X-ray CT and analysed to obtain geometries for FE simulations. The simulation
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results were in good agreement with experiments up to 0.3 strain. The finite element model
over-predicted stresses, beyond that strain. Three different specimens were scanned and
modelled to ensure the repeatability of results.

Elastic buckling appears to be one of the dominant deformation mechanisms. The
finite element simulation results seem to have captured the strut deformation behaviour in
agreement to relevant literature [1]. Similar deformation mechanisms have been captured
with virtually generated cell structures, such as Kelvin’s cells [2,4,8,9,11,12,23,29] or Voronoi
polyhedrons [24,27,30,31]. Previous models based on X-ray CT scanned foam structures
were mostly limited to small strains (up to 5.31%) [43–45].

Hexahedron dominant meshing was used for the large deformation analyses. Struts
in foam materials can be long and narrow. Euler–Bernoulli beams have been widely
employed for analytical calculations [2,4] and numerical simulations [8,9,24,27,29–31].
However whilst beam models might be beneficial in reducing complexity and calculation
time, they might also add stiffness to the structure and result in higher stress predictions
in comparison to the experimental values. Hexahedron meshes in large deformation
problems have been used for simplified geometries [11,12]. The presented smoothing
method and hexahedron dominant meshing are recommended for the complex X-ray
scanned geometries.

The foam struts at the lateral specimen boundary were unconstraint. Similarly to
other studies [31–33,36,43], compressive loads were applied in the model by using rigid
plates. Contact was defined between the foam specimen and rigid plates. The modelled
specimens were smaller than those that were used for experiments. However the boundary
conditions seem to have been sufficient in capturing the strut behaviour for strains up
to 0.3. The effect of surrounding material at the boundary might have been effectively
negligible for up to the strain of interest due to the high porosity of the foam. However,
more sophisticated boundary conditions might be required for achieving better accuracy
beyond 0.3 strain, or for lower porosity foams. The surrounding cell structures could
affect the computed region with bending moments, forces, or contacts between the struts,
particularly as the foam densifies. These effects could potentially be taken into account
by considering periodic boundary conditions [11,12]. However, this type of boundary
condition requires the geometry in the model to be periodic and, therefore, might be more
difficult to apply in models of stochastic foam geometries.

The finite element model over-predicted stresses, beyond 0.3 strain. Figure 10 shows an
example of the deformed modelled specimen at 0.3 strain. As the specimen is compressed,
struts that were initially away from the boundary, might then deform and come into contact
with the loading plates at the boundary of the specimen. This could cause an increase in the
stress response. This could arguably also occur during experiments; however, the model
size is considerably smaller than the specimen size in experiments; therefore, the effect of
these interactions would be more pronounced in the finite element model simulation. A
mitigating approach could be to selectively enable contacts between the loading platens
and parts of the foam, i.e., only applying contacts to the nodes on the boundary of the foam
rather than the whole specimen. Increasing the model domain size could also improve
results. However, a larger model would also increase the computational cost. A damage
model was not included in this study. The inclusion of a damage model could potentially
improve the accuracy at higher stains.

Analysing the models up to the densification region using implicit FE methods, with
the periodic boundary conditions or with larger domains, remains a challenge. Additionally,
investigating the effect of strut length and cross-section on the buckling behaviour of
struts and the effect of the cell size variation on the linearity of the stress-strain response
could inform manufacturing processes for future products. These would be the topics of
future work.
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A strut contacts the upper rigid plate

Figure 10. Deformed shape of the model A at the strain of 0.30, when a strut contacts the upper rigid wall.

5. Conclusions

Polyurethane foam specimens, which were intended for automotive seat pads, were
scanned using X-ray computed tomography. The scans were converted to 3D CAD models
and used to simulate uniaxial compression test using the finite element method. The
methodology for the scanning and analyses was described, and the analysis results were
compared with the experiments. All three numerical models sufficiently captured the
material behaviour in the linear elastic and plateau region of the stress-strain curve. The
conclusions for this study are summarised below:

• The investigated foams were scanned by X-ray computed tomography and their
structures were captured in 2D cross-section images.

• The observed cross-section images were converted to 3D CAD models using Image
J and Autodesk, Inc software products. The smoothed CAD models were analysed
with commercial FEA software (Ansys).

• Foam specimens were experimentally tested under uniaxial compression.
• Specimen deformations were analysed by the implicit finite element method with the

hexahedron and tetrahedron mixed meshing.
• The mechanical behaviour of foam specimens under compressive loading was suffi-

ciently captured at 0.25 nominal strain and within a reasonable error margin.

The presented method was successfully used to analyse foam structures and it pro-
vided a tool in understanding the mechanism of compressive deformations in polyurethane
foams. Commercial CAD products and open source software were used for creating a solid
mesh for FE analysis from X-ray scans. The chosen approach was perhaps more efficient
by comparison to alternative specialised software at a higher cost or in-house development
of custom tools. The dependence of the foam macroscopic mechanical behaviour on the mi-
crostructural features can now be further investigated to inform manufacturing processes
for future polyurethane foam products.
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Abstract: A second-generation bio-based feedstock—tall oil fatty acids—was epoxidised via two
pathways. Oxirane rings were introduced into the fatty acid carbon backbone using a heterogeneous
epoxidation catalyst-ion exchange resin Amberlite IR-120 H or enzyme catalyst Candida antarctica

lipase B under the trade name Novozym® 435. High functionality bio-polyols were synthesised
from the obtained epoxidated tall oil fatty acids by oxirane ring-opening and subsequent esterifi-
cation reactions with different polyfunctional alcohols: trimethylolpropane and triethanolamine.
The synthesised epoxidised tall oil fatty acids (ETOFA) were studied by proton nuclear magnetic
resonance. The chemical structure of obtained polyols was studied by Fourier-transform infrared
spectroscopy and size exclusion chromatography. Average molecular weight and polydispersity of
polyols were determined from size exclusion chromatography data. The obtained polyols were used
to develop rigid polyurethane (PU) foam thermal insulation material with an approximate density of
40 kg/m3. Thermal conductivity, apparent density and compression strength of the rigid PU foams
were determined. The rigid PU foams obtained from polyols synthesised using Novozym® 435
catalyst had superior properties in comparison to rigid PU foams obtained from polyols synthesised
using Amberlite IR-120 H. The developed rigid PU foams had an excellent thermal conductivity of
21.2–25.9 mW/(m·K).

Keywords: tall oil fatty acids; ion-exchange resin; lipase enzyme catalyst; high functionality polyols;
rigid polyurethane foam

1. Introduction

Due to environmental concerns, new regulatory policies and a shift in consumer
requirements, renewable resources for polymer materials have been widely studied in the
last decade [1]. In the past, as well as nowadays, fatty acids present in plants in the form
of triglycerides are one of the most appropriate raw products for the manufacturing of
bio-based materials [2]. Various chemical modification methods, such as epoxidation and
ring-opening, hydroformylation, transesterification, ozonolysis, amidation and thiol-ene
coupling [3], have been used to obtain various monomers and polymers with low toxicity,
convenient availability and relatively low price [4–7]. Epoxides are one of the most versatile
intermediates to be further used for the synthesis of different compounds and has a wide
commercial use because of its high reactivity [8].

Numerous epoxidation methods of different kind of vegetable oils, such as canola-
rapeseed [9,10], palm [11], cottonseed [12], soybean [13], castor [14], linseed [15], mahua [16]
and grape seed [17] among others, have been reported. In addition, non-edible plant oils,
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such as tall oil [18–20] and jatropha [21,22], have been successfully epoxidised previously.
However, the use of vegetable oil for industrial uses is in direct competition with food and
feed production. As mentioned, there are sources of plant-derived fatty acids that do not
compete, such as tall oil [23,24].

Tall oil fatty acids (TOFA) are important renewable feedstock, which is obtained as
a side stream from the softwood Kraft pulping process. After fractional distillation of
crude tall oil, a more pure form of TOFA is obtained containing at least 97% free fatty
acids (mainly a mixture of 48–52% of oleic and 43–48% of linoleic acid) and less than 3%
other components, such as rosin acids and unsaponifiables [25–28]. The relatively high
level of unsaturation makes TOFA a suitable raw material for the introduction of reactive
functional group using the unsaturated hydrocarbon C=C double bonds, making them
suitable for further processing into polymers [29].

The most widely used epoxidation method is the well-known Prilezhaev reaction
where peracid is reacted with olefins [20,30–32]. Peracids are conventionally formed in situ
from hydrogen peroxide and short-chain carboxylic acid in the presence of highly acidic
catalysts [32,33]. However, during epoxidation, acidic catalysts, such as sulphuric acid
and acidic ion exchange resins, and carboxyl acids as oxygen carriers, such as formic or
acetic acid, exacerbate undesirable side product formation through oxirane rings [18,20,34].
Moreover, the higher the temperature of the epoxidation reaction, the greater the frequency
of side reactions [20]. Studies previously carried out by our group showed that if free fatty
acids containing unprotected carboxyl groups, as they are in TOFA, are epoxidised, the use
of acidic components has even more significance for side reactions occurrence [18,20]. To
avoid the formation of side products, other epoxidation routes have to be explored.

Some studies indicate that chemo-enzymatic epoxidation, where acidic catalysts are
replaced by lipase, overall is a milder route to free fatty acid conversion into epoxides [19]
than the well-known Prilezhaev rection. The advantages of chemo-enzymatic epoxidation
are lower reaction temperature [35], the absence of acidic catalysts [36,37] and even lipase
reusability [36], which if all taken in to account can result in substantially higher oxirane
ring introduction into the substrate. In addition, lipases are highly selective to limit the
frequency of side reactions [38]. Moreover, it is possible to prevent the use of additional
oxygen carriers if free fatty acids are chemo-enzymatically epoxidised. Lipases can turn
free fatty acids into highly reactive peroxy fatty acids, which subsequently epoxidise
unsaturated bonds [39], thus improving the feasibility of reaction as there are no acidic
catalysts and additional oxygen carriers needed. However, different factors, such as solvent,
temperature, pH and presence of activators or deactivators etc., can influence the activity
of lipases [40].

After epoxidation, one of the most easily obtainable functional groups are hydroxyl
groups, which are essential for polyurethane (PU) production. PUs are a class of polymers
that are commonly used in a wide variety of applications to produce high-performance
materials. The primary uses for PUs are flexible and rigid foams, sealants, elastomers,
adhesives, and coatings [30,41–47]. Usually, PUs are obtained by polycondensation reaction
between isocyanates and hydroxyl group containing compounds [48–50]. Hydroxyl group
compounds can be polyols with low, medium or high functionality with low, medium or
high hydroxyl values (OH value), respectively. Polyols with high average hydroxyl group
functionality are needed for the production of rigid PU foams to ensure high dimensional,
mechanical and thermal stability of the material [51]. A combination of epoxy ring-opening
and transesterification or transamidation of fatty acids with polyfunctional alcohols can
lead to such polyols, which would contain primary OH groups to ensure high cross-link
density of obtained PU polymer matrix [52–54].

The goal of this study was to compare two different TOFA epoxidation catalysts—
ion exchange resin Amberlite IR-120 H and enzymatic catalyst Candida antarctica lipase
B with a trade name Novozym® 435—and their influence on the properties of resulting
polyols and rigid PU foams. In this study, a second-generation bio-based feedstock—
TOFA—was epoxidised via two pathways resulting in two different epoxidised tall oil fatty
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acids (ETOFA). Afterwards, two different polyols were developed using the two different
ETOFA and employing oxirane ring-opening and subsequent esterification reactions with
two different polyfunctional alcohols (trimethylolpropane (TMP) and triethanolamine
(TEOA)). The four developed polyols were used to obtain rigid PU foam thermal insulation
material. Its common characteristics, such as thermal conductivity, apparent density and
compression strength, were analysed and compared.

2. Materials and Methods

2.1. Materials

TOFA (trade name “FOR2”) with a high content of fatty acids (>96%), low content of
rosin acids (1.9%) and unsaponifiables (1.8%) was ordered from Forchem Oyj (Rauma, Fin-
land). Glacial acetic acid (AcOH), puriss, ≥99.8%; hydrogen peroxide (H2O2), purum p.a.,
≥35%; acetanhydride, puriss, ≥99%; 4-(dimethylamino)pyridine (DMAP), reagent plus,
≥99%; N,N-dimethylformamide (DMF), ACS reagent, ≥99.8%, water content ≤150 ppm;
potassium hydroxide, puriss, ≥85%; potassium iodide, ACS reagent, ≥99%; tetraethylam-
monium bromide, reagent grade, 98%; perchloric acid, ACS reagent, 70%; dichloromethane,
puriss p.a., ACS reagent; anhydrous sodium sulphate, puriss; TMP, reagent grade, 97%,
were ordered from Sigma-Aldrich (Schnelldorf, Germany). Amberlite IR-120 H, strongly
acidic, hydrogen form and sodium thiosulphate fixanals 0.1 M and Hanus solution, vol-
umetric 0.1 M IBr were ordered from Fluka (Steinheim, Germany). Lipase Novozym®

435 (immobilised on acrylic resin) was kindly supplied by Novozymes A/S (Bagsvaerd,
Denmark). Tetrafluoroboric acid solution, 48 wt.% in H2O (HBF4), was ordered from
Alfa Aesar (Kandel, Germany). TEOA, 99.2%, was ordered from Huntsman (Rotterdam,
The Netherlands), and was used as purchased.

For the development of rigid PU foams, the following materials were used as pur-
chased: two tertiary amine-based catalysts Polycat® 5, Polycat® NP10 as well as 30 wt.% of
potassium acetate in diethylene glycol (PC CAT TKA 30) (Air Products and Chemicals Inc.,
Halfweg, The Netherlands); Niax Silicone L-6915 as a surfactant (Momentive Performance
Materials Inc., Rotterdam, Germany); tris (1-chloro-2-propyl phosphate 99% (TCPP) as a
flame retardant (Albermarle, Louvain-la-Neuve, Belgium)) and cyclopentane as a physical
blowing agent (Sigma-Aldrich, Schnelldorf, Germany). Desmodur 44V20 L was purchased
from (Covestro, Krefeld, Germany), and was used as the isocyanate component for all PU
materials. It is a solvent-free product based on 4,4′-diphenylmethane diisocyanate (pMDI)
and contains oligomers of high functionality. The average functionality is 2.8–2.9 and the
isocyanate group (–NCO) content of 30.5–32.5 wt.%.

2.2. Epoxidation of TOFA with Ion Exchange Resin Amberlite IR-120 H

The epoxidation of TOFA was carried out in a four-necked round bottom flask. A
thermocouple, mechanical stirrer, dropping funnel and a reflux condenser were attached
to the necks of the flask. The epoxidation of TOFA was achieved by in-situ generated
peroxyacetic acid, which forms from acetic acid and hydrogen peroxide in the presence of
an acidic catalyst. During the epoxidation, the molar ratio of TOFA (double bonds-155 g
I2/100 g) to H2O2 and AcOH was 1.0:1.5:0.5. At first, the calculated amount of TOFA
(700.0 g), acetic acid (128.5 g) and ion exchange resin Amberlite IR-120 H (140.0 g, 20 wt.%
of TOFA weight), as the catalyst, was added to the flask. The flask was immersed in a
thermostatic water bath (preheated to 40 ◦C). The speed of the mechanical stirrer was set
to 600 rpm, and the mixture was started to stir. A hydrogen peroxide/water (35%/65%)
solution (638.5 g) was poured into a dropping funnel. When the content of the flask
reached 40 ◦C, hydrogen peroxide solution was added dropwise to the round bottom
flask in a time interval of 30 min. Meanwhile, the temperature of the reaction medium
was slowly increased to 60 ◦C. After the complete addition of hydrogen peroxide, the
reaction medium was continued to stir for 6 h at 60 ◦C and 600 rpm [18]. Afterwards, the
reaction mixture was poured into a separating funnel and washed four times with warm
(T = 60 ◦C) distilled water. The product was dried using a rotatory vacuum evaporator
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to remove water residues. As a result, ETOFA were obtained exhibiting the acid value of
144 mg KOH/g, oxirane content of 2.30 mmol/g and iodine value of 27.0 g I2/100 g and
characterised by pomegranate red colour. An acronym ETOFA_IR is used for the ETOFA
synthesised via TOFA epoxidation with ion exchange resin Amberlite IR-120 H.

2.3. Epoxidation of TOFA with Novozym® 435

The epoxidation of TOFA was carried out in a four-necked round bottom flask. The
flask was immersed in a water bath and equipped with a mechanical stirrer, a reflux
condenser, a thermocouple and a dropping funnel. Using the data that was obtained from
the previous study [55], the optimal epoxidation parameters were determined and used for
TOFA epoxidation.

During the epoxidation, the molar ratio of double bond present in TOFA and H2O2
was 1.0:2.0. The required amount of TOFA (700.0 g) was poured in the flask, and necessary
amount of Candida antarctica lipase B (Novozym® 435) (22.4 g, 3.2 wt.% of TOFA weight)
was added. The mixture of TOFA and catalyst was heated to 44 ± 0.1 ◦C. Afterwards,
the necessary amount of 32% H2O2 water solution (1038.2 g) was added to the reactants
dropwise through the dropping funnel. The rate of addition speed was adjusted so that
the whole peroxide was added within 30 min. After the complete addition of hydrogen
peroxide, the reaction medium was continued to stir for 5.5 h at 44 ± 0.1 ◦C and 500 rpm.
Afterwards, the reaction mixture was poured into a separating funnel and washed four
times with warm (T = 60 ◦C) distilled water. The product was dried using a rotatory
vacuum evaporator to remove water residues. As a result, ETOFA were obtained exhibiting
the acid value of 146 mg KOH/g, oxirane content of 3.28 mmol/g and iodine value of
17.0 g I2/100 g and characterised by pomegranate red colour. An acronym ETOFA_E is
used for the ETOFA obtained from TOFA epoxidation with lipase catalyst Novozym® 435.

2.4. Synthesis of Polyols Using Two Different ETOFA

High functionality polyols were synthesised by functionalising ETOFA_IR or ETOFA_E,
which were obtained by epoxidising TOFA using two epoxidation catalysts either Am-
berlite IR-120 H or Novozym® 435. Bio-based polyols were synthesised by opening the
oxirane ring of ETOFA_IR or ETOFA_E and subsequent esterification with various poly-
functional alcohols, such as TMP and TEOA. For bio-polyols synthesised from intermediate
ETOFA_IR, the following acronyms were used ETOFA_TMP_IR and ETOFA_TEOA_IR de-
pending on the used polyfunctional alcohol for epoxide ring-opening. For polyols obtained
from TOFA epoxidation with lipase catalyst Novozym® 435, the following acronyms were
used ETOFA_TMP_E and ETOFA_TEOA_E. The general scheme of bio-polyol development
is depicted in Figure 1.
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Due to the two different chemical processes that are carried out simultaneously, namely,
oxirane ring-opening reaction and esterification reaction, the molar amount of the polyfunc-
tional alcohol needed for polyol synthesis is calculated using the following equation:

nMP = nKG + nEG, (1)

where nMP is the molar amount of the polyfunctional alcohol used for oxirane ring-opening
and esterification reaction (TMP or TEOA), in mol; nKG is the molar amount of the ETOFA
carboxylic groups, in mol and nEG is the molar amount of the ETOFA oxirane groups,
in mol.

To obtain TOFA-based bio-polyols, the oxirane ring-opening was first carried out in the
four-necked round bottom flask. The multifunctional alcohol/amine and tetrafluoroboric
acid solution, 48 wt.% in H2O and as a catalyst, 0.4 wt.% of ETOFA mass, was added, see
Table 1 for corresponding mass for each type of polyols. The flask was immersed into an oil
thermobath, and a mechanical stirrer was inserted into the central neck. A purge gas tube,
Liebig condenser, and a dropping funnel were attached to the vacant necks. The mixer
was set to 400 rpm, and the flow of purge gas (argon) through the flask was provided,
while the content of the flask was heated up to 120 ◦C. When the required temperature of
120 ◦C for oxirane ring-opening was reached, 200 g of ETOFA were added dropwise to
the flask in a time interval of 20 min. After the complete addition of ETOFA, the reaction
medium was continued to stir for 30 min at the temperature of 120 ◦C to open the oxirane
rings completely. Afterwards, the synthesis temperature was increased to carry out the
esterification reactions. The ETOFA_TMP_IR and ETOFA_TMP_E polyol synthesis were
carried out at 200 ◦C, whereas ETOFA_TEOA_IR and ETOFA_TEOA_E synthesis were
carried out at 180 ◦C (Figure 2). The stirring of the reaction medium and the argon gas flow
was retained until the acid value of the product decreased below 5 mg KOH/g [54]. After
which, the synthesis was considered to be finished, and the bio-polyol was obtained for
further rigid PU foam development.

Table 1. Multifunctional alcohols/amines used in the bio-polyol syntheses.

Multifunctional Alcohol for
Polyol Synthesis

Mass (g) Added if Polyol is
Synthesised from ETOFA_IR

Mass (g) Added if Polyol is
Synthesised from ETOFA_E

TEOA 145.0 175.4
TMP 130.4 157.8Materials 2021, 14, 894 6 of 17 
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2.5. Characterisation of Products and Precursors

The obtained bio-polyols were characterised by hydroxyl and acid values calculated
according to ISO 4629-2:2016 and ISO 2114:2000 testing standards using titrimetric methods.
The epoxy content was calculated in accordance with ASTM D1652-04:2004. The viscosity
of polyols was measured at 25 ◦C using the Thermo Science HAAKE (Medium-High Range
Rotational Viscometer, Thermo Fisher Scientific, Waltham, MA, USA). Polyol density was
determined using a series of hydrometers. In a thermostatic bath at 20 ◦C, a graduated
cylinder filled with polyol was immersed for 20 min, and afterwards, the density was
measured. The moisture content was measured using the Denver Instrument Model 275KF
automatic titrator (Denver Instrument, Bohemia, NY, USA) using Karl Fisher titration.

Polyol structure was analysed using Fourier-transform infrared spectrometry data
(FTIR), which were obtained with a Thermo Scientific Nicolet iS50 spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) at a resolution of 4 cm−1 (32 scans). The FTIR data
were collected using attenuated total reflectance technique with ZnSe and diamond crystals.
Moreover, 1H NMR spectra for the samples were recorded on a Bruker spectrometer (Bruker
BioSpin AG, Fällanden, Switzerland) at 500 MHz. The chemical shifts (δ) are reported in
ppm. The residual chloroform peak was used as an internal reference (δ = 7.26 ppm). Size
exclusion chromatography from Knauer equipped with refractive index detector (Detector
RI) and polystyrene/divinylbenzene matrix gel column with a measurement range up
to 30,000 Da at tetrahydrofuran (THF) eluent flow of 1.0 mL/min was used to analyse
the number-average molecular weight (Mn) and number-average functionality (fn) of the
synthesised bio-polyols. The polyols fn was calculated based on hydroxyl values and Mn
as seen from Equation (2) [52].

fn = Mn × OHvalue × 56,110−1, (2)

where fn is the number-average functionality, OH groups/mol; Mn is the number-average
molecular weight, g/mol; OHvaluel is the hydroxyl value of the polyol, mg KOH/g and
56,100 is equivalent weight of KOH, in milligrams.

2.6. Rigid PU foam Preparation and Characterisation

For rigid PU foam development, ETOFA-based bio-polyols were used. For the PU
foams obtained from bio-based polyols synthesised from ETOFA using Amberlite IR-120
H and polyfunctional alcohols like TMP and TEOA, the following acronyms PU_TMP_IR
and PU_TEOA_IR were used. Similarly, for the PU foams obtained from bio-based polyols
synthesised from ETOFA using Novozym® 435 and polyfunctional alcohols like TMP
and TEOA, the following acronyms PU_TMP_E and PU_TEOA_E were used. In Table 2,
the developed rigid PU foam formulations are depicted. In order to obtain rigid PU
foams using newly synthesised bio-polyols a previously synthesised bio-polyol with lower
functionality based on tall oil (TO) esterification with TEOA was also used (TO_TEOA with
OH value of 334 mg KOH/g, the water content of 0.45 wt.%, the viscosity of 280 mPa·s at
25 ◦C, fn = 2.4 and Mn = 391 g/mol). The polyol component was obtained by weighing
all the required components presented in Table 2 (polyols, blowing agent, flame retardant,
catalysts and surfactant) and stirring them with a mechanical stirrer at 2000 rpm for 1 min.
The polyol system was then conditioned in a sealed container at room temperature for at
least 2 h to de-gas the mixed air, and afterwards, PU foams were prepared. The isocyanate
index was chosen to be 150 for all PU foams. To produce rigid PU foams, isocyanate (pMDI)
and a polyol portion were weighed and mixed at 2000 rpm for 15 s with a mechanical
stirrer. After that, the reactive mixture was poured into an open-top mould [54].
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Table 2. Polyurethane (PU) foam formulations and renewable material content in PU foams.

Components
Reagents, Parts by Weight

PU_TEOA_IR PU_TEOA_E PU_TMP_IR PU_TMP_E

Bio-polyols

ETOFA_TEOA_IR 85.0 – – –
ETOFA_TEOA_E – 85.0 – –
ETOFA_TMP_IR – – 85.0 –
ETOFA_TMP_E – – – 85.0

TO_TEOA 10.0 10.0 10.0 10.0
Glycerol 5.0 5.0 5.0 5.0

Blowing agents c-pentane 12.0 12.0 12.0 10.0
Water 2.0 2.0 2.0 2.0

Catalysts
Polycat® 5 – – 0.5 0.5

Polycat® NP10 3.0 3.0 3.0 3.0
PC CAT TKA 30 1.5 1.5 1.5 1.5

Surfactant L-6915 2.5 2.5 2.5 2.5

Flame retardant TCPP 31 (8 wt.%) 30 (8 wt.%) 32 (8 wt.%) 27 (8 wt.%)

Isocyanate pMDI 243.4 218.3 246.2 190.5

Isocyanate index – 150 150 150 150

Renewable materials in PU foam, % 16.3 18.1 16.2 19.8

The content of renewable materials was determined based on the mass of renewable
materials used in the formulation of the PU foams. The rigid PU foam formulations were
designed to obtain foams with an apparent density of ~40 kg/m3. The physical and me-
chanical properties of the foams were measured in accordance with the following standards:
foam density—ISO 845:2009, closed cell content—ISO 4590:2003, compression strength—
ISO 844:2009 and thermal conductivity—ISO 8301:1991. The compression strength of the
PU foams was tested parallel and perpendicular to foam rise with one offset from ISO
844:2009 standard—sample size; cylinders with a diameter of 20 mm and a height of 22 mm
were tested. The mechanical testing of PU foams was done using Zwick/Roell 1000 N
testing machines (Zwick Roell Group, Ulm, Germany)

3. Results and Discussion

3.1. Characteristics of Synthesised High Functionality Polyols

The key characteristics of synthesised bio-polyols, such as OH value, acid value,
moisture content, viscosity, density, fn, Mn and polydispersity (pd) are summarised in
Table 3.

Table 3. Common characteristics of developed tall oil fatty acids (TOFA)-based bio-polyols.

Polyol
OH Value, mg

KOH/g
Acid Value,
mg KOH/g

Moisture,
%

Viscosity (20 ◦C),
mPa·s

Density (20 ◦C),
g/cm3 fn Mn, g/mol pd

ETOFA_TEOA_IR 510 <5 0.14 7400 1.047 8.1 893 1.78
ETOFA_TEOA_E 519 <5 0.05 10,800 1.048 8.3 899 1.88
ETOFA_TMP_IR 427 <5 0.24 77,000 1.056 9.7 1279 1.58
ETOFA_TMP_E 335 <5 0.06 278,300 1.058 12.6 2112 1.57

The synthesised TOFA bio-polyols have high OH values and low acid value, which is
typical and necessary for polyols to be used for rigid PU foam production. Unfortunately,
the bio-polyols that were synthesised using TMP reached very high viscosity. It can be
explained by the intermolecular hydrogen bonding of the polyol chemical structure as well
as the higher molecular weight of the polyols. The fn of synthesised bio-polyols is high
as it ranges from 8.1 to almost 12.6. Polyols with such high fn are rarely used as the only
polyol in rigid PU foam formulation. Therefore, such polyols’ main application is their use
as cross-linking reagents in rigid PU foam development.
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3.2. FTIR Analysis of Synthesised Bio-Polyols from ETOFA

The FTIR spectra of TOFA, ETOFA_IR and ETOFA_E are depicted in Figure 3a.
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Figure 3. FTIR spectra: (a) spectra of TOFA, epoxidised tall oil fatty acids synthesised via TOFA epoxidation with ion
exchange resin Amberlite IR-120 H (ETOFA_IR) and ETOFA obtained from TOFA epoxidation with lipase catalyst Novozym®

435 (ETOFA_E) and (b) spectrum of the resulting TOFA-based bio-polyols.

The oxirane ring stretching vibration peak appeared at 823 cm−1 after epoxidation of
TOFA. Furthermore, for ETOFA_E, its intensity is higher when compared with ETOFA_IR,
which correlates with the determined oxirane content from titrimetric analysis data of
3.28 and 2.30 mmol/g, respectively. The introduction of oxirane rings coincides with the
disappearance of =C–H and –C=C– absorption peaks at 3009 and 1659 cm−1, respectively.
The side reactions of oxirane ring cleavage during TOFA epoxidation occurred for both
epoxidation methods and are confirmed by the occurrence of a C=O ester stretching shoul-
der peak for the both ETOFA intermediate products at 1736 cm−1. In case of ETOFA_IR,
its intensity is higher as the oxirane ring cleavage side reactions could occur with COOH
groups of TOFA as well as acetic acid present in reaction medium among other reactants.
The side reaction occurrence was also confirmed by the appearance of the broad –OH
stretching vibration peak between 3600 and 3100 cm−1, which for ETOFA_IR was more
intensive than ETOFA_E. In the case of ETOFA_IR, the C–O bond absorption peaks at 1240
and 1046 cm−1 of various by-products were also more distinguishable. It can be observed
that the Novozym® 435 is more selective epoxidation catalyst, and ETOFA_E could be
better suited for polyol development.

When TOFA-based bio-polyols were obtained (Figure 3b), the oxirane ring stretching
vibration peak at 823 cm−1 disappeared. This correlates with a titrimetric analysis of oxirane
content in all TOFA-based bio-polyols, which was lower than 0.01 mmol/g. These kinds
of changes in FTIR spectra confirm conversion towards the desired bio-polyol products.
A very noticeable distinction between bio-polyols synthesised from TMP and TEOA is
the C–N stretching peak of a tertiary amine group that appeared at ~1036 cm−1 when
oxirane ring was opened with TEOA. The tertiary amine group introduction in chemical
structure could provide the developed bio-polyol with autocatalytic properties when rigid
PU foam is developed. For all four polyols, the carboxylic group C=O stretching vibration
at 1707 cm−1 of TOFA shifted towards C=O stretching ester vibration at ~1733 cm−1. For
all feedstock, TOFA and intermediates, both ETOFAs and four obtained polyols a typical
symmetric and asymmetric –CH2– stretching peaks were observed at ~2930 and 2860 cm−1.
The broad absorption peak between 3600 and 3100 cm−1 of all spectra of synthesised
bio-polyols was identified as characteristic stretching vibrations of the O–H group. The
intensity of peak between 3600 and 3100 cm−1 of synthesised bio-polyols correlated with
the increase in OH value obtained from the titrimetric analysis of the polyols presented in
Table 3.
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3.3. NMR Analysis of Epoxidated TOFA Using Different Catalysts

Tall oil mainly consists of linoleic acid and oleic acid. According to 1H NMR spectra,
the ratio of both these fatty acids is about 1:1: characteristic signal for linoleic acid is
bis-allylic protons at 2.8 ppm (Figure 4). The amount of oleic acid was calculated from the
amount of allylic protons at 1.9–2.1 ppm.

Materials 2021, 14, 894 10 of 17 
 

 

 
Figure 4. 1H-NMR of TOFA and TOFA-catalysed epoxidation by ion-exchange resin (ETOFA_IR) and TOFA-catalysed 
epoxidation by lipase catalyst Novozym®® 435 (ETOFA_E) (500 MHz, CDCl3). Abbreviations: 1—protons of double bond; 
2—protons of oxirane moiety; 3—protons of bis-allylic position; 4—protons of allylic position; 5—CH2 protons of oxiran-
2-yl moiety; 6—CH2 protons of bis-(oxiran-2-yl) moiety. 

3.4. SEC Analysis of Synthesised High Functionality Bio-Polyols 
The SEC chromatograms of different ETOFA and synthesised bio-polyols are de-

picted in Figure 5. The oxirane cleavage products discussed in previous paragraphs were 
also visible in SEC chromatogram of ETOFA_IR as a shoulder of epoxidised fatty acid 
products at the retention time of ~29 min. The oxirane ring-opening dimerisation, trimer-
isation and oligomerisation products were identified at retention times of ~27, 26 and 25 
min, respectively, in ETOFA of both types of epoxidation methods. Although, the higher 
selectivity of Novozym®® 435 catalyst ensured a lower amount of dimerisation products. 

The obtained polyols had relatively similar characteristics when compared by used 
oxirane opening polyfunctional amine/alcohol despite ETOFA_E having fewer products 
of oxirane cleavage side reactions. The SEC chromatograms of ETOFA_TEOA_E and 
ETOFA_TEOA_IR are almost the same. Unfortunately, in the case of ETOFA_TMP_E pol-
yol, an even larger amount of oligomerisation products has been identified. The oligomer-
isation of ETOFA_TMP_E polyol led to increased Mn of 2112 g/mol compared to 
ETOFA_TMP_IR polyol with Mn of 1279 g/mol (See Table 3). The oligomerisation could 
be explained due to the lower reactivity of TMP towards oxirane ring-opening. The 
method of oxirane ring-opening has to be further optimised to reduce the amount of oli-
gomerisation products as they increase the viscosity of the bio-polyols, which is already 
considerable. High viscosity is undesirable, as it complicates the industrial upscale of the 
technology and production of rigid PU foams. Moreover, peaks of unreacted TEOA and 
TMP have been identified at the retention time of ~33 and 31 min, respectively. The pres-
ence of unreacted polyfunctional amines/alcohols is undesired but not critical, as they 
contain OH groups and can react with isocyanate in the formation of PU material. Ob-
tained bio-polyols are a mixture of different TOFA derivatives with high OH group func-
tionality and are suitable for rigid PU foam development. 

Figure 4. 1H-NMR of TOFA and TOFA-catalysed epoxidation by ion-exchange resin (ETOFA_IR) and TOFA-catalysed
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moiety; 6—CH2 protons of bis-(oxiran-2-yl) moiety.

1H NMR spectra demonstrate that enzyme-catalysed reaction leads to a rather clean
formation of epoxides (characteristic signals at 2.9–3.1 ppm), without cleavage of the
oxirane ring in ETOFA_E product. The ETOFA_E contained up to 60% of epoxide moi-
eties (calculated per number of double bonds in the starting material) and nearly 20% of
untreated double bond moieties (signals at 5.1–5.7 ppm).

The yield of oxiranes was significantly smaller when ion exchange resin was used as
the epoxidation catalyst. Although the oxirane moiety was formed, a significant amount of
oxirane cleavage products is observed (characteristic signals in the range of 3.3–4.5 ppm).
According to the 1H NMR spectra, the product contained less than 20% of epoxide moieties
(calculated per number of double bonds). Besides, the conversion of double bond was not
full (signals at 5.1–5.7 ppm).

3.4. SEC Analysis of Synthesised High Functionality Bio-Polyols

The SEC chromatograms of different ETOFA and synthesised bio-polyols are depicted
in Figure 5. The oxirane cleavage products discussed in previous paragraphs were also
visible in SEC chromatogram of ETOFA_IR as a shoulder of epoxidised fatty acid products
at the retention time of ~29 min. The oxirane ring-opening dimerisation, trimerisation
and oligomerisation products were identified at retention times of ~27, 26 and 25 min,
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respectively, in ETOFA of both types of epoxidation methods. Although, the higher
selectivity of Novozym® 435 catalyst ensured a lower amount of dimerisation products.
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Figure 5. SEC chromatograms of (a) different ETOFA and (b) developed TOFA bio-polyols.

The obtained polyols had relatively similar characteristics when compared by used
oxirane opening polyfunctional amine/alcohol despite ETOFA_E having fewer products
of oxirane cleavage side reactions. The SEC chromatograms of ETOFA_TEOA_E and
ETOFA_TEOA_IR are almost the same. Unfortunately, in the case of ETOFA_TMP_E polyol,
an even larger amount of oligomerisation products has been identified. The oligomerisation
of ETOFA_TMP_E polyol led to increased Mn of 2112 g/mol compared to ETOFA_TMP_IR
polyol with Mn of 1279 g/mol (See Table 3). The oligomerisation could be explained due to
the lower reactivity of TMP towards oxirane ring-opening. The method of oxirane ring-
opening has to be further optimised to reduce the amount of oligomerisation products as
they increase the viscosity of the bio-polyols, which is already considerable. High viscosity
is undesirable, as it complicates the industrial upscale of the technology and production of
rigid PU foams. Moreover, peaks of unreacted TEOA and TMP have been identified at the
retention time of ~33 and 31 min, respectively. The presence of unreacted polyfunctional
amines/alcohols is undesired but not critical, as they contain OH groups and can react
with isocyanate in the formation of PU material. Obtained bio-polyols are a mixture of
different TOFA derivatives with high OH group functionality and are suitable for rigid PU
foam development.

3.5. Characteristics of Rigid PU Foams Developed from Synthesised High Functional Bio-Polyols

The main goal of the study was to obtain good-quality rigid PU foams using two
different types of bio-polyols obtained from ETOFA_IR and ETOFA_E and to compare their
common physical and mechanical properties. Synthesised TOFA-based bio-polyols were
used to prepare rigid PU foams by formulations shown in Table 2. Typical characteristics
of obtained rigid PU foams are summarised in Table 4.

Table 4. The common characteristic of developed rigid PU foams based on TOFA-type bio-polyols.

PU Material PU_TEOA_IR PU_TEOA_E PU_TMP_IR PU_TMP_E

Technological parameters –
Foaming start time, s 28 29 32 23
Foaming rise time, s 61 61 78 67

PU foam apparent density, kg/m3 36.4 35.4 35.8 38.5
Closed cell content, % 90 91 91 95

Thermal conductivity, mW/(m·K) 23.0 23.3 21.3 21.2
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The foaming start time of rigid PU foam formulations developed from TEOA-type
bio-polyols is on par with formulations from TMP-type bio-polyol at ~30 s. The presence of
tertiary amine groups in TEOA-type bio-polyols expresses autocatalytic properties. Thus,
this allowed to bypass the use of Polycat® 5 catalyst. This could be beneficial because
Polycat® 5 is an additive catalyst with low boiling temperature, and it could leak out
from the foamed material over time. This is not desirable as amine catalysts tend to
have a strong odour which could influence the air quality in a rigid PU foam application
environment, such as inside of buildings. The TEOA-type bio-polyol autocatalytic activity
also influenced a faster foaming rise time of 61 s when compared to the foaming rise
time of ~70 s of TMP-type bio-polyol formulations. The apparent density of developed
rigid PU foams was almost the same and varied between 35.4 and 38.5 kg/m3 range. The
slightly higher apparent density of PU_TMP_E foam can be explained by higher viscosity
of ETOFA_TMP_E polyol. Nevertheless, the closed cell content of all samples was 90% or
above it, which is typical for rigid PU foams intended for thermal insulation application.
The thermal conductivity for all developed rigid PU foams was quite low, reaching values
between 21.2 and 23.3 mW/(m·K), which is considered appropriate for industrial use. The
type of ETOFA used for polyols synthesis did not influence the thermal conductivity of
obtained rigid PU foams. The thermal conductivity of rigid PU foams mostly depends on
the gas composition inside the material’s closed cells. The slight difference in the cell size
(see Figure 6) of developed rigid PU foams did not influence the thermal conductivity.
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Figure 6. Microscope images of developed rigid polyurethane (PU) foams.

The compression strength and compression modulus of ETOFA_TEOA_IR-, ETOFA_
TEOA_E-, ETOFA_TMP_IR- and ETOFA_TMP_E-based rigid PU foams were measured
in parallel and perpendicular to foaming direction and are depicted in Figure 7. The
data have been normalised to the average apparent density of 40 kg/m3, according to
Hawkins et al. [56], to compare the mechanical properties. Developed rigid PU foams had
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significant anisotropicity as the mechanical properties varied depending on the testing
direction. Anisotropicity is typical for rigid PU foams that are obtained in open-type
mould. Rigid PU foam cells tend to elongate with the foaming direction, as seen in Figure 6.
Nevertheless, the compression strength was ~0.2 MPa, which is typical for this type of
material applied for civil engineering [57].
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Figure 7. Compression properties (a) compressive strength and (b) compressive modulus of developed rigid PU foams
normalised to the average apparent density of 40 kg/m3.

A slight difference can be distinguished when the mechanical properties are compared
regarding the used epoxidation method (ETOFA_IR and ETOFA_E). Rigid PU foams
obtained from ETOFA_E showed a slight increase in compression properties due to the
higher functionality of the derived polyols compared to polyols obtained from ETOFA_IR.
A higher functionality of bio-polyol will result in the higher cross-link density of the
obtained PU polymer matrix, which will increase the mechanical properties of rigid PU
foam. In addition, the increase in mechanical properties can also be explained by slightly
smaller cell size rigid PU foams obtained from ETOFA_E as depicted in Figure 5.

The common properties of the developed rigid PU foams were compared to other rigid
PU foams that were obtained using other bio-based polyols (Table 5). The rigid PU foams
used for comparison were produced from different bio-based polyols, such as polyols
from waste cooking oil (PU 60 PWCO) [30], pumpkin seed oil (PU-PSO) [47], soybean
oil-derived polyol (PU-0) [46] as well as commercially used polyether type polyols with the
trade name Rokopol® RF-551 (PU-BMC/0) [45] and Raypol® 4218 [47]. The chosen rigid
PU foams from literature data were selected because they had somewhat similar apparent
density with closed cell structure. Some differences in-between foams can be distinguished,
namely, the isocyanate index, which was 110, whereas the present study describes rigid
PU foams with the isocyanate index of 150. Nevertheless, a comparison can be made to
assess developed materials suitability as a thermal insulation. The compression properties
of TOFA-based rigid PU foams were similar to materials described in the most recent
literature; the slightly lower values can be explained by the lower apparent density. The
thermal conductivity between the compared rigid PU foams is similar. In the case of TOFA-
based foams, it is even slightly better than in most of the compared foams. It is crucial to
mention that the TOFA-based rigid PU foams were developed using only bio-based polyols
in the formulation. The developed TOFA-based high functionality polyols can be used as
a cross-linking reagent and might be used as a replacement for sorbitol-based polyether
type polyols.
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Table 5. The common characteristic of developed rigid PU foams comparison with other materials.

PU Material
Compressive

Strength, MPa
Compressive

Modulus, MPa,
PU Foam Apparent

Density, kg/m3
Closed Cell
Content, %

Thermal Conductivity,
mW/(m·K)

PU_TEOA_IR 0.191 5.6 36.4 90.0 23.0
PU_TEOA_E 0.195 6.7 35.4 91.0 23.3
PU_TMP_IR 0.198 5.9 35.8 91.0 21.3
PU_TMP_E 0.309 7.2 38.5 95.0 21.2

PU_60_PWCO 1 0.275 n.a 41.3 85.3 26.4
PU-BMG/0 2 0.248 n.a 42.1 87.5 22.5

PU-0 3 0.250 6.4 37.0 88.0 n.a
PU-PSO 4 0.238 n.a 40.8 n.a 33.9

Raypol® 4218 4 0.303 n.a 44.1 n.a 36.8
1 Data were taken from M. Kurańska et al. [30]; 2 Data were taken from M. Barczewski et al. [45]; 3 Data were taken from S. Czlonka et al. [46];
4 Data were taken from P. Ekkaphan et al. [47].

4. Conclusions

Two different epoxidation catalyst have been applied for tall oil fatty acid epoxidation
and the obtained epoxidised oil have been used for high functionality bio-polyol synthesis.
Application of lipase-based catalyst allowed to obtain epoxidised tall oil fatty acids with
a lower amount of side reaction by-products and higher content of oxirane rings when
compared to oil epoxidated with ion exchange resin type catalyst (3.28 and 2.30 mmol/g,
respectively). The higher oxirane content of epoxidised oil yielded bio-polyols with higher
number average functionality. Unfortunately, a significant amount of oligomerisation
products formation was observed during bio-polyol synthesis, which increased the viscosity
of bio-polyols. To decrease the amount of oligomerisation products, the bio-polyol synthesis
process has to be further optimised. The synthesised bio-polyols were used to obtain
rigid PU foams. The type of chosen epoxidation route, ion-exchange resin or enzyme
catalyst, for tall oil fatty acid epoxidation did not significantly influence the properties of
foams. Only mechanical properties had a slight increase for rigid PU foams obtained from
feedstock synthesised via chemo-enzymatic epoxidation due to the higher number average
functionality of bio-polyols. Overall, developed rigid PU foams had typical properties as
for material applied as thermal insulation in civil engineering.
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Abbreviations

ETOFA Epoxidised tall oil fatty acids
ETOFA_E Epoxidised tall oil fatty acids obtained from tall oil fatty acids epoxidation with lipase catalyst Novozym® 435
ETOFA_IR Epoxidised tall oil fatty acids obtained from tall oil fatty acids epoxidation with ion exchange resin Amberlite

IR-120 H
ETOFA_TEOA_E Polyol that is obtained from epoxidised tall oil, enzyme is used as a catalyst, oxirane ring opened

with triethanolamine
ETOFA_TEOA_IR Polyol that is obtained from epoxidised tall oil, ion exchange resin is used as a catalyst, oxirane ring opened

with triethanolamine
ETOFA_TMP_E Polyol that is obtained from epoxidised tall oil if enzyme is used as a catalyst, oxirane ring opened

with trimethylolpropane
ETOFA_TMP_IR Polyol that is obtained from epoxidised tall oil if ion exchange resin is used as a catalyst, oxirane ring opened

with trimethylolpropane
–NCO Isocyanate group
OH value Hydroxyl value
pMDI 4,4′-diphenylmethane diisocyanate
PU Polyurethane
PU_TEOA_E Polyurethane formulated using polyol that is obtained from epoxidised tall oil, enzyme is used as a catalyst,

oxirane ring opened with triethanolamine
PU_TEOA_IR Polyurethane formulated using polyol that is obtained from epoxidised tall oil, ion exchange resin is used as

a catalyst, oxirane ring opened with triethanolamine
PU_TMP_E Polyurethane formulated using polyol that is obtained from epoxidised tall oil, enzyme is used as a catalyst,

oxirane ring opened with trimethylolpropane
PU_TMP_IR Polyurethane formulated using polyol that is obtained from epoxidised tall oil, ion exchange resin is used as

a catalyst, oxirane ring opened with trimethylolpropane
TEOA Triethanolamine
TMP Trimethylolpropane
TO_TEOA Polyol that is obtained by tall oil tall oil esterification with trietanolamine
TOFA Tall oil fatty acids
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30. Kurańska, M.; Leszczyńska, M.; Kubacka, J.; Prociak, A.; Ryszkowska, J. Effects of Modified Used Cooking Oil on Structure and

Properties of Closed-Cell Polyurethane foams. J. Polym. Environ. 2020, 28, 2780–2788. [CrossRef]
31. Omonov, T.S.; Kharraz, E.; Curtis, J.M. The epoxidation of canola oil and its derivatives. RSC Adv. 2016, 6, 92874–92886. [CrossRef]
32. Ranganathan, S.; Sieber, V. Development of semi-continuous chemo-enzymatic terpene epoxidation: Combination of an-

thraquinone autooxidation and the lipase-mediated epoxidation process. React. Chem. Eng. 2017, 2, 885–895. [CrossRef]
33. Re, R.N.; Proessdorf, J.C.; La Clair, J.J.; Subileau, M.; Burkart, M.D. Tailoring chemoenzymatic oxidation: Via in situ peracids. Org.

Biomol. Chem. 2019, 17, 9418–9424. [CrossRef]
34. Cai, X.; Zheng, J.L.; Aguilera, A.F.; Vernières-Hassimi, L.; Tolvanen, P.; Salmi, T.; Leveneur, S. Influence of ring-opening reactions

on the kinetics of cottonseed oil epoxidation. Int. J. Chem. Kinet. 2018, 50, 726–741. [CrossRef]
35. Zhang, X.; Wan, X.; Cao, H.; Dewil, R.; Deng, L.; Wang, F.; Tan, T.; Nie, K. Chemo-enzymatic epoxidation of Sapindus mukurossi

fatty acids catalyzed with Candida sp. 99–125 lipase in a solvent-free system. Ind. Crops Prod. 2017, 98, 10–18. [CrossRef]
36. Mashhadi, F.; Habibi, A.; Varmira, K. Determination of Activation Energy and Ping-Pong Kinetic Model Constants of Enzyme-

Catalyzed Self-Epoxidation of Free Fatty Acids using Micro-reactor. Catal. Lett. 2018, 148, 3236–3247. [CrossRef]
37. Danov, S.M.; Kazantsev, O.A.; Esipovich, A.L.; Belousov, A.S.; Rogozhin, A.E.; Kanakov, E.A. Recent advances in the field of

selective epoxidation of vegetable oils and their derivatives: A review and perspective. Catal. Sci. Technol. 2017, 7, 3659–3675.
[CrossRef]

38. Kumar, A.; Dhar, K.; Kanwar, S.S.; Arora, P.K. Lipase catalysis in organic solvents: Advantages and applications. Biol. Proced.

Online 2016, 18, 1–11. [CrossRef]
39. Milchert, E.; Malarczyk-Matusiak, K.; Musik, M. Technological aspects of vegetable oils epoxidation in the presence of ion

exchange resins: A review. Polish J. Chem. Technol. 2016, 18, 128–133. [CrossRef]
40. Mateo, C.; Palomo, J.M.; Fernandez-Lorente, G.; Guisan, J.M.; Fernandez-Lafuente, R. Improvement of enzyme activity, stability

and selectivity via immobilization techniques. Enzyme Microb. Technol. 2007, 40, 1451–1463. [CrossRef]
41. Ivdre, A.; Soto, G.D.; Cabulis, U. Polyols Based on Poly(ethylene terephthalate) and Tall Oil: Perspectives for Synthesis and

Production of Rigid Polyurethane Foams. J. Renew. Mater. 2016, 4, 285–293. [CrossRef]
42. Zhang, C.; Ding, R.; Kessler, M.R. Reduction of epoxidized vegetable oils: A novel method to prepare bio-based polyols for

polyurethanes. Macromol. Rapid Commun. 2014, 35, 1068–1074. [CrossRef]
43. Zeltins, V.; Yakushin, V.; Cabulis, U.; Kirpluks, M. Crude Tall Oil as Raw Material for Rigid Polyurethane Foams with Low Water

Absorption. Solid State Phenom. 2017, 267, 17–22. [CrossRef]
44. Pfister, D.P.; Xia, Y.; Larock, R.C. Recent advances in vegetable oil-based polyurethanes. ChemSusChem 2011, 4, 703–717. [CrossRef]

[PubMed]

47



Materials 2021, 14, 894
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Abstract: The paper describes the preparation and characterization of rigid polyurethane-
polyisocyanurate (PUR-PIR) foams obtained with biopolyol synthesized in the process of liquefaction
of biomass from the Baltic Sea. The obtained foams differed in the content of biopolyol in polyol
mixture (0–30 wt%) and the isocyanate index (IISO = 200, 250, and 300). The prepared foams
were characterized in terms of processing parameters (processing times, synthesis temperature),
physical (sol fraction content, apparent density) and chemical structure (Fourier transform infrared
spectroscopy), microstructure (computer microtomography), as well as mechanical (compressive
strength, dynamic mechanical analysis), and thermal properties (thermogravimetric analysis, thermal
conductivity coefficient). The influence of biopolyol and IISO content on the above properties was
determined. The addition of up to 30 wt% of biopolyol increased the reactivity of the polyol mixture,
and the obtained foams showed enhanced mechanical, thermal, and insulating properties compared
to foams prepared solely with petrochemical polyol. The addition of up to 30 wt% of biopolyol did
not significantly affect the chemical structure and average cell size. With the increase in IISO, a slight
decrease in processing times and mechanical properties was observed. As expected, foams with
higher IISO exhibited a higher relative concentration of polyisocyanurate groups in their chemical
structure, which was confirmed using principal component analysis (PCA).

Keywords: bio-based polyol; biomass liquefaction; rigid polyurethane-polyisocyanurate foams;
structure-property relationship; isocyanate index

1. Introduction

Algae biomass is commonly used around the world on an industrial scale, mainly for consumer,
industrial, pharmaceutical, and cosmetology purposes. Algae have been used in the food industry for
many years as a rich source of low-calorie nutrients [1–3]. In the cosmetics industry, mainly dried,
freeze-dried algae, and algae extracts are used [4]. Algae biomass is characterized by a high content
of various biologically active compounds, among others with antibacterial, antiviral, antifungal, and
anti-inflammatory effects [5–8]. Due to its renewable nature, interest in using algae has increased in
recent years, including in the energy sector [9] and the plastics industry [10].
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Plastics with algae biomass can be obtained in many ways. The main methods of preparation
include direct and indirect methods. Direct methods rely on mixing algae biomass with a polymer
matrix to obtain biocomposites. Much research has been done on the use of algae biomass as a
reinforcement in composites [11–13]. Jang et al. [14] received biocomposites using polypropylene
(PP) and pre-processed algae Laminaria japonica (BA) and Enteromorpha (GA). Algae pre-treatment
included treatment with ethanol at 78 ◦C for 3 h, followed by washing with ethanol or acetone. Other
samples were treated with 3 wt% of sulfuric acid at 121 ◦C for 2 h. In the last stage of preparation,
BA or GA was washed with distilled water, dried at 100 ◦C for 24 h, and milled. Biocomposites were
obtained by the compression molding method. PP was evenly mixed with BA or GA and dried in a
convection oven at 100 ◦C for 24 h. PP/GA biocomposites showed higher thermal stability and impact
resistance than PP/BA ones. It was also found that sulfuric acid-treated GA biocomponents showed
the best thermal and mechanical properties.

Indirect methods consist of obtaining plastics from the algae biomass used as an intermediate in
different processes. An example of the indirect use of algae is the extraction of alginate, well described
in the literature, and its use in the synthesis of polyurethane [15–18]. Another indirect method is the
use of algae oil in the synthesis of polyurethane foams [19–21]. Pawar et al. [22] modified oil from
chlorella microalgae and used it to obtain rigid polyurethane foams. The modification consisted of oil
epoxidation and opening of the oxirane ring using lactic acid and ethylene glycol. Oil epoxidation was
carried out in solution using peracetic acid and hydrogen peroxide for 6–8 h with a yield of 90–94%.
In the next stage, the epoxidized oil was mixed with lactic acid (1:6 molar ratio) or ethylene glycol
(1:10 molar ratio) to obtain biocomponents with active hydroxyl groups. Rigid polyurethane foams
were obtained using polyol solely from algae oil and compared with their petroleum-based analogs.
Foams obtained with the use of algae oil are characterized by a higher content of closed cells and
similar thermal stability compared to petrochemical foam. Although the presented procedure resulted
in foams showing satisfactory properties, the synthesis of applied biopolyol consisted of several steps
including extraction of oils from microalgae, its epoxidation and reaction with lactic acid, as well as
purification steps. Furthermore, it required the use of significant amounts of solvents, which cannot be
considered environmentally friendly.

In our previous work [23], we proposed a method of direct liquefaction of marine biomass from
the Baltic Sea, which was only dried before processing. Moreover, to enhance the eco-friendly character
of the process, we applied waste material (crude glycerol) as one of the solvents in the process. The
developed procedure provided a method of utilization of marine biomass from the Baltic Sea, which
especially during the summer is a troublesome waste. This paper presents the method of preparation
and the characteristics of rigid polyurethane-polyisocyanurate foams obtained using biopolyol resulting
from the abovementioned liquefaction process. Rigid polyurethane-polyisocyanurate (PUR-PIR) foams
were obtained by a one-step method, by replacing up to 30 wt% petrochemical polyol with biopolyol.
Processing, chemical structure, and morphology, as well as mechanical and thermal properties
were characterized.

2. Materials and Methods

2.1. Materials

For the preparation of rigid PUR-PIR foams, LB biopolyol obtained via marine biomass (10 wt%)
liquefaction with a mixture of crude glycerol and poly(ethylene glycol) (90 wt%) was applied. The
applied biomass consisted of Enteromorpha macroalgae and Zostera marina seagrass in the ratio of 1
to 9. The proposed structure of biopolyol is presented in Figure 1, while its synthesis and properties
were described in another work [23]. Rokopol®RF551 (polyoxyalkylene polyhydric alcohol), obtained
from the PCC Group (, Brzeg Dolny, Poland), was used as the petrochemical polyol. The selected
properties of both polyols are shown in Table 1. The isocyanate component was polymeric methylene
diphenyl-4,4’-diisocyanate (pMDI) with a free isocyanate groups (NCO) content of 31.5% from BASF
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(Ludwigshafen, Germany). The solution of potassium acetate in ethylene glycol (AC) (PC CAT®
TKA30 from Performance Chemicals (Buchholz in der Nordheide, Germany)), 75 wt% solution of
potassium octoate in diethylene glycol (Dabco K15), 33 wt% solution of triethyl diamine in dipropylene
glycol (Dabco33LV from Air Products (Allentown, PA, USA)), and dibutyltin dilaurate (DBTDL)
from Sigma Aldrich (Saint Louis, MO, USA) were applied as catalysts. Tegostab B8465 from Evonik
Industries AG (Essen, Germany) was applied as a surfactant (SPC), and n-pentane from Lachner was
used as a blowing agent. Trichloropropyl phosphate (TCPP) was also added as a flame retardant,
which also reduced the viscosity of the polyol mixture (TCPP was characterized with a viscosity of
61–89 mPa·s) from LANXESS Deutschland GmbH (Koln, Germany).

 

η ρ

Figure 1. (a) proposed course of the main reaction occurring as a result of liquefaction of biomass; (b)
chemical structure of Rokopol®RF551.

Table 1. Selected properties of polyols applied for the preparation of PUR-PIR foams.

Polyol LOH, mg KOH/g η, mPa s ρ, g/cm3 H2O Content, wt%

LB 650 * 2236 1.21 0.2

Rokopol®RF551 440 * 3000–5000 1.06 0.1

*-determined experimentally.

2.2. Preparation of Rigid PUR-PIR Foams

Rigid PUR-PIR foams were obtained on a laboratory scale using the single-step method from the
two-component system. The impact of the isocyanate index (IISO) on the processing of polyurethane
systems and the performance of the resulting PUR-PIR foams was investigated. Three values of IISO

were applied, basing on literature reports and our previous works: 200, 250, and 300 [24,25]. Component
A consisted of the proper amounts of Rokopol®RF551 and biopolyol LB, catalysts, surfactant, flame
retardant, and blowing agent. Component B was isocyanate. Both components were mixed in a
polypropylene cup with a mechanical stirrer at 2000 rpm and poured into the open mold. Foams were
cured for 24 h at 60 ◦C and then conditioned at room temperature for 24 h. Table 2 contains the details
of foam formulations.

The performance of rigid PUR-PIR foams, as well as all other porous materials, is closely related to
their apparent density. Therefore, it is essential to analyze the materials characterized by a similar level
of this parameter. In Table 2, there are also presented values of apparent density, which for all samples
was in the range of 49.2–53.2 kg/m3. It was possible by the adjustment of foams’ formulations and
varying content of potassium catalyst and foaming agent. The rise of the isocyanate index increased
the amount of these components required for providing the desired level of apparent density, which
was also observed in other works [26].
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Table 2. Formulations of prepared polyurethane-polyisocyanurate (PUR-PIR) foams. DBTDL, dibutyltin dilaurate; TCPP, Trichloropropyl phosphate; pMDI, polymeric
methylene diphenyl-4,4’-diisocyanate.

Component

Foam Symbol

200_LB0 200_LB10 200_LB20 200_LB30 250_LB0 250_LB10 250_LB20 250_LB30 300_LB0 300_LB10 300_LB20 300_LB30

Content, pbw

RF551 100 90 80 70 100 90 80 70 100 90 80 70

LB 0 10 20 30 0 10 20 30 0 10 20 30

AC 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Dabco 15K 0.5 0.5 0.5 0.5 0.75 0.75 0.75 0.75 1.00 1.00 1.00 1.00

Dabco 33LV 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

DBTDL 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

SPC 6 6 6 6 6 6 6 6 6 6 6 6

TCPP 10 10 10 10 10 10 10 10 10 10 10 10

n-pentane 12.5 12.5 12.5 12.5 15.0 15.0 15.0 15.0 20.0 20.0 20.0 20.0

Gram
equivalents of

OH groups
0.784 0.822 0.859 0.897 0.784 0.822 0.859 0.897 0.784 0.822 0.859 0.897

pMDI 203.6 214.7 225.8 237.0 254.5 268.4 282.3 296.2 305.3 322.0 338.7 355.4

IISO 200 250 300

Apparent
density, kg/m3 49.2 ± 1.8 50.1 ± 1.1 50.8 ± 1.9 49.6 ± 1.3 53.2 ± 2.0 50.5 ± 1.8 52.4 ± 1.5 51.7 ± 1.4 49.9 ± 2.2 50.6 ± 1.9 51.9 ± 1.4 52.1 ± 1.2
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2.3. Characterization of Polyurethanes

2.3.1. Evaluation of the Foaming Process

For all the samples, the following processing times were determined: start time (from the beginning
of mixing to the start of volumetric expansion), rise time (time of volumetric expansion), and the
tack-free time (from the end of volumetric expansion to the point when the surface stopped being tacky
to the touch). After pouring the reaction mixture into the mold, the temperature inside the foam was
measured by a thermocouple.

2.3.2. Fourier-Transform Infrared Spectroscopy

FT-IR spectrophotometric analysis was performed to determine the structure of the bio-based
polyol and rigid PU-PIR foams. The analysis was performed at a resolution of 4 cm−1 using a Nicolet
8700 apparatus (Thermo Electron Corporation, Waltham, MA, USA) equipped with a snap-Gold
State II, which allowed for making measurements in the reflection configuration mode. Principal
component analysis (PCA) was applied to analyze the results with MATLAB software (MathWorks,
Natic, MA, USA).

2.3.3. Apparent Density

The apparent density of samples was calculated in accordance with EN ISO 845:2000 [27], as a
ratio of the sample weight to the sample volume (g/cm3). The cylindrical samples were measured with
a slide caliper with an accuracy of 0.1 mm and weighed using an electronic analytical balance with an
accuracy of 0.0001 g.

2.3.4. Sol Fraction Content

To determine the sol fraction content in prepared foams, 0.2 g samples were placed in xylene for
72 h at room temperature. Then, samples were taken out and dried until constant weight. Sol fraction
content was calculated according to the following Formula (1):

X =
m1 −m2

m1
·100% (1)

where: m1 is the initial mass of the sample and m2 is the mass after extraction and drying.

2.3.5. Compressive Strength

The compressive strength of rigid foams was estimated in accordance with EN ISO 844:2007 [28].
The cylindrical samples with dimensions of 20 mm × 20 mm (height and diameter) were measured
with a slide caliper with an accuracy of 0.1 mm. The compression test was performed on a Zwick/Roell
1000 N testing machine (ZwickRoell GmbH & Co. KG., Ulm, Germany) at a constant speed of 10%/min
until reaching 15% deformation.

2.3.6. Thermal Conductivity Coefficient

The thermal conductivity of foams was tested with Lambda 2300 heat flow meter (Holometrix,
Bedford, MA, USA) according to the ASTM C518 standard [29]. The average temperature of analysis
was 10 ◦C and the temperatures of the lower and upper plates 0 and 20 ◦C, respectively. Three samples
with a size of 300 mm × 300 mm × 50 mm were tested for each composition.

2.3.7. Thermogravimetric Analysis

To evaluate the thermal stability of materials, thermogravimetric analysis (TGA) was performed
on 5 mg samples using a NETZSCH TG 209 F3 apparatus (NETZSCH-Gruppe, Selb, Germany) under a
nitrogen atmosphere in the temperature range from 40 to 800 ◦C and at a heating rate of 20 ◦C/min.
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2.3.8. Dynamic Mechanical Analysis

The dynamic mechanical analysis (DMA) was performed using the DMA Q800 TA Instruments
apparatus (TA Instruments Inc., New Castle, DE, USA). Samples were analyzed in compression
mode with a frequency of 1 Hz and an amplitude of 20 µm. Measurements were performed for the
temperature range from 35 to 270 ◦C with a heating rate of 4 ◦C/min. Samples were cylindrically
shaped with dimensions of 6 mm × 18 mm.

2.3.9. Micro-Computed Tomography

Foams were analyzed with a 3D Skyscan 1173 X-ray microscope (Bruker, Kontich, Belgium) with a
resolution of 9 µm and a rotation of 180◦. The energy of X-ray radiation was 35 kV, a current of 175 µA,
and the sample exposition time was 500 ms. A rotation step of 0.2◦ was applied for high precision.
Skyscan Nrecon software (6.0 Skyscan, Kontich, Belgium) was used to obtain 3D images, which were
then analyzed with CTAn software. The X-ray microscope used in this study represented the new
generation of apparatus with high resolution [30,31].

3. Results and Discussion

3.1. Evaluation of the Foaming Process

The values of the start time and tack-free time for all samples equaled 10 and 0 s, respectively.
this means that when foams reached their maximum volume, their surface was already not sticky.
Therefore, in Table 3 are presented only the values of the rise time and maximum temperatures reached
by the foams during the reaction. It can be seen that the rise time was slightly reduced by the increase
of biopolyol content in foams’ formulations, which could be related to the lower viscosity of biopolyol
LB compared to Rokopol®RF551. Furthermore, a significant increase of the maximum temperature
reached during foaming was noted, which could be associated with the enhanced reactivity of the
systems with a higher content of biopolyol. The increased reactivity of biopolyol was associated with
its chemical structure (higher hydroxyl number LOH = 650 mg KOH/g) and higher viscosity polyols
(η = 2236 mPa·s) compared to petrochemical polyol. Lower viscosity (greater mobility of chains,
functional groups) and the higher concentration of reactive groups caused acceleration of the reaction
of allophanate crosslinks, urethane, and urea linkages. A similar effect was noted in other works [32].

Table 3. Rise times and maximum temperatures recorded during the synthesis of PUR-PIR foams.

IISO Biopolyol Content, wt% Rise Time, s TMAX during Foaming, ◦C

200

0 40.2 ± 0.4 86.8 ± 2.3

10 40.3 ± 0.3 87.9 ± 3.5

20 39.5 ± 0.1 138.2 ± 2.8

30 38.6 ± 0.4 141.6 ± 3.1

250

0 38.3 ± 0.3 82.4 ± 2.0

10 37.7 ± 0.2 86.3 ± 2.4

20 37.5 ± 0.5 133.1 ± 3.4

30 35.7 ± 0.5 134.6 ± 2.1

300

0 37.4 ± 0.3 71.4 ± 2.0

10 35.8 ± 0.6 85.2 ± 2.5

20 34.5 ± 0.4 128.0 ± 3.4

30 33.3 ± 0.5 130.7 ± 3.2
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The values of rise time and TMAX were also affected by the isocyanate index. It could be seen that
shortening of the rise time was noted, but the maximum temperature was reduced, when IISO was
increased. Such an effect was probably associated with the increased loading of the blowing agent
for higher isocyanate content, which was necessary to provide a similar level of the foams’ apparent
density. The applied n-pentane was the physical blowing agent, so it required heat to evaporate and
generate a porous structure of PUR-PIR foam. Moreover, the reduction of TMAX could be related to the
lower enthalpy for the isocyanate trimerization reaction (∆H = 80 kJ/kmol), compared to the generation
of urethane bonds (∆H = 105 kJ/kmol) [33].

3.2. Microstructure of Rigid PUR-PIR Foams

Micro-computed tomography (micro-CT or µCT) is a technique that enables three-dimensional
imaging of a sample and the generation of virtual 3D models with the use of X-ray radiation. In Figure 2
are presented two-dimensional cross-sections of PUR-PIR foams prepared solely from petrochemical
polyol and with a 30 wt% share of biopolyol. A slight decrease of the average cell size was noted, which
could be associated with the presence of solid particles in the applied biopolyol. The applied biopolyol
was obtained with 78% biomass conversion, as mentioned in our previous work [23]. Therefore,
considering the applied formulations, foams with an isocyanate index of 200, 250, and 300 contained
1.8, 1.5, and 1.4 wt% of solid particles, which might act as nucleating agents, simultaneously reducing
the average cell diameter. A similar effect was noted by Zhang et al. [34]. Moreover, the values of
porosity are presented, which were calculated as the ratio of the total cell volume and the volume of
the measured sample. It could be seen that the porosity was slightly decreasing with the addition
of biopolyol, which was probably associated with the lower viscosity of biopolyol LB compared to
commercial Rokopol®RF551 (see Table 1). Such an effect was related to the lower resistance of the
foaming mixture to the cells’ coalescence. The more viscous polyol mixture showed a higher ability to
trap gas inside [35]. The effect was very significant in the case of the work presented by Fan et al. [36];
however, they substituted conventional polyol with a viscosity of 9000 cP with a soy-based one, which
showed a value of 31,351 cP. In the case of presented work, differences in the polyols’ viscosity were
not so significant. A similar effect was observed in the work of Ciecierska et al. [37], who analyzed
the impact of the viscosity of a polyol mixture on the cellular structure of rigid PUR foams. Their
results showed that the increase of the viscosity caused an increase in the porosity, without significant
changes in cell diameters. Nevertheless, such changes in morphology caused the deterioration of the
mechanical performance.

Table 4. Morphological properties of PUR-PIR foams.

Foam Symbol Average Cell Diameter, µm Average Cell Volume, mm3·10−3 Porosity, %

200_LB0 117 ± 21 8.9 ± 2.1 85

200_LB30 108 ± 22 6.5 ± 1.8 81

250_LB0 115 ± 23 8.3 ± 1.6 83

250_LB30 95 ± 16 5.4 ± 2.0 80

300_LB0 131 ± 25 11.0 ± 1.2 84

300_LB30 124 ± 17 7.2 ± 1.6 83

In Table 4 are presented the parameters of the foams’ cellular structure. It could be seen that
the incorporation of biopolyol resulted in the reduction of the average cell diameter and volume.
Moreover, the increase of IISO resulted in the enhancement of the microstructure homogeneity, which
was confirmed by the decrease of the standard deviation and the sharper shape of the histograms
presented in Figure 3. For all samples containing 30 wt% of biopolyol, a significant increase in the
content of cells with a diameter of ~60 µm was observed. Regarding the influence of IISO, the highest
homogeneity of structure and the lowest values of cell size and volume were noted for the ratio of
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isocyanate to hydroxyl groups equal to 250. Moreover, in Table 5 are presented 3D images showing the
distribution of cells with a particular volume inside foams.

 

 

Figure 2. Cont.
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μ

Figure 2. 2D images of PUR-PIR foams: (a) IISO = 200, (b) IISO = 250, (c) IISO = 300.

 

μ

Figure 3. Histograms showing the distribution of the pore size (upper line) and pore volume (lower
line) of PUR-PIR foams for different isocyanate indexes.

In Table 6 are presented the thermal insulation properties of prepared foams. The thermal
conductivity coefficient (λ) and thermal resistance (R) are crucial for determining the possibility
of the application of PUR-PIR foams as insulation materials. For these materials, the λ coefficient
was composed of four components λgas, λPUR-PIR, λradiation, and λconvection [38]. The share of these
components was strictly correlated with the cellular structure of the foams. With the increase of
apparent density, the thermal conductivity of a solid part of the foam would have a more significant
influence on the total λ value. Therefore, a low density was very beneficial for the performance of
thermal insulation materials since the λ values for solid PUR-PIR, CO2, and air were 220.0, 15.3, and
24.9, respectively [25]. Other structural parameters, such as the cell size, also showed a significant
impact on the thermal conductivity of foamed materials. According to Glicksman [39], λradiation was
proportional to cell diameter and inversely proportional to the density of the foam and solid polymer.
Randall and Lee [40] proved that the decrease in average cell diameter from 600 to 250 µm resulted in
a drop in the thermal conductivity coefficient by almost 50%. Moreover, to show the lowest possible
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value of the λ parameter, foams should be characterized by a high content of closed cells, which
reduced λconvection by trapping gas inside the foam. Volatile hydrocarbons, commonly applied as
blowing agents for PUR-PIR foams, showed thermal conductivity coefficient ~1.5 and ~2.5 lower than
CO2 and air.

Table 5. 3D images of PUR-PIR foams.
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Table 5. Cont.

Foam Structure Volume Distribution Scale, mm3 ·10−3
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Table 6. Thermal insulation properties of the obtained foams.

Foam Symbol
Thermal Conductivity
Coefficient, mW/m·K

Thermal Resistance
(d = 0.02m), m2·K/W

200_LB0 26.98 ± 0.14 0.741

200_LB10 25.33 ± 0.15 0.790

200_LB20 24.74 ± 0.21 0.808

200_LB30 24.69 ± 0.12 0.810

250_LB0 26.15 ± 0.20 0.765

250_LB10 25.38 ± 0.18 0.788
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Table 6. Cont.

Foam Symbol
Thermal Conductivity
Coefficient, mW/m·K

Thermal Resistance
(d = 0.02m), m2·K/W

250_LB20 25.25 ± 0.17 0.792

250_LB30 24.91 ± 0.19 0.803

300_LB0 26.09 ± 0.22 0.767

300_LB10 25.44 ± 0.20 0.786

300_LB20 25.11 ± 0.21 0.796

300_LB30 24.83 ± 0.19 0.806

It could be seen that the incorporation of biopolyol into the foams’ formulation resulted in the
reduction of the average cell size, which was followed by a drop of the thermal conductivity coefficient.
A similar effect was observed in our other works [24,25]. Changes of the isocyanate index did not
result in significant differences in the thermal conductivity of prepared foams.

3.3. Physico-Mechanical and Thermal Properties Analysis

In Table 7 are presented the values of the sol fraction, compressive strength, and glass transition
temperature (Tg) of foams determined from the temperature dependence of the loss tangent. The
addition of biopolyol into the formulations of PUR-PIR foams reduced the content of the sol fraction.
This was associated with a decrease of the non-crosslinked fraction content, which suggested a higher
crosslink density of prepared foams. The decrease of the sol fraction content was also affected by the
increase of IISO, which confirmed other research works [41]. Except for the primary condensation
reaction, which led to the generation of urethane groups, at higher values of IISO, additional reactions
may take place. They included the generation of allophanate and biuret groups or trimerization of
isocyanates leading to the generation of polyisocyanurates. All of these groups could noticeably affect
the level of crosslink density of PUR-PIR foams [42].

Table 7. Physical and mechanical properties of PUR-PIR foams.

Foam
Symbol

Sol Fraction
Content, wt%

Compressive Strength, kPa

Tg, ◦CPerpendicular to
the Rise Direction

Parallel to the
Rise Direction

Anisotropy, %

200_LB0 2.7 ± 0.7 163 ± 9 394 ± 12 2.42 154

200_LB10 2.2 ± 0.2 176 ± 10 410 ± 8 2.33 200

200_LB20 1.5 ± 0.3 229 ± 8 430 ± 11 1.88 204

200_LB30 1.3 ± 0.7 287 ± 11 446 ± 8 1.55 210

250_LB0 1.2 ± 0.2 168 ± 7 368 ± 6 2.19 213

250_LB10 1.4 ± 1.1 215 ± 12 400 ± 7 1.86 220

250_LB20 0.6 ± 0.1 222 ± 8 414 ± 9 1.86 222

250_LB30 1.5 ± 0.3 243 ± 9 440 ± 8 1.81 225

300_LB0 1.2 ± 1.1 151 ± 7 342 ± 9 2.26 221

300_LB10 0.9 ± 0.2 186 ± 8 366 ± 11 1.97 230

300_LB20 0.8 ± 0.2 190 ± 13 382 ± 14 2.01 232

300_LB30 0.7 ± 0.1 200 ± 7 426 ± 10 2.13 233

In Table 7 are also presented the values of the compressive strength of rigid PUR-PIR foams,
measured in two directions, parallel and perpendicular to the rise direction. It was noted that the
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mechanical performance of the foams was significantly affected by their cellular structure, which was
also proven in other works related to this type of material [43,44]. For the analyzed materials, the
anisotropy of the mechanical properties was associated with the elongation of cells in the direction of
the foam rise (see the 3D images in Table 5). More significant differences between compressive strength
parallel and perpendicular to the rise direction were noted for lower contents of biopolyol. This effect
was not observed for the highest value of IISO, which could be related to the increased stiffness of the
structure. Moreover, the increase of the isocyanate index caused a slight reduction of compressive
strength, which was also observed by other researchers [45]. Such an effect was associated with the
higher friability of the foams’ structure, which was already noted by Modesti and Lorenzetti [42].

Except for the decrease of anisotropy in the mechanical properties, a general enhancement of
compressive strength was observed for the increase of biopolyol content. Such an effect was related to
the reduced values of the sol fraction, suggesting the enhanced crosslink density of modified foams, as
well as changes in the cellular structure (a decrease of the cell size and porosity). Generally, a decrease
of the cell size with a similar level of the materials’ porosity resulted in the enhancement of the
mechanical performance [46].

The glass transition temperature of the foams was significantly affected by the changes in the
foams’ formulations. The increase of the biopolyol content and isocyanate index led to the rise of Tg,
which indicated the stiffening of the material, and together with a drop of the sol fraction content,
indicated an increase of crosslink density. Ivani et al. [47] stated that for rigid PUR-PIR foams, an
increase of Tg with the addition of biopolyol was associated with the lower flexibility of macromolecular
chains compared to the conventionally applied petrochemical polyols.

3.4. Thermogravimetric Analysis

In Figure 4 and Table 8 are presented the results of the thermogravimetric analysis. The thermal
decomposition of polyurethanes is a very complicated process, due to its complex structure, especially
when also polyisocyanurate groups are present. Generally, it could be seen that the increase of biopolyol
content shifted the onset of thermal degradation, measured by the temperature of 2 wt% mass loss,
towards higher temperatures. The only exception was observed for IISO of 200 and the highest content
of biopolyol. It could be considered as very beneficial because numerous literature reports pointed to
the deterioration of thermal stability caused by the application of biopolyols [48].

Table 8. Results of thermogravimetric analysis of PUR-PIR foams.

Foam Symbol

Mass Loss, wt%

Tmax, ◦C2 5 10

Temperature, ◦C

200_LB0 217.0 250.8 289.2 342.1

200_LB10 224.3 259.7 290.7 347.8

200_LB20 235.8 260.7 290.7 348.8

200_LB30 218.0 251.6 284.8 347.5

250_LB0 198.9 255.9 295.4 344.1

250_LB10 220.4 254.6 289.8 345.2

250_LB20 228.6 264.0 298.5 350.1

250_LB30 239.7 268.8 298.6 349.8

300_LB0 214.6 269.0 300.9 344.2

300_LB10 245.0 275.3 303.7 350.6

300_LB20 242.5 270.5 299 348.1

300_LB30 245.6 273.2 301.5 348.9
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Figure 4. DTG curves of rigid PUR-PIR foams.

Differential thermogravimetric curves indicated the three-step decomposition process for all
samples. The first step, observed at 220–280 ◦C, was associated with the decomposition of TCPP
(degradation temperature of 224 ◦C), as well as the decomposition of soft segments. During the second
step, with the temperature of the maximum degradation rate of 350 ◦C, hard segments of polyurethane
were decomposed, and amines and carbon dioxide were formed [49]. For sample 250_LB30, an
additional peak around 410 ◦C was observed, which was associated with biopolyol decomposition [32].
The third step of degradation, in the range of 430–570 ◦C, was related to the thermolysis of organic
residues from previous steps [50]. The incorporation of synthesized biopolyol into foams’ formulations
caused a shift of peaks on DTG curves towards higher temperatures, which confirmed the enhancement
of thermal stability.

3.5. Infrared Spectroscopy and Principal Component Analysis

3.5.1. FTIR Spectra Analysis

The analysis of FTIR spectra presented in Figure 5 did not indicate qualitative changes in the
chemical structure of prepared PUR-PIR foams after the addition of biopolyol. Absorption bands
observed in the range of 3290–3320 cm−1 were attributed to the stretching vibrations of N–H bonds in the
urethane groups. Signals for bending vibrations of these bonds were noted at 1510–1520 cm−1 [51]. Bands
at 1200–1215 and 1705–1715 cm−1 related to stretching vibrations of C–N and C=O bonds, respectively,
confirmed the presence of urethane groups [52]. Signals present in the range of 1410–1415 cm−1

were attributed to the presence of isocyanurate rings generated during the trimerization of isocyanate
groups [53]. Around 2260–2280 cm−1, there were noted peaks, which indicated the presence of free
isocyanate groups, also associated with relatively high values of applied IISO [54].
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Moreover, around 2860–2870 and 2960–2975 cm−1, there were observed signals related to the
symmetric and asymmetric stretching vibrations of C–H bonds in macromolecular chains of applied
polyols. Multiplet bands in the range of 1000–1090 cm−1 were attributed to the vibrations of C–O
bonds in the ester and ether groups present in the structure of polyols [55].

In Figure 6 is presented the impact of IISO on the FTIR spectra of prepared PUR-PIR foams.
The increase of the peaks’ magnitude for vibrations of isocyanate groups, carbonyl bonds, and
polyisocyanurate rings, marked as I, II, and III, respectively, was noted. As mentioned above, their
intensity was noticeably increasing with the rise of IISO [56].

 

(a) 

 

(b) 

Figure 5. Cont.
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(c) 

Figure 5. FTIR spectra of PUR-PIR foams: (a) IISO = 200, (b) IISO = 250, (c) IISO = 300.

 

Figure 6. FTIR spectra of foams depending on IISO.
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3.5.2. Principal Component Analysis

To determine the content of polyisocyanurate and polyurethane components in the foams’ structure,
an analysis of the main factors (PCA) was performed using the Malinowski spectral isolation algorithm.
The use of PCA allowed reducing the number of variables, the interpretation of the relationships
between components, and the graphical presentation of the configuration of compared variables. The
analysis of the main factors for the FTIR spectra of PUR-PIR foams indicated two main factors affecting
them, which is shown in Figure 7.

 

−

−

−

Figure 7. Eigenvalues for 12 factors (12 spectra of PUR-PIR foams).

After determining the number of principal components, the spectra of pure components were
isolated using the Malinowski spectra algorithm. It was found that the two components were: the
spectrum derived from PUR and from PIR, which are shown in Figure 8.

 

Figure 8. Spectrum of the main factors: PUR and PIR.

In the presented range of wavenumbers of 1300–2000 cm−1, one could notice the separation of the
absorbance band for the C=O bond, for individual components. Other researchers also observed the
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shift of the band associated with PIR towards lower wavenumbers. Xu et al. [57] found out that, in
the PIR foams, the carbonyl group bonded to the isocyanurate ring showed a coupling effect, which
resulted in a shift in the absorbance peak towards the lower values. The other bands presented in
Figure 8 are characteristic of individual components. Absorbance bands in the range of 1595 cm−1 in
polyurethane confirmed the presence of aromatic rings derived from isocyanate [58]. The lack of this
absorbance band in the case of PIR foam with the simultaneous appearance of the band at 1403cm−1

confirmed the formation of isocyanate group trimerization products [57].
To determine the percentage content of particular components in PUR-PIR foams, relative

concentrations were calculated according to the following formula (2):

Cw,a = Ca / (Ca + Cb) (2)

where: Cw,a is the relative concentration of Component a in the mixture; Ca is the concentration of
Component a; and Cb is the concentration of Component b. In Figure 9 are presented the relative
concentrations of PUR and PIR for the analyzed foams. Samples 1–4 were foams obtained with IISO

equal to 200 with biopolyol content from 0 to 30 wt%, while Samples 5–8 and 9–12 were obtained with
IISO of 250 and 300, respectively.

 

Figure 9. Relative concentrations of major factors.

The data presented in Figure 9 indicated that the increase of the isocyanate index resulted in
the increase of relative concentration of polyisocyanurate structures in foams. It could be seen that
the concentrations of PUR and PIR parts of foams were strictly related to each other. Their values
were strongly dependent on the isocyanate index because only when isocyanates were used in excess,
a significant amount of polyisocyanurate rings could be generated. Moreover, the incorporation of
biopolyol resulted in an increase of PIR content, which could partially contribute to the decrease of sol
fraction content and stiffening of the material, which resulted in the rise of Tg. Although the presented
results were probably different from the real ones, because, in the case of such materials like PUR-PIR
foams, FTIR should not be considered as a quantitative technique, they provided exciting insight into
the analysis of the obtained properties of the foams.

4. Conclusions

The paper presented the method of the preparation and characterization of rigid PUR-PIR foams
produced from biopolyol obtained by liquefaction of marine biomass. The foams were obtained
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with varying contents of biopolyol (0, 10, 20, and 30 wt%) and the isocyanate index (200, 250, and
300). Both factors affected the foaming process. A decrease in the rise time and an increase of
the maximum temperature during synthesis were observed for the increasing content of biopolyol
independently of IISO. This was due to the greater reactivity of the systems containing biopolyol.
Furthermore, a decrease in the maximum temperature was observed with an increase in IISO, due
to the lower thermal effect of isocyanate trimerization compared to the enthalpy of polyurethane
formation. All foams were characterized by apparent density in the range of 49–54 kg/m3. Computer
microtomography was applied to analyze the microstructure of foams containing 0 and 30 wt% of
biopolyol. The average values of the cell diameter and volume of all foams were in the range of
95–131 µm and 5.4–11.0 mm3·10−3, respectively. Based on the obtained histograms, it was found that
the foams containing biopolyol were characterized by a higher content of cells smaller than 60 µm. All
foams showed relatively low thermal conductivity λ in the range 24.69–26.98 mW/m·K. Along with the
increase in biopolyol content, a decrease in λ by 2.29, 1.24, and 1.26 mW/m·K was observed for IISO =

200, 250, and 300, respectively. The addition of biopolyol caused enhanced cross-linking of PUR-PIR
foams, which was evidenced by a decrease in the amount of sol fraction, an increase in the glass
transition temperature, and an increase in compressive strength. To determine the effect of cellular
structure on mechanical strength, rigid foams were compressed in two directions, perpendicular and
parallel to the rise of foam. Based on the thermogravimetric analysis, it was found that as the content
of biopolyol in the formulations increased, their thermal stability increased slightly. FTIR analysis
confirmed the occurrence of the characteristic absorption bands for rigid PUR-PIR foams (including
urethane groups, isocyanate rings, methylene, ester, and ether groups). Furthermore, along with the
increase in IISO, an increase in the absorption bands derived from N=C=O, C=O, and isocyanurate
rings was observed, which confirmed the formation of PIR structures. To determine the share of PUR
and PIR structures in foams, a chemometric analysis based on principal component analysis was
performed using the Malinowski spectral isolation algorithm. The PCA confirmed that as the IISO

increased, the proportion of relative PIR concentration increased. For IISO = 200, it was about 48%, and
for IISO = 300, it was about 65%.
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Abstract: The use of waste tires is a very critical issue, considering their environmental and economic
implications. One of the simplest and the least harmful methods is conversion of tires into ground
tire rubber (GTR), which can be introduced into different polymer matrices as a filler. However, these
applications often require proper modifications to provide compatibility with the polymer matrix.
In this study, we examined the impact of GTR oxidation with hydrogen peroxide and potassium
permanganate on the processing and properties of flexible polyurethane/GTR composite foams.
Applied treatments caused oxidation and introduction of hydroxyl groups onto the surface of rubber
particles, expressed by the broad range of their hydroxyl numbers. It resulted in noticeable differ-
ences in the processing of the polyurethane system and affected the structure of flexible composite
foams. Treatment with H2O2 resulted in a 31% rise of apparent density, while the catalytic activity of
potassium ions enhanced foaming of system decreased density by 25% and increased the open cell
content. Better mechanical performance was noted for H2O2 modifications (even by 100% higher
normalized compressive strength), because of the voids in cell walls and incompletely developed
structure during polymerization, accelerated by KMnO4 treatment. This paper shows that modifi-
cation of ground tire rubber is a very promising approach, and when properly performed may be
applied to engineer the structure and performance of polyurethane composite foams.

Keywords: polyurethane foam; ground tire rubber; rubber modification; compatibility; recycling

1. Introduction

Polyurethane (PU) foams are a versatile group of materials commonly applied in
various industry branches due to their very broad spectrum of potential properties [1].
Their structure and properties are directly influenced by their chemical composition and
the ratio of the two most important components applied during polymerization—Polyols
and isocyanates. In the simplest terms, polyurethane foams may be divided into rigid
and flexible foams [2]. They are used in different applications, but both groups are prone
to potential innovations. Just as in the case of other polymer materials, PU foams are
often applied as matrices for polymer composites [3]. Like other materials, one of the
main trends associated with foamed PU composites is the search for new fillers, preferably
from renewable resources or byproducts of other processes and products [4–6]. Such a
phenomenon is commonly observed and is driven by economic and ecological factors. The
introduction of such materials could noticeably reduce the use of conventional, petroleum-
based raw materials required to manufacture polyurethanes [7]. Among the potential filler
candidates for polyurethane foams are the following: polyurethane foam scraps [8], waste
lignocellulose fillers [9,10], textiles [11], eggshell waste [12] and rubber wastes [13]. The first
solution is present on the market and used to manufacture the underlays for floors or carpet
linings [14]. These materials are obtained by the re-foaming of the flexible polyurethane

71



Materials 2021, 14, 499

foam waste. Due to the cellular structure of matrix (new foam) and filler (foam scraps),
they act as an excellent insulating material and are characterized by a thermal conductivity
coefficient in the range of 0.036–0.041 W/(m/K), which is lower than conventional ex-
panded polystyrene (~0.044 W/(m/K)) or mineral wool (~0.055 W/(m/K)) [15]. Moreover,
they may also act as acoustic insulation with a sound reduction improvement of 19–44 dB,
depending on the thickness.

The cellular structure of polyurethane foam scraps is a great advantage compared to
the lignocellulose fillers, textiles or eggshell waste, because it is not affected by the filler
particle size [9]. In case of solid fillers, their size and surface development noticeably affect
the foaming of the polyurethane system, cellular structure and performance of resulting
composites. Typical applications of PU foams such as damping, insulation or sound
absorption require a well-developed cellular structure and are very sensitive towards
changes [3]. Therefore, filler properties should be properly adjusted, which may require
additional operations, especially considering that these materials themselves are rigid and
do not show excellent damping or insulation performance. This could be the reason such
materials are not industrially produced and applied as insulation materials.

The last material, rubber waste, is an auspicious one, due to the excellent mechanical
properties of many primary rubber materials, e.g., car tires. They are commonly used in me-
chanical recycling resulting in the production of ground tire rubber (GTR). This material can
be efficiently introduced into various polymer matrices, including polyurethane foams [16].
Contrary to the lignocellulose materials or textiles, GTR seems to be a more promising
material due to its structure and properties. Waste rubber is a viscoelastic material, which
when applied as a filler may enhance the damping [17] and sound absorption [18,19]
performance of polymeric materials. Therefore, in foamed polyurethane composites it may
act similarly to the waste polyurethane scraps, despite the lack of cellular structure.

The main factor limiting the application of ground tire rubber in polymer composites
is the insufficient compatibility with polymer matrices. As a result, interfacial interactions
between GTR applied as a filler and the continuous polymer phase is too weak for effi-
cient stress transfer. The strength of materials is reduced, limiting one of rubber’s main
advantages—an excellent mechanical performance. The proper adhesion between phases
is particularly important in the case of foamed composites, e.g., based on polyurethanes
(PU), whose mechanical performance is strictly associated with the apparent density, which
is proportional to the share of solid material [20]. Therefore, it is essential to enhance the
interfacial interactions between the matrix and filler. As mentioned above, polyurethanes
are obtained by the reactions between polyols and isocyanates. Therefore, to enhance
the compatibility of GTR with PU, it is beneficial to introduce hydroxyl or isocyanate
functional groups onto its surface. The more feasible approach is related to the hydroxyl
groups, which can be introduced during partial devulcanization or oxidation of the GTR
surface [21]. Different approaches to GTR surface treatment resulting in its activation and
incorporation of functional groups have been reported in the literature, which was aimed
at the enhancement of adhesion with polymer matrices [22].

In the presented research work, we aimed to investigate GTR treatment’s impact
with hydrogen peroxide and potassium permanganate on its structure and properties. We
proposed the titration-based method to evaluate modification effectiveness for the potential
applications of modified GTR in manufacturing polyurethane-based composites. Moreover,
modified GTR samples were introduced into a flexible foamed PU matrix. The influence of
GTR modifications on the processing of polyurethane systems (kinetic profile of foaming,
processing times and temperatures), cellular structure (scanning electron microscopy, he-
lium pycnometry), mechanical (static compression tests), and thermal (thermogravimetric
analysis) properties were determined.
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2. Materials and Methods

2.1. Materials

Ground tire rubber (GTR) obtained by ambient grinding of used tires (a combina-
tion of passenger car and truck tires in 50:50 mass ratio), whose average particle size is
approximately 0.6 mm, was produced and provided by Recykl S.A. (Srem, Poland).

The 30% solution of hydrogen peroxide and crystals of potassium permanganate
were acquired from Sigma Aldrich (Poznan, Poland). During the evaluation of the chem-
ical structure of modified GTR the following chemicals were applied: acetone, dibuty-
lamine, chlorobenzene, hydrochloric acid, technical grade toluene diisocyanate (TDI) and
3′,3”,5′,5”-tetrabromophenolsulfonphthalein. All chemicals were acquired from Sigma
Aldrich (Poznan, Poland) and were used as received.

Polyurethanes were synthesized from a commercially available polyurethane system
consisting of SPECFLEX® NF 706 polyol and SPECFLEX® NE 434 isocyanate, acquired
from M. B. Market Ltd. (Czestochowa, Poland). The densities of used components at 25 ◦C
were equal to 1.03 and 1.21 g/cm3, respectively, while their viscosity values at 25 ◦C equal
1340 and 66 mPa/s. According to the manufacturer, an applied polyurethane system is
recommended to produce highly flexible, formed polyurethane foams.

2.2. Modifications of GTR

GTR was modified with a 30% solution of hydrogen peroxide and a 15% solution
of potassium permanganate. The solution of potassium permanganate was prepared by
dissolving its crystals in distilled water. Particles of ground tire rubber and the proper solu-
tion in different weight ratios: 1:2, 1:1 and 2:1, were mixed for 5 min at room temperature
using a mechanical stirrer. They were left in solutions at room temperature for 72 h, then
strained and dried at 70 ◦C for 8 h. For comparison, GTR dried at 70 ◦C for 8 h was used as
reference.

2.3. Preparation of Polyurethane/GTR Composite Foams

Polyurethane/GTR composite foams were prepared on a laboratory scale by a single-
step method. Predetermined amounts of polyol and isocyanate were mixed at a 100:70 mass
ratio for 5 s at 1800 rpm. In the case of modified foams, incorporated fillers were previously
mixed with polyol components for 1 min at 1800 rpm. Total mass of foam was set at 150 g.
The resulting mixture was left for a free rise. After, the samples were conditioned at room
temperature for 24 h. Table 1 contains the details of foam formulations.

Table 1. Formulations of prepared composite foams.

Component

Foam Symbol

P0 P1 P2 P3 P4 P5 P6 P7

Component Content, wt.%

Polyol 58 47 47 47 47 47 47 47
Isocyanate 42 33 33 33 33 33 33 33

GTR - 20 - - - - - -
GTR:H2O2 2:1 - - 20 - - - - -
GTR:H2O2 1:1 - - - 20 - - - -
GTR:H2O2 1:2 - - - - 20 - - -

GTR:KMnO4 2:1 - - - - - 20 - -
GTR:KMnO4 1:1 - - - - - - 20 -
GTR:KMnO4 1:2 - - - - - - - 20

2.4. Measurements

Changes in the chemical structure of GTR were evaluated using a modified method
for the determination of free isocyanate group content by titration with dibutylamine,
according to ASTM D-2572 [23]. The 0.5 g samples of GTR were put in a glass flask with
0.5 g of toluene diisocyanate and 20 cm3 of acetone. Mixtures were thoroughly mixed,
sealed and stored at room temperature for 24 h. Then, proper amounts of dibutylamine
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solution in chlorobenzene and 3′,3′ ′,5′,5′ ′-tetrabromophenolsulfonphthalein were added.
Then, mixtures were titrated with 0.1 M hydrochloric acid until the color changed to
yellow. Obtained results were compared with the free isocyanate content of neat toluene
diisocyanate to determine the number of functional groups at the rubber surface able to
react with isocyanates. Such evaluation is essential for the potential application of modified
GTR as a filler for polyurethane materials.

The free isocyanate content of the GTR/TDI mixture (%NCO) was calculated according
to the following Equation (1):

%NCO = (4.202 × (VB − VS) × NHCl)/mTDI (1)

where: VB—The volume of HCl required for titration of the blank sample, ml; VS—The
volume of HCl required for titration of analyzed sample, ml; NHCl—Molarity of HCl, M;
mTDI—The mass of TDI placed in the flask, g.

Based on these values, the assumed hydroxyl numbers (LOH) of GTR were calculated.
During calculations, it was assumed that all of the consumed isocyanate groups reacted
with the GTR particles. Another assumption was that all of the functional groups present
on the surface of GTR were hydroxyls. Considering these assumptions, the number of
hydroxyl groups, which took part in reactions was calculated following the Equation (2):

XOH = XNCO = ((%NCO-TDI − %NCO) × mTDI × 2)/(MTDI × 100) (2)

where: %NCO-TDI—Free isocyanate content in TDI, equal to 42.7%; MTDI—The molar mass
of TDI, equal to 174.2 g/mol.

Then, the hydroxyl number of GTR was calculated from the Formula (3):

LOH = 56,100 × XNCO/mGTR (3)

where: mGTR—The mass of GTR placed in the flask, g.
The thermogravimetric (TGA) analysis of GTR and composites was performed using

the TG 209 F3 apparatus from Netzsch (Selb, Germany). Samples of composites weighing
approx. 10 mg were placed in a ceramic dish. The study was conducted in an inert gas
atmosphere—Nitrogen in the range from 30 to 900 ◦C with a temperature increase rate of
10 ◦C/min.

For all the samples, the following processing times were determined: rise time (time of
volumetric expansion) and the tack-free time (from the end of volumetric expansion to the
point when the surface stopped being tacky to the touch). Moreover, during polymerization,
the temperature of the foam surface was measured with infrared thermal imaging camera
model Testo 872 (Testo SE & Co. KGaA, Lenzkirch, Germany).

After conditioning, foamed polyurethane composites were cut into samples whose
properties were later determined following the standard procedures.

The samples’ morphology was evaluated by using a Hitachi model S3400 (Tokyo,
Japan) scanning electron microscopy.

The samples’ apparent density was calculated following PN-EN ISO 845 [24], as a
ratio of the sample weight to the sample volume (g/cm3). The cube-shaped samples were
measured with a slide caliper with an accuracy of 0.1 mm and weighed using an electronic
analytical balance with an accuracy of 0.0001 g.

The content of open cells in foamed PU/GTR composites was determined using
Ultrapyc 5000 Foam gas pycnometer from Anton Paar (Warszawa, Poland). The follow-
ing measurement settings were applied: gas—Helium; target pressure—3.0 psi; foam
mode—On; measurement type—Uncorrected; flow direction—Sample first; temperature
control—On; target temperature—20.0 ◦C; flow mode—Monolith; cell size—Small, 10 cm3;
preparation mode—Flow; time of the gas flow—0.5 min.

The compressive strength of studied samples was estimated following ISO 604 [25].
The cylindric samples with dimensions of 20 mm × 20 mm (height and diameter) were
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measured with a slide caliper with an accuracy of 0.1 mm. The compression test was
performed on a Zwick/Roell Z020 tensile tester (Ulm, Germany) at a constant speed of
15%/min until reaching 70% deformation.

3. Results and Discussion

3.1. Changes in GTR Structure

In Table 2, the free isocyanate contents (%NCO) of GTR/TDI mixtures prepared ac-
cording to developed methodology and the decrease of their value comparing to neat TDI
(∆NCO) are shown. Before the modification, GTR particles also contained the functional
groups able to react with isocyanates on its surface. Considering the data presented by
Vilar [26], at room temperature and without the catalyst, isocyanates are reacting the most
rapidly with amines (relative reaction rates from 200 for aromatic amines to even 100,000
for primary aliphatic ones), which are hardly present in GTR. Lower reaction rates are
noted for primary hydroxyls and water (100), followed by carboxylic acids (40), secondary
hydroxyls (30) and ureas (15) [26]. Therefore, the presence of these groups determines the
reactivity of ground tire rubber particles with isocyanates. The potential reactions with the
free isocyanate groups are presented in Figure 1.

Table 2. Free isocyanate contents of GTR/TDI mixtures, amount of isocyanate groups of TDI
consumed by GTR and calculated hydroxyl numbers of GTR.

Sample %NCO, % ∆NCO, % LOH mg KOH/g

GTR 33.3 ± 1.1 9.4 ± 1.1 61.7 ± 3.0
GTR:H2O2 2:1 37.0 ± 0.3 5.7 ± 0.3 36.4 ± 1.6
GTR:H2O2 1:1 37.3 ± 1.1 5.4 ± 1.1 34.5 ± 2.4
GTR:H2O2 1:2 37.9 ± 1.1 4.8 ± 1.1 32.1 ± 2.3

GTR:KMnO4 2:1 12.1 ± 0.5 30.6 ± 0.5 205.9 ± 9.9
GTR:KMnO4 1:1 7.4 ± 0.5 35.3 ± 0.5 226.3 ± 6.2
GTR:KMnO4 1:2 3.7 ± 0.2 39.0 ± 0.2 248.9 ± 3.3

Figure 1. Possible reactions of isocyanates with functional groups present on the surface of modified
GTR.

The TDI’s initial free isocyanate content mixed with unmodified GTR equaled 33.3%,
indicating its drop by 9.4%. As a result, the hydroxyl number of neat GTR was determined
as 61.7 mg KOH/g. The presence of the functional groups on the surface of unmodified
GTR was associated with the shredding of tires, which is performed under air atmosphere,
which together with the high shear forces enables oxidation of rubber particles [27].

Performed modifications of GTR caused noticeable changes in the chemical structure
of their surface. It can be seen that the introduction of hydrogen peroxide resulted in
the rise of the free isocyanate content, pointing to the reduced reactivity of GTR with
TDI. Previous reports indicated rubber surface activation by creating carboxylic sites [28].
Hydrogen peroxide causes the generation of carbonium ions on the surface, which are
converted into carboxylic sites. Potential reactions are presented in Figure 2. According
to Shatanawi et al. [25], such an effect may be used to enhance the interactions between
modified rubber and asphalts. A similar phenomenon was noted by Yehia et al. [29] for
natural rubber vulcanizates. Moreover, they confirmed the generation of carboxyl groups
by FTIR analysis.

In the presented case, the hydrogen peroxide treatment probably caused oxidation of
the hydroxyls present on the surface of GTR particles, which resulted in the generation of
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carboxyl groups [30]. As mentioned above, carboxyls show lower reactivity with isocyanate
groups. Hence, the hydroxyl number determined by the applied methodology was reduced.
Although presented values should not be treated as the quantitative indicator or hydroxyl
group content, they could be helpful for the adjustment of polyurethane foam recipes
because they represent the content of groups reacting with isocyanate—One of the main
components of polyurethanes.

Figure 2. Schematic reactions occurring during oxidation of rubber.

On the other hand, potassium permanganate application caused a significant drop
in GTR/TDI mixtures’ isocyanate content. Such an effect is associated with the chemical
reactions occurring during the modification. As commonly known, KMnO4 is a strong
oxidizing agent, independently of the media and pH value. In neutral solution, which
was applied for modification it gets reduced to the brown manganese dioxide and four
OH− groups are released [31]. Moreover, when KMnO4 is attacking the alkene double
bond, which could be present in GTR, two hydroxyl groups are generated [32]. As a result,
modification with KMnO4 resulted in very high hydroxyl numbers. Therefore, compared
to the H2O2, potassium permanganate could be considered a more effective activator of
rubber particles’ surface aimed at the preparation of polyurethane materials.

Potassium permanganate is a highly reactive oxidizer. Even at ambient temperature,
a violent reaction occurs with the release of MnO2 and molecular oxygen. The aforemen-
tioned compound application as a GTR surface modifier was studied before by Sonnier
et al. [33], who confirmed the GTR surface oxidation phenomenon by a 2% solution of
KMnO4 resulting in the creation of carbonyl groups. In the present study, GTR was treated
with a 15% solution of the compound at three different ratios to conduct the process in a
highly aggressive reaction environment. The treatment was also done using a 30% solution
of H2O2, which also oxidizes the surface of GTR [29].

The impact of H2O2 and KMnO4 treatment on the morphology of GTR is presented
in Figure 3. Compared to unmodified GTR, the surface of H2O2 is more developed [34],
however, it does not change significantly with the higher content of the applied modifier.
It is in line with hydroxyl numbers determined for GTR:H2O2 2:1, GTR:H2O2 1:1 and
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GTR:H2O2 1:2. Increased roughness is also noticeable for KMnO4 modified samples and
it is more developed with an increasing amount of the oxidizer. This phenomenon is
correlated with the oxidation of the GTR surface and the formation of MnO2, which was
not removed at the end of the modification. The more of the substrate is used, the more
products are being formed, influencing the morphology of GTR. More developed specific
surface area and potentially formed groups obtained via H2O2 and KMnO4 oxidation may
improve compatibility between PU matrix and GTR filler, thereby changing the mechanical
properties of PU/GTR materials.

Thermogravimetric analysis (TGA) is a convenient method to analyze the changes
in the chemical structure of reclaimed/modified rubber [35,36]. To evaluate the applied
chemical treatment on GTR, the thermal stability, characteristic peaks and the amount of
final residue of the neat and modified GTRs were measured and analyzed. The obtained
results are presented in Table 3 and Figure 4.

Two characteristic peaks related to the two main components of GTR were noticed
at approx. 362.8–373.6 ◦C (Tmax1) and at approx. 424.0–438.7 (Tmax2). These respectively
correspond to thermal degradation of natural rubber and styrene-butadiene rubber [37],
which proves that used material is taken from waste tires. All samples were characterized
by Tmax1 and Tmax2 close to values for the reference sample, whereas the largest deviation
from the neat GTR had sample GTR:KMnO4 1:2 (Tmax1—6.1 ◦C and Tmax2—14.7 ◦C).
While the deviation can be treated as a measurement error (~1.6 and 3.3%, respectively),
it still varies significantly from the rest of the studied samples, especially the Tmax2 value.
The shift of the temperature towards a higher value may be due to the start of thermal
decomposition of MnO2 (483.0 ◦C) obtained during the oxidation reaction.

The difference in residue between the samples is negligible, although it is up to 7.5% by
weight (GTR:KMnO4 2:1) compared to the reference sample. This is because the analyzed
sample is extremely small (approx. 10 mg), and GTR is a mix of car/truck tires that differs
in composition. Those two factors influence the residue values.

The surface modifications change the thermal behavior of the studied samples. T-2%
values shift towards lower temperatures (215.4, 202.3, 204.1, 227.9, 213.0 and 204.0 ◦C
for GTR:H2O2 2:1, GTR: H2O2 1:1, GTR: H2O2 1:2, GTR:KMnO4 2:1, GTR:KMnO4 1:1
and GTR:KMnO4 1:2, respectively) compared to the reference sample (233.0 ◦C for neat
GTR), which resulted from the oxidation of the waste rubber. Moreover, as a result of the
reactions, changes in the structure could occur and affect the volatilization of GTR unreacted
components [38] and accelerate the process. The T-5% values of KMnO4 modified GTR is
similar to the reference sample (286.7, 293.6, 287.4 and 285.3 ◦C for neat GTR, GTR:KMnO4
2:1, GTR:KMnO4 1:1 and GTR:KMnO4 1:2, respectively), while for GTR oxidized with
H2O2 values drop (273.5, 266.9 and 265.1 ◦C for GTR:H2O2 2:1, GTR: H2O2 1:1 and GTR:
H2O2 1:2, respectively). H2O2, as well as KMnO4, oxidize the structure shifting thermal
decomposition towards lower temperatures. However, due to the KMnO4 oxidation, MnO2
is being formed and not removed from the GTR. The presence of the component, which
is characterized by high decomposition temperature (483.0 ◦C) influences the thermal
stability as the temperature rises, which is also in accordance with T-10% and T-50% values.
Significantly lower degradation temperatures of H2O2 modified materials may also indicate
higher oxidation efficiency of GTR compared to KMnO4.

Table 3. The results of thermogravimetric analysis of neat and modified GTR.

GTR Type T-2%, ◦C T-5%, ◦C T-10%, ◦C T-50%, ◦C Residue890 ◦C, % Tmax1, ◦C Tmax2, ◦C

GTR 233.0 286.7 331.1 435.0 35.86 369.0 424.0
GTR:H2O2 2:1 215.4 273.5 325.3 434.3 34.68 369.3 426.1
GTR: H2O2 1:1 202.3 266.9 321.7 438.7 37.57 368.8 429.6
GTR: H2O2 1:2 204.1 265.1 320.7 435.9 35.39 370.8 425.6

GTR:KMnO4 2:1 227.9 293.6 338.9 447.3 38.56 369.5 432.0
GTR:KMnO4 1:1 213.0 287.4 337.2 449.0 37.88 373.6 429.1
GTR:KMnO4 1:2 204.0 285.3 336.6 457.8 37.85 369.2 438.7
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Figure 3. SEM images of studied samples: (a) neat GTR; (b) GTR:H2O2 2:1; (c) GTR:H2O2 1:1; (d) GTR:H2O2 1:2; (e)
GTR:KMnO4 2:1; (f) GTR:KMnO4 1:1 and (g) GTR:KMnO4 1:2 (magnification ×100).
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Figure 4. Results of thermogravimetric analysis of applied GTR fillers modified with (a) H2O2 and (b) KMnO4.

3.2. Kinetics of Foaming

In Figure 5, there are presented values of rise time and tack-free time, depending on
the foam formulation. The introduction of GTR into the polyol mixture resulted mainly
in the elongation of rise time. Such an effect was related to increased viscosity of the
polyol mixture due to the incorporation of solid rubber particles, which was also noted
in our previous works [39–41]. Nevertheless, in these works, we investigated the rigid
polyurethane foams, so different material behavior was noted. Higher isocyanate excess
was applied, so the matrix was “stronger” during volumetric expansion and less sensitive
to increased viscosity, even with isocyanate groups’ partial attraction by functional groups
of GTR. For flexible foams, when isocyanate:hydroxyl ratio in the system is lower, the
attraction of isocyanate groups by GTR causes the “weakening” of the polyurethane matrix,
and hence the elongation of rise time.

Figure 5. Processing times of reference foam, foam containing neat GTR (a) GTR modified with H2O2, and (b) GTR modified
with KMnO4.

Modification of GTR with hydrogen peroxide resulted in elongation of the processing
times. Such an effect could be associated with the noticeable increase of the polyol mixture’s
viscosity related to the incorporation of GTR. A similar phenomenon was noted in our
previous works [39,40]. As shown in the SEM images of modified GTR (Figure 3), treatment
with hydrogen peroxide caused surface development, which resulted in the enhanced
interactions with the polyol mixture.

For modification with KMnO4, processing times were noticeably shortened, which was
related to enhanced catalytic activity due to potassium permanganate’s basic character [26].
Basic catalysts are commonly applied in polyurethane synthesis and are not selective. They
show strong catalytic activity in reactions with hydroxyl groups and water, but also with
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ureas and urethanes [26]. Therefore, they are accelerating all polyurethane foam synthesis
steps, which can be seen in Figure 5, indicating a noticeable reduction of the rise and
tack-free times. In the presented case, the catalytic effect was so strong that it overcame
the viscosity increase associated with the significant development of the GTR surface after
modification with potassium permanganate (see Figure 3).

In Figure 6, the presented graphs show the temperature build-up on the foam surface
measured by the thermographic camera. Exemplary photographs are shown in Figure 7.
The introduction of GTR into polyurethane foam reduced the maximum foam temper-
ature during polymerization. It was associated with the interactions between GTR and
isocyanates and confirms the results of previous works [39,40]. Moreover, the maximum
temperature is reached almost 30 s later than for unfilled polyurethane foam, which con-
firms the processing times’ elongation due to the polyol mixture’s increased viscosity.

Figure 6. Temperature build-up on the surface of foams containing (a) GTR modified with H2O2 and (b) GTR modified
with KMnO4.

Figure 7. Photographs from thermographic camera showing the maximum temperatures during foaming of (a) P0, (b) P1,
(c) P4, and (d) P7 samples.
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Modification of GTR by the hydrogen peroxide resulted in a slight reduction of the
maximum foam surface temperature. It was caused by the increased viscosity of the
polyol mixture related to the more developed surface area of modified rubber particles
(see Figure 3). Due to the retardation of polymerization, heat build-up inside the foam was
lower, and due to the heat convection to the environment, lower surface temperatures were
noted.

In the case of KMnO4 modification, the catalytic activity fastened the temperature rise
compared to P0 and P1 samples and increased the maximum temperature observed at the
rising foam surface. Due to the acceleration of chemical reactions, the heat generated during
polymerization could not dissipate and was accumulated inside the foam, increasing its
temperature.

3.3. Structure and Properties of PU/GTR Composite Foams

In Figure 8, there are presented values of the apparent density and open cell content,
parameters of foams’ cellular structure directly influenced by the course of the polymer-
ization process. Incorporation of GTR into the foamed polyurethane matrix resulted in a
noticeable increase in apparent density, which was associated with changes in the viscosity
of the polyol mixture and differences in density between matrix and filler. The apparent
density of foam P1 was noticeably affected when GTR particles applied as a filler were
subjected to oxidation with hydrogen peroxide and potassium permanganate. However,
significantly different behavior was noted for both modifiers.

Figure 8. Values of the apparent density and open cell content for prepared PU/GTR composite
foams.

The pretreatment of GTR particles with the hydrogen peroxide caused an increase in
apparent density proportional to the applied modifier content. Such an effect is associated
with the elongation of the processing times. As mentioned above, peroxide treatment
of GTR resulted in the significant development of particles’ surface area, causing the
enhanced viscosity of the reacting mixture and reducing the level of foams’ volumetric
expansion. On the other hand, the catalytic effect of applied KMnO4 treatment resulted
in the acceleration of all reactions occurring inside the foam, including the generation
of carbon dioxide. Moreover, due to the higher temperature of the reacting mixture, its
viscosity was lower, and gas could evaporate faster, increasing the volumetric expansion.
Therefore, the apparent density was significantly reduced, and foam P7 almost reached the
level of unfilled foam (52.9 and 49.0 kg/m3, respectively).

The content of open cells inside foam was also related to the type of applied filler. Its
value equaled 98.2% for unfilled foam, typical for flexible, open-cell foams [42]. Viscosity
changes and a higher density of GTR, which reduced the foam’s volumetric expansion,
also caused a slight drop of open cell content to 97.1%. Similar to the apparent density,
modification of rubber particles with H2O2 caused changes related to the enhanced level
of interfacial interactions. Increased viscosity of the polyol mixture caused trapping of
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carbon dioxide generated during the foaming of material. The adverse effect was noted
for potassium permanganate treatment. Due to accelerated foam rise and the lower level
of the interactions between GTR and polyurethane matrix, generated gas could rapidly
foam the reacting mixture, which was simultaneously solidifying, and then escape from
foam. The higher temperature of foam compared to hydrogen peroxide modification also
facilitated the gas movement.

Figure 9 presents the images of foams’ cellular structure obtained with the scanning
electron microscope. It can be seen that the reference foam, without rubber, shows relatively
regular cells with noticeable holes in cell walls resulting in high open cell content. Such an
effect is typical for the flexible polyurethane foams, which are often used in applications
that require a high content of open cells [42]. The introduction of unmodified GTR caused
some irregularities in the cell size and shape, which was also observed in our previous work
and by other researchers [43,44]. Nevertheless, the disruption of the cellular structure was
not very significant. For foams P2 and P4 containing the GTR modified with the hydrogen
peroxide, the changes were more visible. A noticeable rise in cell size was observed, and
for foam P4, the regularity of the structure was disrupted. It was probably associated with
enhancing the polyol mixture’s viscosity caused by the higher specific weight of GTR and
enhanced interactions with polyurethane components. In the SEM image of sample P4, it
can be seen that the cellular structure was even collapsed, which contributed to the increase
in the foam’s apparent density. For foams containing KMnO4 modified GTR, changes were
also evident. Due to the catalytic activity of potassium ions, the cells were bigger and with
a higher portion of holes. Such an effect was related to the accelerated gas evaporation
during foaming and increased the open cell content in foams (see Figure 8).

In Figure 10 there are presented values of the compressive strength of prepared
polyurethane/ground tire rubber composites at various levels of deformation. It can be
seen that the incorporation of GTR caused a noticeable increase in the foam’s strength. The
compressive performance enhancement was even more substantial when GTR particles
were pretreated with the hydrogen peroxide solution. Such an effect is associated with
improved interfacial interactions related to rubber particles’ surface development (see
Figure 3). On the other side, modification with KMnO4 caused a drastic drop of foams’
compressive strength, even below the values noted for neat, unfilled foam. Such an effect
was related to the weakening of the PU cellular structure, caused by the significant increase
of holes in cell walls (see Figure 9). As a result, the foams’ structure was able to withstand
only low forces without breaking.

The compressive performance of cellular materials is strictly associated with their
apparent density. A higher density of foam implicates a more compact structure, which can
withstand higher forces. Therefore, for the real comparison of different cellular materials,
the impact of apparent density should be eliminated. In Figure 11 there are presented
normalized values of foams’ compressive strength. The incorporation of neat GTR results in
a “true” reinforcement effect compared to the unfilled material. This effect was enhanced by
the modification with H2O2 and its increased loading. For KMnO4, values are significantly
lower, even despite the decreased apparent density, indicating that GTR did not cause
a reinforcing effect after this modification. Such an effect could be associated with the
changes in the isocyanate:hydroxyl ratio, due to the high hydroxyl numbers of KMnO4
modified GTR.

In Table 4, there are presented the results of the thermogravimetric analysis of prepared
foams. Moreover, Figure 12 shows the course of degradation, and differential thermogravi-
metric curves, indicating the rate of decomposition at particular temperatures. They are
presented only for the 200–550 ◦C temperature range, when the actual thermal degradation
occurred. It can be seen that the reference foam is characterized by thermal stability typical
for flexible polyurethane foams [45]. The onset of the thermal degradation process, mea-
sured as a temperature associated with the 2 wt.% mass loss, was determined as 264.2 ◦C.
It is significantly above the temperature range required for the typical applications of the
flexible polyurethane foams, which is usually in the range of 160–180 ◦C [26]. Reference
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foam is characterized by the almost single-step decomposition process, with the maximum
rate of decomposition at 385.5 ◦C, which is typical for the polyurethane soft segment de-
composition [46]. Some portion of the material may degrade at slightly lower temperatures,
which corresponds to the decomposition of urethane bonds. The introduction of neat and
modified GTR reduced the thermal stability of prepared foams. Such an effect may be
related to the lower stability of introduced rubber particles than the polyurethane matrix,
due to its oxidation (see Table 3). Similar effects were observed in our previous works,
when partially devulcanized rubber was introduced into PU foams [39,40]. The effect was
more pronounced for GTR modified with potassium permanganate, which is associated
with the enhanced catalytic activity and weaker polyurethane matrix. Moreover, due to the
high hydroxyl numbers of modified rubbers, the matrix could not be fully developed, and
unbound macromolecular chains of polyol could reduce the decomposition temperature.

Figure 9. SEM images of prepared foams P0, P1, P2, P4, P5, and P7 (according to Table 1).
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Figure 10. Compressive strength of foams containing (a) GTR modified with H2O2 and (b) GTR modified with KMnO4.

Figure 11. Normalized compressive strength of PU/GTR composite foams.

Table 4. Results of thermogravimetric analysis for prepared foams.

Foam Symbol T-2%, ◦C T-5%, ◦C T-10%, ◦C T-50%, ◦C Residue890 ◦C, % Tmax1, ◦C Tmax2, ◦C Tmax3, ◦C

P0 264.2 290.1 313.0 380.7 12.98 - - 385.5
P1 247.6 279.0 306.6 390.3 15.32 - 324.2 393.9
P2 249.2 284.2 313.2 392.9 15.33 297.8 - 393.8
P3 257.8 287.6 315.6 394.5 15.29 287.7 318.9 395.0
P4 248.7 282.2 313.6 394.6 17.24 278.7 322.1 395.7
P5 229.8 263.5 297.3 393.0 16.42 269.2 - 391.8
P6 221.8 251.9 287.9 392.3 18.32 251.5 - 391.7
P7 203.9 234.6 277.3 393.4 16.34 230.0 309.6 395.8

The introduction of rubber particles also resulted in changes in the course of decom-
position, which was no longer a one-step process. The value of Tmax3, which is related
to the main decomposition step, was shifted towards higher temperatures because of the
presence of rubber and the excellent stability of the untreated, crosslinked parts, mostly
styrene-butadiene rubber present in tires (see Table 3). It was marked with an arrow
in Figure 10. Also, it can be seen that the values of Tmax1 and Tmax2 correspond to the
decomposition of GTR—probably the oxidized part and the urethane and amide bonds
generated during interactions of modified rubber with isocyanate groups. These bonds
show lower thermal stability comparing to the soft segments originated from polyols’
macromolecules [46]. Also, for KMnO4 treatment, the incomplete development of matrix
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and unbound fragments of polyol chains could reduce material stability. For samples
P5–P7, the additional degradation steps at lower temperatures are particularly noticeable.

Figure 12. Plots of (a,b) mass loss and (c,d) differential thermogravimetric curves of foams containing (a,c) GTR modified
with H2O2 and (b,d) GTR modified with KMnO4.

4. Conclusions

The presented research paper aimed to investigate the impact of GTR treatment with
hydrogen peroxide and potassium permanganate on its microstructure, chemical structure
of surface and thermal stability. Applied modifications resulted in the development of
GTR surface due to partial oxidation, which could be observed in the scanning electron
microscope images. Moreover, application of KMnO4 significantly increased the hydroxyl
number of modified GTR samples, associated with the incorporation of hydroxyl groups
onto the surface. Partial oxidation of the surface of GTR slightly reduced the thermal
stability of modified GTR samples. Nevertheless, the onset of degradation still exceeded
the value of 200 ◦C, which guarantees the safe processing window for manufacturing
of foamed polyurethane/GTR composites, without the further decomposition of rubber
particles.

Modified GTR samples were introduced into a flexible foamed polyurethane matrix.
The impact on the processing, cellular structure, mechanical and thermal performance was
investigated. The introduction of neat GTR and GTR modified with hydrogen peroxide
caused the elongation of processing times and reduced processing temperatures. Such
an effect was mostly due to the increased viscosity of the polyol mixture, caused by the
introduction of solid particles. The treatment with KMnO4 caused the opposite effect,
due to the catalytic activity of potassium ions. Changes in processing were mirrored in
the cellular structure of foams. For neat and H2O2-modified GTR, the typical rise of the
apparent density and drop of open cell content was observed. At the same time, KMnO4
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treatment catalyzed the polymerization, resulting in enhanced gas generation, reduction
of the apparent density and increase of open cell content. The compressive properties
were directly affected by the quality of cellular structure and apparent density of foams.
Therefore, superior mechanical performance was observed for H2O2 modifications, because
of the incompletely developed structure during polymerization accelerated by KMnO4
treatment. Considering thermal properties, changes in the chemical structure of modified
GTR were reflected in changes of foamed polyurethane/GTR composites. Generally, the
presented results indicate that the chemical modification of ground tire rubber should be
considered an auspicious method for compatibilization of polyurethane/GTR composites.
Through proper treatment of GTR, composites with the desired properties could be ob-
tained. Future trends in this area should include modifications of GTR using continuous
methods, enhancing the economic and ecological aspects of the process, as well as more
in-depth evaluation of the changes during processing of polyurethane systems.
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Abstract: This article introduces an innovative approach to the investigation of the conductive–
radiative heat transfer mechanism in expanded polystyrene (EPS) thermal insulation at negligible
convection. Closed-cell EPS foam (bulk density 14–17 kg·m−3) in the form of panels (of thickness
0.02–0.18 m) was tested with 1–15 µm graphite microparticles (GMP) at two different industrial
concentrations (up to 4.3% of the EPS mass). A heat flow meter (HFM) was found to be precise
enough to observe all thermal effects under study: the dependence of the total thermal conductivity
on thickness, density, and GMP content, as well as the thermal resistance relative gain. An alternative
explanation of the total thermal conductivity “thickness effect” is proposed. The conductive–radiative
components of the total thermal conductivity were separated, by comparing measured (with and
without Al-foil) and simulated (i.e., calculated based on data reported in the literature) results.
This helps to elucidate why a small addition of GMP (below 4.3%) forces such an evident drop in
total thermal conductivity, down to 0.03 W·m−1·K−1. As proposed, a physical cause is related to the
change in mechanism of the heat transfer by conduction and radiation. The main accomplishment is
discovering that the change forced by GMP in the polymer matrix thermal conduction may dominate
the radiation change. Hence, the matrix conduction component change is considered to be the major
cause of the observed drop in total thermal conductivity of EPS insulation. At the microscopic level of
the molecules or chains (e.g., in polymers), significant differences observed in the intensity of Raman
spectra and in the glass transition temperature increase on differential scanning calorimetry(DSC)
thermograms, when comparing EPS foam with and without GMP, complementarily support the
above statement. An additional practical achievement is finding the maximum thickness at which
one may reduce the “grey” EPS insulating layer, with respect to “dotted” EPS at a required level of
thermal resistance. In the case of the thickest (0.30 m) panels for a passive building, above 18% of
thickness reduction is found to be possible.

Keywords: expanded polystyrene; graphite particles; thermal conductivity; thermal resistance;
thickness effect; phonon-photon transport; Raman spectroscopy; thermal analysis
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1. Introduction

Large-scale application of EPS foams with closed cells as thermal insulation in construction
engineering requires the sustainable improvement of the thermophysical features of traditional
building materials [1–5]. When introducing various technological changes in chemical composition,
besides improving measurement and simulation techniques, it is important to understand the physical
consequences caused by such changes. A better understanding may allow for the generation of
knowledge, as well as let scientists improve the modelling of thermal processes. Moreover, it may
allow engineers to develop novel materials and encourage industry stakeholders by more effectively
optimizing the production costs of these materials, along with better thermal insulation performance.

A traditional solution for high quality thermal protection in buildings is by using high-thickness
insulating layers made of conventional thermal insulation that, together with other more advanced
options, comprises “the best building practice”. Advanced thermal insulation materials, such as super
insulating materials (SIMs) (e.g., vacuum insulation materials (VIMs) and aerogels), phase change
materials (PCMs), gas-filled materials (GFMs), and nanoinsulation materials (NIMs), promise to be
the most beneficial for applications in the building sector [6–8]. In addition, modern systems, such as
adaptive facades, dynamic facades, and active envelopes, provide architectural alternatives, which are
a novel platform for energy efficiency, visual comfort, and daylight distribution, as well as branding
and image. However, installing conventional thermal insulation of high thickness in external walls
remains an attractive option, especially in harsh climate countries, due to the low market prices of
materials and the costs of their installation [9–12]. When designing a building, one of the first steps
to consider is reaching the required level of thermal protection, in terms of thermal transmittance
U-value, which ranges from ca. 0.1 W·m−2·K−1 for high-energy standards up to 3 W·m−2·K−1 or
more for low-energy standard [13]. The challenge is to obtain such values by selecting the most
appropriate and cost-effective materials, which provides the thinnest possible insulation with the
highest thermal effectiveness.

Conventional polymeric foams applicable in the building sector include both products of very
low bulk density (below 20 kg·m−3), such as extruded polystyrene (XPS) or EPS (herein under study),
and products of low bulk density (up to 45 kg·m−3), such as phenolic foam (PhF), polyurethane
(PUR), and polyisocyanurate (PIR) foams, as well as XPS and EPS foams. A popular option is the
industrial production of polymer composite, such as EPS foams that include graphite fillers [14–16],
due to low cost, lightweight, and moderate dispersibility in polymer matrix [17,18], in particular,
graphite microparticles (GMP) [19–25]. These are typically applied in the form of panels for the thermal
insulation of buildings. Despite the problem of possible overheating due to solar radiation causing panel
deformation [26,27], this choice offers designers relevant insulation thickness reduction. The thickness
of “pure” EPS panels in the external walls of passive buildings (U-value = 0.1 W·m−2·K−1 for Central
European climates) can reach up to d = 0.30 m. As it is of interest to reduce the thickness (at a given
U-value), one may study the material’s thermal insulation performance [28–30]. Some optimization is
possible by observing heat transfer via the apparent thermal conductivity λ′ and resistance R′ as a
function of the EPS sample thickness d, with relation to the variable bulk density ρ and concentration
of fillers, such as GMP.

Following measurements in accredited laboratories, EPS manufacturers have declared its thermal
conductivity coefficient λD and thermal resistance RD values [31,32]. However, the literature has barely
discussed the so-called thickness effect, which has the apparent impact of the sample thickness (in its
lower range) on the material’s thermophysical parameters [33,34]. On the other hand, the thickest
samples have rarely been measured and reported [35]. The latter may be due to common technical
difficulties when measuring insulation panels above 0.1 m in thickness, which is not suitable for
most of the (too narrow) plate instruments (GHP and HFM). Besides the main purpose of thermal
transport analysis, this work also tries to fill this gap, explaining these technical issues (i.e., experimental
knowledge regarding thin and thick case measurements). Therefore, the extra purpose is demonstrating
a methodical approach that may answer the following two questions:
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- How can we overcome the experimental artefact of the thickness effect, as revealed by conventional
polymeric foam panels?

- How can we find the true conductivity λ and resistance R values for the panels which are thicker
than the gauge of plate instruments?

In each polymeric insulating material, one must initially assess the thickness effect relevance by
testing thin slices of the foam panel. Herein, it is done, concerning EPS of very low bulk density, by
using an experimental method in accordance with the recommendations of the European Committee
for Standardization CEN, as described in Standards [30,32,35,36].

Besides considering technical issues and providing correct data for engineers, this paper aims to
contribute to the general discussion about the thermal transport mechanisms in polymeric insulating
materials and better understanding them. Example of such discussions describing mainly EPS
insulation can be found in the recognized literature [37–49]. In particular, it has been reported that,
when incorporating industrially higher concentrations of GMP into an EPS polymer matrix, the total
thermal conductivity can be reduced by opacifying the insulation product for thermal radiation, which is
absorbed by the carbon atoms in graphite or scattered by the larger graphite microparticles. Unfortunately,
the quantitative analysis of the three major thermal components—radiation, air conduction, and polymer
matrix conduction—over a wide thickness range of the insulating EPS layers with different GMP
industrial concentrations is missing, in general.

Therefore, the main scientific purpose is analysing heat transfer through EPS foam of very low
bulk density and separating it into its radiative and conductive thermal components. To the authors’
knowledge, this is the first successful approach of separating thermal components to examine EPS in
relation to the identified spectral features of the Raman spectrum. As for convection of insulating gas,
it is proved to be negligible in EPS, as well as also other polymeric foams with a closed or open-cell
structure of diameter up to 0.004 m (4 mm) [1,27,50–52]. The closed cells in the expanded beads of
“pure” EPS at various densities are of size ranging from 0.05 to 0.40 mm [27,38,53]. The scientific aim
of the present paper was achieved by comparing experimental and literature data [42]. As a result, we
observe the effect of change in conductive–radiative heat transfer mechanism triggered by the GMP at
two different industrial concentrations. Its apparent impact on each particular thermal component is
then analysed and discussed.

2. Materials and Methods

This section briefly outlines characteristics of the tested EPS products and describes the
experimental methods used to measure their physical parameters, including the accuracy/uncertainty
estimation in the error analysis, as well as comments on the experimental limitations.

2.1. Tested Products

The tested EPS products were manufactured by Polish enterprises, in the form of panels, for thermal
insulation of buildings. The three types of commercial EPS products investigated were (Figure 1):

- “white” EPS A—pure;
- “dotted” EPS B—with a low concentration of GMP (only within the expanded beads of the black

dotted isles, scattered randomly in the entire panel); and
- “grey” EPS C—with a high concentration of GMP (evenly distributed throughout the polymer

matrix and in the entire panel).

It is known, from the literature [45], that the size of industrially applied GMP ranges from 1 to
15 µm (diameter distribution range).

The GMP mass concentration in EPS C can be estimated, from measured density values, as equal to
the relative density change (ρC − ρB)/ρC. By neglecting the GMP concentration in the EPS B product, a
rough prediction of the graphite content in EPS C is up to 7.3%, as ((14.6 + 0.5) − (14.2 − 0.2))/(14.6 + 0.5)
= 0.073 (see Section 3.1 Table 2; also confront with Section 3.6).
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Figure 1. The tested products: A—“white” expanded polystyrene (EPS) (pure), B—“dotted” EPS,
and C—“grey” EPS.

Each of the tested EPS panels was made by cutting a single massive block (material batch) by
a hot wire to the desired thickness on a manufacturing line. The range (from 0.02 to 0.18 m) and
the particular thicknesses of the individual panels can be read in Section 3.1 from Figure 3. Then,
the panels were subjected to systematic control of their thermal insulation performance. Unlike B and
C, the thermal parameters of A were unstable during the first 20 months of seasoning. During the
entire experiment, the panels were conditioned under stable laboratory conditions: air temperature
(20 ± 2 ◦C) and relative air humidity (50 ± 10% RH).

2.2. Experimental Limitations for Thermal Measurement

The first experimental limitation arises from the fact that testing the thermal insulation performance
of any homogeneously porous material can be conducted using any plate instrument, but only if
the maximum nominal size of any diversity in its structure (i.e., grains or pores—whatever is
larger) is smaller than one-tenth of the sample thickness [28,29,36]. Slightly varying with bulk
density [27,39,40,44], the order of magnitude of the “pure” EPS grains (expanded beads filled with
closed cells) size may reach 10−3 m; then, the minimum thickness of the EPS sample should be at least
10 times greater, which sets the minimum thickness no less than 10−2 m.

The second limitation arises from determining the thermal parameters of EPS of very low or
low bulk density. Regarding the experimental method, this is related to the so-called thickness limit
estimation [35], which is further explained in Section 2.4.1 and Supplementary Material part 1.

The third limitation is caused by the so-called permissible sample thickness range (from minimum
dmin to maximum dmax), depending on the specific plate instrument chamber dimensions and the
measurement section area. This range is suggested by the Standards [28–30,35].

2.3. Bulk Density Measurement Method

The bulk density ρ was determined experimentally for the tested EPS products by measuring
(for each panel thickness d):

- the panel mass, with an accuracy of ±10−5 kg,
- the panel dimensions (length x and width y), with an accuracy of ±5 × 10−4 m; and thickness d,

with an accuracy of ±10−6 m,

and calculating:

- the panel volume (as a regular rectangular prism), with accuracy no worse than ±10−4 m3 and
- the panel density (as the mass to volume ratio) and the bulk density of the material (as an average

over the thickness range), with accuracy no less than ±2 × 10−1 kg·m−3.
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A standard precise laboratory balance (Radwag PS 2100.R1) was used for mass measurement.
The length and width were found using a professional EC Class 1 measuring tape. The thickness value
was given by an HFM measuring system. The environment was controlled, in terms of air temperature
(20 ± 2 ◦C) and relative air humidity (50 ± 10% RH).

Details of the expanded uncertainty calculations regarding the bulk density measurements are
explained in Supplementary Material part 2. The averaged expanded uncertainty <U(ρ)> values of the
bulk density ρ(d) measurement were calculated, from all experimental uncertainties U(ρ) within the
whole thickness range under study, individually for each type of EPS product. The results are given in
Section 3.1.

2.4. Thermal Measurement Method

This section describes a practical approach for the measurement of the thin and thick EPS panels,
which takes into consideration the limitations mentioned in Section 2.2, as well as an experimental
setup that allows us to obtain correct thermal measurements as output.

2.4.1. The Thickness Effect and Thickness Limit of (Non-)Linearity

The thickness effect refers to the apparent sublinear growth of the apparent thermal conductivity
λ′(d), up to a certain level achieved at the critical thickness limit dL, above which the function
takes a seemingly constant value (yet still below the upper bound—herein assigned to the thermal
transmittance λ′t). Above dL, the value of λ′(d) approaches the true material conductivity λ(d),
so one may assign the values of λ(d) to the values of λ′(d). The data seem to oscillate around <λ>
(the material-representing averaged value).

The thickness limit, dL, results from several factors, such as the material property, sample
features, the experimental set-up, and so on. The limit could be assigned to the minimal thickness
above which the thermal transmittance λ′t can be determined from the thickness-independent ratio
∆d/∆R′ [28,29,33,36]. As λ′t corresponds to the inverse gradient of the oblique asymptote of R′(d),
it can be determined by a linear fit to all data above dL.

When d > dL, the so-called transfer factor ℑ (see Supplementary Material part 1) practically does
not depend on the thickness (within experimental inaccuracy tolerance). In this region, ℑ does not
differ from λ′t by more than 2% [28,29,36]. In other words, in the case of sufficiently large thermal
insulation thickness, the asymptotic values of λ′(d) and ℑ(d) are equal to the value of λ′t. Thus, the
level of λ′t is the limiting horizontal asymptote achieved by both functions.

As shown in Supplementary Material part 1, for the EPS A, B, and C products, the respective
thickness limits dLA, dLB, and dLC can be obtained by comparing the thickness-dependent 1 − L(d)
values (which are linearity measures of the λ′ or R′ curves at a given d) with the experimental tolerance
for nonlinearity of the measured data at the optimum level of 0.02. In general, the lower the level of
1 − L, the larger the value of dL; thus, as 1 − L approaches 0.00, the thickness limit tends to infinity,
which means that none of the EPS products could comply with the requirements and determination
of their thermal parameters would be impossible. If a less rigorous condition, such as 1 − L ≤ 0.03,
is applied, then the resultant dL would obviously be inside of the curved region. If a more rigorous
condition, such as 1 − L ≤ 0.01, is applied, then the thicknesses limits would be unreasonably far from
the curved region. Thus, by applying the optimal experimental condition of 1 − L ≤ 0.02, one can
finally obtain the reasonable thickness limits (see Section 3.2).

The thickness effect has an impact not only on the measurement of thin panels but also on the
thickest panels, exceeding the maximum distance dmax between “hot” and “cold” plates in the HFM
instrument. In the latter case, the determination of the material thermophysical parameters R and
λ could be achieved by the proposed procedure, which includes cutting thinner panels from the
thick product block (to a thickness no smaller than dL), measuring the R′(d) value, correcting data
and extrapolating the obtained values of R(d) up to the considered product thickness and, finally,
conversion from resistance R to conductivity λ of the product. Nevertheless, before cutting the panels,
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one has to take into consideration the thickness effect, evaluating its relevance by calculation of dL.
Once the thickness limit is known, the total thermal resistance of the product block can be calculated
(even without R′(d) correction), according to the practical formula (1):

REPS
product =

∑n
i=1

Ri
di

n
·dEPS

product (1)

where i = 1, 2, . . . , n and n is the number of panels cut from the block of product under consideration,
where the condition d ≥ dL is satisfied for each panel.

2.4.2. HFM Setup

Thermal tests in steady state conditions were carried out by using the HFM FOX 600 plate
instrument, made in the USA by the LaserComp Company.

As mentioned in Section 2.2, the Standards recommend limiting thermal measurements to a
permissible sample thickness range. These limits depend on the geometry of the experimental setup.
The HFM chamber dimensions were 0.600 × 0.600 m2, the dimensions of its measuring section area
(located at the heating/cooling black plate centre) were 0.300 × 0.300 m2 (also assigned to the size
of the sample area), and the dimensions of the tested panels were 0.600 × 0.500 m2. In this case,
the permissible thickness should range from dmin = 0.030 m to dmax = 0.150 m [30]. Yet, as has been
demonstrated, based on uncertainty analysis, the thermophysical parameters obtained for samples
between 0.020 and 0.180 m were reliable. In general, the HFM allows for mounting and precisely
measuring samples of thickness from 0.005 m (see Section 3.4) up to 0.200 m (max gauge space).

The HFM was calibrated using the certified Standard Reference Material (SRM–IRMM–440), as
recommended by the Institute for Reference Materials and Measurements (IRMM) in Geel. The SRM
characteristics are shown in Table 1, for comparison of the measurements completed by IRMM in
Geel with the author’s results. The tiny value of the correction parameter C, resulted even less than
U(λC

SRM), reflecting proper experimental setup and testing conditions.

Table 1. Data concerning the Standard Reference Material (SRM) sample (size, bulk density, thermal
conductivity, and the correction parameter).

 

=  ∑ n ·
≥

λ

SRM Type 

SRM Dimensions (m) SRM Bulk Density ρSRM 

(kg·m−3) Average Value given 

in the Certificate 
Length x Width y Thickness d 

Glass wool IRMM-440 0.500 0.500 0.0347 75.8 

 

SRM thermal conductivity coefficients at  

Tm = 10 °C (W·m−1·K−1) Correction parameter  at the 

coverage factor k = 2.0  

 = λCSRM − λMSRM (W·m−1·K−1) 

Expanded uncertainties 

(W·m−1·K−1) 

λCSRM Average value 

given in the 

Certificate 

λMSRM Average value 

measured by HFM  

FOX 600 

U(λCSRM) U(λMSRM) 

0.03048 0.03057 −9 × 10−5 2.8 × 10−4 3.2 × 10−4 

In order to estimate the thermal radiation component (through the insulation), the surface
emissivity values individually for the HFM black plate and 10 µm Al-foil were measured earlier at Tm

= 10 ◦C (no sample inside the HFM chamber), according to the Standard [30]. The latter measurement
was carried out by placing two symmetrical Al-foil layers attached to the HFM bottom and the top
black plate. The resulting values were as follows: 0.873 for the HFM black plate, 0.042 for the rough
Al-foil side, and 0.032 for the polished Al-foil side.
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2.4.3. Conductivity-Resistance Measurement Method

Standard Method

Measurements of thermal insulation performance of the tested EPS products were carried out
in compliance with the recommendations of the Standards [28,29,32,33,35] and the acquired data
processing (for the conductivity and resistance correction) was completed according to the relations
and procedure described in Supplementary Material part 1.

The environment was controlled, in terms of air temperature (20 ± 2 ◦C) and relative air humidity
(50 ± 10% RH). The HFM was set to the average test temperature Tm = 10 ◦C. The temperature
difference applied to the sample was ∆T = 20 ◦C. The heating (bottom) black plate temperature was
set as 20 ◦C and the cooling (top) black plate temperature was set as 0 ◦C, such that the heat flow
was directed upwards. A schematic design of the measurement system in standard method is shown
in Figure 2a. For each EPS panel tested (see Section 2.1), the following parameters were measured
(i.e., the HFM output):

- the sample thickness d, with accuracy ∆d of ±10−6 m;
- the temperature difference ∆T between upper and lower sample surfaces, with accuracy ∆(∆T) of

±0.1 ◦C;
- the heat flux density q through the sample, with accuracy ∆q of ±10−1 W·m−2;
- the apparent thermal resistance R′, with accuracy ∆R′ of ±10−4 m2·K·W−1; and
- the apparent thermal conductivity coefficient λ′, with accuracy ∆λ′ of ±10−5 W·m−1·K−1.
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Figure 2. Schematic design of the measurement system in: (a) standard and (b) nonstandard method.

Details of the expanded uncertainty calculations regarding the thermal conductivity measurements
are explained in Supplementary Material part 2. The average expanded uncertainty <U(λ)> values of
λ(d) were calculated from all experimental uncertainties U(λ), within the whole thickness range under
study, individually for each type of EPS product. The results are given in Section 3.3.

Nonstandard Method

Furthermore, during nonstandard HFM measurement, i.e., the sample placed between two Al-foil
layers (applied at the bottom and on the top of the insulation) and HFM plates, as shown in Figure 2b,
one may try to assume that the expected level of the total thermal conductivity may be considered
as the system response, in which radiation (primary—external, emitted by the HFM “hot” plate
and secondary—internal, radiation generated across the insulation) is sufficiently blocked (cut off)
by reflection from the bottom and upper Al-foil, respectively. However, from primary continuous
radiative–conductive heat flux, only phonons can pass through the Al-foil (either the “hot” or the
“cold” one). One must notice that the Al-foil emissivity value (see Section 2.4.2) is no more than 0.04
and that above 96% of the photon flux, either “primary” or “secondary”, can be reflected back by the
upper Al-foil (in the extreme scenario). Hence, in order to estimate the total thermal conductivity with
simulated Al-foil effect, only for the tested EPS B and C products, the difference between the heat flux
without Al-foil and the heat flux with Al-foil may correspond to the thermal radiation component,
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which allows us to calculate its contribution to the total thermal flux individually for each product.
This topic is presented further in Section 4.1.2 and Supplementary Material part 3, also explaining the
impact of GMP on total thermal conductivity.

2.5. Micro-Raman Measurement

The micro-Raman Spectroscopy (µ-RS) measurements were carried out by using Renishaw’s inVia
Reflex Spectrometer. The µ-RS tests were performed to investigate comprehensively microstructural
changes (e.g., at the molecular level) of the insulation samples. The Raman spectra were collected
at room temperature and normal conditions, in backscattering geometry with the 633 nm line of a
He–Ne-ion laser and with the 514 nm line of an Ar-ion laser as excitation wavelengths. The results are
given in Section 3.5.

2.6. Thermal Analysis Measurement

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements
were carried out by using TA Instruments equipment i.e., SDT Q600 and Q2000, respectively.

The conventional DSC tests were performed to measure the amorphous glass transition (Tg) or
the crystalline melting (Tcm) temperatures of the insulation samples. The DSC thermograms were
collected at the temperature range of −100 to 350 ◦C at a heating rate of 10 ◦C·min−1 and a nitrogen
flow rate of 50 mL·min−1. In order to reduce the impact of pressure increase on the measurement
results, the samples were put into the nonhermetic aluminium calorimetric containers; appropriate
empty aluminium containers were used as reference. The temperature scale was calibrated with the
melting point of indium. The estimated error in the determination of Tg or Tcm was ±2 ◦C.

The TGA tests were performed to measure temperature dependence of the mass loss of the
insulation samples. The TGA thermograms were collected at the temperature range of 25–550 ◦C, at a
heating rate of 10 ◦C·min−1, a nitrogen flow rate of 100 mL·min−1, and in the hermetic aluminium
containers. The results are given in Section 3.6.

3. Experimental Results

3.1. Bulk Density and Homogeneity Assessment

Each measured bulk density ρ(d) value, representing an EPS panel of a given d, was found as
the average of several single measurements and plotted, with a vertical error bar corresponding to its
expanded uncertainty, U(ρ) and a horizontal error bar covered by the symbol used in Figure 3.

Table 2. Data concerning density measurements of the materials expanded polystyrene (EPS) A, B,
and C.

ρ
ρ

ρ

EPS Type 
Panels Mass 

Range (kg·10−3) 

Panels Dimensions (m) 
Bulk Density (kg·m−3) 

Average Expanded 

Uncertainty <U(ρ)>  

(kg·m−3) 

<ρA> <ρB> <ρC> 

Length x Width y 
Thickness 

Range d 

Average Value with Double Standard 

Deviation ±2σ 

A “white” 103.14–756.90 0.60 0.50 0.02–0.15 16.9 ± 1.2 2.1 × 10−1 

B “dotted” 87.06–666.00 0.60 0.50 0.02–0.18 14.2 ± 0.2 1.8 × 10−1 

C “grey” 90.48–567.84 0.60 0.50 0.02–0.13 14.6 ± 0.5 2.2 × 10−1 

−

− ≤

λ
λ

λ λ λ λ
λ

λ

λ

Next, the averaged bulk density<ρ>was calculated, from all experimentalρ(d) values, individually
for each tested EPS product. The resulting <ρA>, <ρB>, and <ρC> values are reported in Table 2,
including average expanded uncertainties <U(ρ)>, and presented in Figure 3.

The tested EPS A density was slightly higher, while the EPS B and C products revealed comparable
density values.

Homogeneity assessment for each tested EPS product was performed based on ρ(d) measurements,
throughout the entire thickness range. As seen from Figure 3 and Table 2, the ρA(d) points for the EPS A
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product reveal the widest spread of bulk density, extremely fluctuating around the average value <ρA>;
furthermore, its corresponding standard deviation was the largest. This indicates the relatively poor
homogeneity (possibly due to differences in density between the pre-expanded beads and expanded
beads, which were mixed for recycling purposes during the final block foaming process [4,43,54,55]).
On the contrary, EPS B was the most homogenous product (no recycling, in this case).Materials 2020, 13, x FOR PEER REVIEW 9 of 27 
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3.2. Thickness Limits Results

All basic calculations of the thermophysical parameters, including the heat transfer factor ℑ, the
thickness effect function L(d), and the thickness limit dL, are elaborated and shown in Supplementary
Material part 1.

In order to determine the thermal insulation performance of each tested EPS product, first and
foremost, one has to check whether the thickness effect is relevant. This analysis, performed separately
for each EPS type, was based on testing the values of the function L(d) over the investigated thickness
range. Wherever 1 − L(d) > 0.02 (see Section 2.4.1), at lower thicknesses, the effect was qualified
as relevant (thermal conductivity and resistance were apparently nonlinear functions of thickness);
wherever 1 − L(d) ≤ 0.02, at higher thicknesses, the thickness effect was qualified as irrelevant (thermal
conductivity and resistance were nearly linear functions of thickness).

In the case of EPS A and B, the thickness effect appeared to be relevant up to the estimated limits
(dLA and dLB) shown in Section 3.3 (Table 3 and Figure 4a). As can be seen, in the case of EPS C,
the thickness effect appeared to be irrelevant (negligibly small), as the estimated limit dLC appeared to
be lower than the permissible minimum dmin of the HFM.

Table 3. Data concerning the thermal conductivity of the EPS A, B, and C products (thermal
transmissivity declared and averaged coefficients, with corresponding thickness limits).

EPS Type 
Thickness 

Limit dL (m) 

Thermal 

Transmissivity λt 

(W·m−1·K−1) 

Thermal Conductivity Coefficients at Tm = 10 °C (W·m−1·K−1) 
Average Expanded 

Uncertainty <U(λ)> 

(W·m−1·K−1) 
λD 

<λA> <λB> <λC> 

Average Value with Double Standard 

Deviation ±2σ 

A “white” 0.043 ± 0.010 0.0400 0.040 0.0394 ± 0.0010 1 × 10−3 

B “dotted” 0.060 ± 0.005 0.0386 0.040 0.0377 ± 0.0001 1 × 10−3 

C “grey” 0.007 ± 0.001 0.0314 0.032 0.0312 ± 0.0005 8 × 10−4 

λ

λ
λ

λ
λ

λ λ λ
Δλ

λ

λ λ
λ λ

λ λ λ

0.44

∆
Δ

Δλ − ∙ − ∙ − ∙ − Δλ λ −
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Figure 4. (a) The apparent thermal conductivity coefficient λ’ versus the panel thickness d for the EPS 
A, B, and C products, as measured at Tm = 10 °C. The error bars correspond to the expanded 
uncertainties U(λ’). The vertical dashed lines, labelled by dLA, dLB, and dLC, show the corresponding 
thickness limits; (b) The corrected thermal conductivity coefficient λ at Tm = 10 °C versus the panel 
thickness d for the EPS A, B, and C. The error bars correspond to the expanded uncertainties U(λ). 
The horizontal right arrows indicate the average conductivity <λ> values from Table 3. The left arrow 
on the level 0.04 indicates λDA and λDB (as declared for the A and B products), while λDC appears at 
the 0.032 level. The vertical down arrow Δλ shows the effect of graphite microparticles (GMP) on 
thermal conduction. Referring EPS C to EPS B, the relative drop of conductivity achieved was 17.2%. 

Next, due to relevance of the thickness effect revealed by the EPS A and B products, partial 
corrections of their apparent thermal conductivities λ’(d) were performed, according to the 
Standards [32,33,35] (see Supplementary Material part 1). Figure 4b shows the corrected thermal 
conductivity λ(d) for EPS A, B, and C. The error bars correspond to the U(λ) values. For EPS C, the 
data was not modified, such that λ’(d) = λ(d). As seen in Figure 4b, in each case of EPS A, B, and C, 
the λ(d) values oscillate around <λ> and below the λD level within the whole thickness range. Each 
obtained result satisfies the standard inequality: ≥  0.44 +< > (2) 

which is used to qualify the material as complying with requirements of the Standards [31,32]. 

Figure 4. (a) The apparent thermal conductivity coefficient λ′ versus the panel thickness d for the
EPS A, B, and C products, as measured at Tm = 10 ◦C. The error bars correspond to the expanded
uncertainties U(λ′). The vertical dashed lines, labelled by dLA, dLB, and dLC, show the corresponding
thickness limits; (b) The corrected thermal conductivity coefficient λ at Tm = 10 ◦C versus the panel
thickness d for the EPS A, B, and C. The error bars correspond to the expanded uncertainties U(λ).
The horizontal right arrows indicate the average conductivity <λ> values from Table 3. The left arrow
on the level 0.04 indicates λDA and λDB (as declared for the A and B products), while λDC appears
at the 0.032 level. The vertical down arrow ∆λ shows the effect of graphite microparticles (GMP) on
thermal conduction. Referring EPS C to EPS B, the relative drop of conductivity achieved was 17.2%.

3.3. The Thermal Conductivity Results

The declared thermal conductivity coefficient, λD, taken from technical data sheet (TDS) of each
tested EPS product, was compared with the average corrected thermal conductivity <λ> (see Table 3
and Figure 4b). The <λA>, <λB>, and <λC> values, together with their uncertainties <U(λ)>, represent
the tested EPS products of any thickness, which were all calculated from λ(d), respectively.

Each collected thermal conductivity value λ′(d), representing an EPS panel of given d, was found
as the average of several single measurements and was plotted, with vertical error bar corresponding
to its expanded uncertainty, U(λ′) and horizontal error bar covered by the symbol used in Figure 4a.

Next, due to relevance of the thickness effect revealed by the EPS A and B products,
partial corrections of their apparent thermal conductivities λ′(d) were performed, according to
the Standards [32,33,35] (see Supplementary Material part 1). Figure 4b shows the corrected thermal
conductivity λ(d) for EPS A, B, and C. The error bars correspond to the U(λ) values. For EPS C, the data
was not modified, such that λ′(d) = λ(d). As seen in Figure 4b, in each case of EPS A, B, and C, the λ(d)
values oscillate around <λ> and below the λD level within the whole thickness range. Each obtained
result satisfies the standard inequality:

λD ≥ 0.44σ+ 〈λ〉 (2)

which is used to qualify the material as complying with requirements of the Standards [31,32].
In order to show the effect of the GMP concentration on the total thermal conductivity, the

absolute change in thermal conductivity coefficient (comparing the EPS C and B products), was defined
as difference:

∆λ = λC − λB (3)

It is shown as a vertical down arrow in Figure 4b. Also, the relative change in thermal conductivity
coefficient was defined as:

∆λ

λB
=
λC − λB

λB
(4)
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Both ∆λ = −6.5 × 10−3 W·m−1·K−1 and ∆λ/λB = −0.172 have constant negative values within
the whole range of panel thickness. Thus, the total thermal conductivity of the “grey” EPS C was
about 17.2% smaller than that of the “dotted” EPS B. This result was very close to the literature data,
comparing “grey” and “pure” EPS [37,43] of bulk density ca. 14–17 kg·m−3. Cautiously comparing
the “grey” EPS C and “pure” EPS from [37] of comparable bulk density ca. 14 kg·m−3 results in −25%
change. Thus, the total thermal conductivity of the “dotted” EPS B was about 7.8% smaller than of the
“pure” EPS from [37].

The results are discussed further in Section 4.1.

3.4. The Thermal Resistance Results

The declared thermal resistance, RD, as given for each tested EPS product in the TDS, was
compared with the corrected resistance R(d). The requirements of Standards [31,32] were satisfied.

The R(d) values for the EPS A and B panels were calculated by converging the corrected λ(d) data
(see Supplementary Material part 1). Yet, for the EPS C panels, the R(d) were directly assigned to the
R′(d), as measured on the HFM Fox 600 (see Section 2.4.3).

In Figure 5a, only the EPS B and C products were compared, as the EPS A and B panels differed too
much in average bulk density (Table 2), which made their comparison not precise. In EPS C, resistance
increased faster with thickness. Thus, considerable improvement in thermal insulation performance
appears evident, when comparing the R-values of “grey” EPS C to “dotted” EPS B.Materials 2020, 13, x FOR PEER REVIEW 12 of 27 
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Figure 5. (a) The thermal resistance, R, at Tm = 10 ◦C versus the panel thickness d for the EPS B and
C products. The equations resulting from the linear fit (1.9) from Supplementary Material part 1 are
shown together with the linear correlation coefficient r (solid lines). ∆R shows the difference between B
and C panels of the same thickness and ∆d shows the difference between the B and C panels of the
same R-value. (b) The thermal resistance relative gain ∆R/RB (left axis) and the insulation thickness
relative reduction −∆d/dB (right axis) for EPS C with respect to EPS B, versus the panel thickness d.
The graph is reflected horizontally, since Equation (8) gives negative values. The experimental points
are extrapolated (solid lines) based on the functions shown, corresponding to Equations (9) and (11).

To account for the data, the linear model (1.9), from Supplementary Material part 1, was applied
to the R(d) points. After the linear fit, in order to examine the effect of GMP, ∆R was defined as the
difference between the EPS B and C panel’s R-values at a given thickness dB:

∆R = RC −RB (5)

This is shown as a vertical arrow, ∆R, in Figure 5a. Hence, the relative gain ∆R/RB in thermal
resistance of the EPS C, with respect to EPS B of the same panel thickness d, could be defined as:

∆R

RB
=

RC −RB

RB
(6)
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which is plotted in Figure 5b as a function of d.
Maintaining a constant given thermal resistance level, the corresponding change in the insulating

layer thickness could be defined, for the EPS B and C panels, by:

∆d = dC − dB (7)

which is shown as a horizontal arrow, ∆d, in Figure 5a. As can be seen, greater the thermal resistance
R(d), the greater is the difference in thickness ∆d. Hence, the relative change ∆d/dB in thickness of the
EPS C, with respect to EPS B of the same R-value, can be defined as:

∆d

dB
=

dC − dB

dB
(8)

which is also plotted in Figure 5b as a function of d.
From Equation (6) and the system of equations (Figure 5a), one may derive the analytical expression

for the percentage increase (gain) in thermal resistance:

∆R

RB
·100% =

5.9d− 0.028
25.9d + 0.032

·100% (9)

where d = dB = dC may range from 4.7·10−3 to 0.30 m. From Equation (9), one may calculate the
maximum asymptotic value of about 22.8% (as dB → ∞). In practice, it is possible to achieve the
maximum value of 22.3% only, for panels of the highest available thickness (0.30 m).

By using the linear fit equations reported in Figure 5a, one may find the practical equation:

dC = 0.814dB + 0.0008805 (10)

where dB is the thickness (in m) of EPS B and dC is the thickness of the EPS C panel of the same R-value
(RB = RC).

From Equations (7) and (10), one may derive the analytical expression for the percentage change
in thickness:

∆d

dB
·100% =

(

0.0008805
dB

− 0.1855
)

·100% (11)

which is valid for dB ranging from 4.7 × 10−3 to 0.30 m. Expression (11) allows negative values; thus,
the magnitude of thickness reduction increases with the insulation thickness, dB. The thicker the
insulating layer required, the greater is the benefit in terms of material and cost savings when replacing
EPS B with EPS C. As calculated from Equation (11), the outermost theoretical value of the percentage
change could be achieved as −18.55% (as d→∞). In practice, it is possible to get only −18.26% for
panels of the highest available thickness (0.30 m).

Finally, based on Equations (9) and (11), the additional analytical expression relating the thickness
reduction and the resistance gain can be rewritten as:

−
∆d

dB
=

0.001006
dB

∆R

RB
+ 0.8145 (12)

It is worthy to highlight that |−∆d/dB| , |∆R/RB|, so the relative resistance gain does not directly
determine the relative thickness reduction, especially for thicker EPS panels. If d = 0.30 m, then −∆d/dB

≈ 0.82 ∆R/RB. In other words, when considering EPS B and C, the relative thickness reduction |−∆d/dB|

may reach only 82% of the relative resistance gain, ∆R/RB, when increasing thickness up to 0.300 m.
When decreasing the EPS B panel thickness, this relation achieves equivalence, such that −∆d/dB ≈ 1.00
∆R/RB at the theoretical value d ≈ 0.005 m.

100



Materials 2020, 13, 2626

3.5. Micro-Raman Spectra of Tested Products

The Raman spectra were separately collected for the “white” part selected only from the “dotted”
EPS B and for the “grey” EPS C products. The “white” part (no black dotted isles) cut from the EPS B,
one may consider as the equivalent of “white” EPS material (pure). Raman spectra were registered for
two excitation wavelengths to distinguish phonon and luminescent peaks.

According to the above indicated, for the “white” EPS material (red lines in Figure 6a,b), without
GMP, in both Raman spectra, the bands characteristic for the pure polystyrene matrix were observed.
There are intensive phonon modes related to phenyl ring: ~650 cm−1, ~1100 cm−1, and ~1600 cm−1 and
hydrocarbon chain modes in the range of 2900–3000 cm−1 [56,57]. In low frequencies, below 200 cm−1,
an increasing band corresponding to the Boson peak was detected [58]. The bosonic peak is derived
from acoustic phonons and appears in glasses and amorphous materials, where the selection rules for
Raman scattering have been broken. It is observed as low-shaped, often asymmetrical, broad peak
occurring in the low frequency region of the Raman spectrum (below 200 cm−1).
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products. The 514 nm Ar-ion laser line was used as the excitation wavelength.

For the “grey” EPS C (black lines in Figure 6a,b), in both Raman spectra, a significant decrease in
Raman spectral intensity was observed. Such suppression of phonon spectra is usually associated
with structural deformation of the molecules or molecule chains, which results in transitions to more
disordered structural forms of polymer matrix [59]. The suppression effect was observed for both
optical and acoustic phonons for the polystyrene matrix with GMP. The attenuation of acoustic phonons
for the polystyrene matrix with GMP is indirectly visible due to the absence of boson peak in the
Raman spectrum. In polymeric insulation where there are no free to move carriers, the polymer matrix
thermal conduction is determined by phonons, especially by acoustic phonons. The fact that acoustic
and optical phonons are suppressed in the matrix with GMP results in lowering the matrix thermal
conduction and, thus, the total thermal conductivity of the EPS C insulation.

Moreover, the Raman spectra of the “grey” EPS C show a decrease in the background signal,
resulting from luminescence. Such a process may also indicate an increased electromagnetic radiation
absorption coefficient for graphite-containing EPS insulation.

It should be emphasized that Raman studies for the “grey” EPS C do not show graphite-specific
peaks. This is different than in the case of carbon nanotubes-containing polystyrene samples [60].
Therefore, the addition of GMP to the polystyrene matrix results in modified/disturbed matrix and the
EPS C cannot be treated as a simple mixture of polystyrene and graphite.
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3.6. Thermal Analysis of Tested Products

The TGA and DSC thermograms were separately collected for the “white” part selected only from
the “dotted” EPS B and for the “grey” EPS C products. One may consider the “white” part (no black
dotted isles) as the equivalent of “white” EPS material (pure).

According to the above indicated data, the TGA thermograms indicate an improvement on the
thermal stability of the “grey” EPS C compared with the “white” EPS material, as shown in Figure 7a,b.
The initial mass losses of 3% occurred as follows: 311 ◦C for the “white” EPS, 337 ◦C for the EPS
C, in the insulation samples with mass ranging between 1.994 and 1.968 mg, respectively. One may
attribute the considerable increase in thermal stability of the EPS C to homogenous GMP dispersion in
polystyrene matrix. Additionally, the presence of GMP impedes the burning process by reducing the
oxygen diffusion towards bulk. The resulting maximum degradation rates (calculated from percentage
mass change derivative) were as follows: 418.5 ◦C for the “white” EPS and 418.8 ◦C for the EPS C
samples. The mass loss of the insulation samples occurred at only one stage and finally reached at
550 ◦C as follows: 0.8% and 5.1%, respectively. Thus, the graphite content calculated as the difference
between the EPS C and “white” residue masses, 0.100 mg and 0.016 mg respectively, was up to 4.3% of
the total mass of the EPS C sample.
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EPS C (black lines) products.

During the first conventional DSC heating scan, the resulting midpoint of Tg was as follows:
107.8 ◦C for the “white” EPS material and 109.7 ◦C for the “grey” EPS C, in the insulation samples with
mass ranging between 2.274 and 2.248 mg, respectively. The melting temperature (Tcm), typical for the
crystalline phase, was not observed in the EPS C, even up to the degradation temperature occurring at
350 ◦C (see degradation onsets at 381 ◦C and 386 ◦C in Figure 7). In the case of the “white” EPS, one
may detect a small exothermic peak due to the cold crystallization at 194.5 ◦C and the melting peak at
Tcm = 282.9 ◦C; yet, the calculated crystallinity XC = 0.7%, was extremely low. The increase in Tg of
the EPS C can be explained, as the effect of intermolecular interactions between GMP and the closest
polystyrene matrix chains, thereby reducing the mobility of the polymer chains and thus increasing
the Tg value.

4. Discussion

4.1. Thermal Conductivity Analysis

4.1.1. Relationship between Thickness Effect and Density

For industrially produced “pure” EPS panels, the literature has reported that bulk density is
the dominant controlling variable determining the mechanical and thermal properties [54]. The λ(ρ)
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function has been observed in the range of 10–45 kg·m−3, where total thermal conductivity decreased
with increasing bulk density [6,27,37,41,43,54]. In particular, the coefficient λ can slightly decrease
from 0.041 to 0.038 W·m−1·K−1, whereas bulk density increases from 16 to 18 kg·m−3. The average
value <λA> ≈ 0.039 W·m−1·K−1 at <ρA> ≈ 17 kg·m−3 found in this study was in agreement with
the literature [37,43]. Furthermore, the average values for EPS B and C agreed with the literature as
well [42].

Comparing Figures 2 and 3, one may observe the impact of varying bulk density gradients
on thermal conductivity changing along thickness. The density function ρA(d), visibly “waving”
around its average level, <ρA>, seems to be synchronized with conductivity function, λA(d), which
simultaneously “waves” around its average level, <λA>, yet, opposite in phase (Figure 4b). In the case
of EPS B and C, λB(d) and λC(d) did not display such unsteadiness; instead, these materials revealed
more uniform packing of the EPS beads or better structural homogeneity (in terms of cell morphology
in the beads). These effects are understandable as, in practice, thermal conductivity (either corrected or
not) is the composite function λ of ρ versus d, such that:

λ(ρ, d) = (λ ◦ ρ)(d) = λ(ρ(d)) (13)

As reported in [37,43], the thickness effect is much more visible for very low bulk density “pure”
EPS than in greater density panels. The more significant the effect, the longer the curvature and the
further the thickness limit position dL, the value of which decreases as the bulk density increases.
The results for the EPS A and B panels were in good agreement with the literature, as dLA < dLB while
ρA > ρB (Tables 2 and 3). Yet, unlike the results explained in [37], the thickness effect may not have
originated from the experimental setup. According to [37], radiation can be blocked by reflection from
the colder black plate and might not be absorbed by a thinner “pure” EPS panel before returning to the
“hot” black plate; this was expected to reduce the electric power required by the heating system in
HFM and, hence, lower measured conductivity of the thermal insulation. Alternatively, in the light
of the relation (13), the thickness effect could be explained as a simple consequence of the structural
differences between the rough sample surface region (EPS panel interfacing with the “hot” or “cold”
HFM black plate) and the deeper bulk core region (of slightly lower bulk density). Thus, this effect,
which is common in lighter EPS products, may result from the density gradient (normal to the panel
surface). Moreover, it is due to conduction (of the matrix component), rather than radiation, which is
shown in Section 4.1.3.

4.1.2. GMP Effect

Another outcome from the literature is that, when comparing EPS foams with and without GMP,
the nearly constant levels reached by λ′(d) (as in Figure 4a) differ; furthermore, this difference is greater
with lower EPS density [37,43]. Dependence on GMP is also evident from Figure 4b, where the <λ>
level drops gradually with increasing GMP content. To understand the effect of GMP on the total
thermal conductivity levels, one may look at the impact of GMP on the individual components of
total thermal conductivity, which can be assumed to be additive. As air cannot flow through the
EPS closed-cell structure, the convection component can be neglected in this particular case [1,27].
Therefore, total thermal conductivity of the EPS should be resolved into its three main components:

- radiation (through both solid matrix and air),
- solid matrix conduction, and
- gas conduction (air thermal conductivity without radiation).

To this end, an interesting analysis was done by compilation and comparison of the experimental
results and data reported in the literature [42] (indicated in Table 4), by combining the HFM Fox 600
and Fox 314 measurements (with and without the two parallel 10 µm Al-foil layers at the bottom and
on the top of the sample). All EPS products were of comparable, very low bulk density, from 14.0 to
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15.0 kg·m−3. Figure 8 presents the combined data, together with an additionally simulated Al-foil
effect on EPS B and C.

Table 4. A brief comparison of EPS B and C (tested) with the corresponding EPS (“dotted” and “grey”)
from [42] (marked as literature data) and the list of HFM instruments with test setup and output data.

Low Industrial Concentration of GMP in the “dotted” EPS Materials

EPS Materials
“dotted” EPS (Adapted)—Literature Data [42]

“dotted” EPS B (Tested)—Measured and
Simulated Data

HFM FOX 314 HFM FOX 600
Without Al-foil With Al-foil Without Al-foil With Al-foil

HFM instrument and
test setup
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Figure 8. The effects of Al-foil and GMP on the thermal conductivity of EPS. The dotted squares and
black spheres show the apparent thermal conductivity λ′(d) at Tm = 10 ◦C for EPS B and C, respectively.
The crossed squares and circles show the simulated data of λ”(d) for EPS B and C with Al-foil. The solid
lines are plotted based on data from [42]. The thin and thick lines indicate tests with and without
Al-foil, respectively.

Based on this data set (Table 4) and the collected curves (Figure 8), one could carry out the
quantitative estimation of each thermal component contribution by applying the procedure described
in Supplementary Material part 3. The calculated results, in terms of percentage contributions, are listed
in Table 5 (for the first time) as well as visualized in Figure 9 for the tested EPS B and C, in terms of the
resolved components of total thermal conductivity.
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Table 5. Percentage contributions of the total thermal conductivity components (radiation, air
conduction, and polymer matrix conduction) presented for the apparent λ′(d) and corrected λ(d) (in
brackets). The calculated results compare EPS B and C (tested) with the corresponding EPS (“dotted”
and “grey”) from [42].

Radiation Air Conduction
Polymer Matrix

Conduction
Radiation Air Conduction

Polymer Matrix
Conduction

Contribution (%) Contribution (%)

Low Industrial Concentration of GMP in the “dotted” EPS Materials
Thickness

(m) “dotted” EPS (adapted)—Based on Literature Data [42]
“dotted” EPS B (tested)—Based on Measured and Simulated

Data (in Brackets Corrected below dLB = 0.060 m)

0.01 8.3 76.4 15.3 - - -
0.02 6.1 72.2 21.7 6.1 (10.8) 69.8 (66.3) 24.1 (22.9)
0.03 4.8 70.4 24.8 4.8 (7.4) 68.1 (66.2) 27.1 (26.4)
0.04 3.9 68.8 27.3 3.9 (5.4) 67.3 (66.2) 28.8 (28.4)
0.05 3.5 67.9 28.6 - - -
0.06 3.0 67.1 29.9 3.0 (3.9) 67.1 (66.4) 29.9 (29.7)
0.07 2.7 66.6 30.7 - - -
0.08 2.6 65.7 31.7 2.6 (2.6) 66.4 (66.4) 31.0 (31.0)
0.09 - - - - - -
0.10 2.3 64.9 32.8 2.3 (2.3) 66.5 (66.5) 31.2 (31.2)
0.11 - - - - - -

High Industrial Concentration of GMP in the “grey” EPS Materials
Thickness

(m)
“grey” EPS (Adapted)—Calculated Based on Literature

Data [42]
“grey” EPS C (Tested)—Calculated Based on Measured and

Simulated Data

0.01 0 84.7 15.3 0 – –
0.02 0 83.5 16.5 0 81.2 18.8
0.03 0 82.4 17.6 0 80.6 19.4
0.04 0 81.6 18.4 0 – –
0.05 0 81.4 18.6 0 80.3 19.7
0.06 0 80.6 19.4 0 – –
0.07 0 80.6 19.4 0 79.9 20.1
0.08 0 79.6 20.4 – – –
0.09 – – – – – –
0.10 0 79.3 20.7 0 ≈ 79.7 ≈ 20.3
0.11 – – – 0 79.6 20.4
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As can be seen from Table 5, the numerical change of each component (radiation, air conduction,
and matrix conduction) could be best observed for thicknesses from 0.01 to 0.10 m, simultaneously for
the two GMP industrial concentrations (EPS B and C tested or the corresponding EPS “dotted” and
“grey” from [42]). For thickness up to 0.10 m, the percentage contributions are shown, which describe
the evolution of all components of total thermal conductivity (before and after correction) versus
thickness and GMP content.

As one may notice from Table 5, the radiation contribution to the total thermal conductivity of
the “dotted” EPS from [42] decreased from 8.3% to 2.3%, whereas the matrix conduction contribution
increased from 15.3% to 32.8%, with thickness increasing from 0.01 to 0.10 m. Comparing the obtained
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percentage contribution at each thickness, it appears that the matrix conduction may play a greater
role than the radiation in the overall heat transport through EPS. For the “dotted” EPS panels of the
lowest thickness, the radiation contribution appeared to be no more than 8.3%, whereas the matrix
contribution result was 15.3%—nearly twice as big. On the other hand, in the thicker 0.10 m EPS
panels, the radiation contribution dropped down to 2.3% and the matrix contribution reached 32.8%,
such that the thicker sample had a much greater matrix contribution. For the EPS B tested panels,
similar trends can be observed.

For the “grey” EPS from [42], the radiation contribution was zero and the matrix contribution
revealed an increasing trend, from 15.3% to 20.7% (at the expense of the air contribution), with thickness
increasing from 0.01 to 0.10 m. For EPS C, the radiation contribution was also zero and the matrix
contribution revealed a similar increasing trend—from 18.8% to 20.5%—with thickness increasing from
0.02 to 0.11 m. For the EPS C tested panels, similar trends can be observed.

Thus, comparing from Table 5 (as mentioned above), the calculated results for the corresponding
EPS “dotted” and “grey” from [42] with EPS B and C, one may notice that there was a good agreement,
in terms of the observed trends and the calculated values.

Interestingly, it may be noticed from Figure 8 that, after applying Al-foil, the λ”dotted (or λ”B) did
not drop down to the λ”grey (or λ”C) level for any d. In order to explain the apparent gap between
the “grey” and “dotted” EPS material’s, i.e., the total thermal conductivity levels (both with Al-foil
and thus, without radiation), one must take into account the polymer matrix conduction component,
which, besides radiation, can also be reduced by the GMP. The latter fact seems to have been neglected
in the literature [42–50]. One may try to explain that the λ”dotted (or λ”B) may not have dropped
more, due to insufficient blocking (cutting off) of radiation by the Al-foil or by some “secondary”
radiation generated internally (some flux of the phonons could be converted into photons). Yet, one
must notice that the Al-foil emissivity value is no more than 0.04 and that above 96% of the photon
flux was reflected back by the upper Al-foil, either “primary” or “secondary”. Hence, the concept
of such “secondary” radiation cannot explain such an evident gap. Facing the facts that radiation
can be efficiently blocked by reflection from the Al-foil and that the conductivity gap appears, the
effect of GMP on the polymer matrix conduction becomes evident; that is, after addition of the GMP,
conduction of the polymer matrix is dramatically reduced. The latter effect is also visualized in Figure 9.
In particular, the absolute negative change in the matrix conductive component (e.g., from about 0.012
down to 0.006 W·m−1·K−1 at 0.10 m) can be one order of magnitude greater than the radiative one
(from about 0.001 down to 0.000 W·m−1·K−1 at 0.10 m).

As observed in Figure 9, the total thermal conductivity of the “grey” EPS C, relative to the “dotted”
EPS B, was reduced, which might be due to both the thermal radiation (through the whole foam) drop
and conduction (only through the polymer matrix with graphite, not air) drop. This might be caused
by several physical phenomena. In particular, the interfacial effects that are induced by incorporation
of the GMP at the highest concentration could be responsible [61–64]. From a microscopic view,
GMP is a specific opacifier of proper size (to prevent agglomeration), evenly distributed in the polymer
matrix and located between the solid (matrix) and gas (air) phase, hence forming additional interfaces
(GMP/air and GMP/matrix).

A question which arose was: why does GMP cause such a dramatic decrease in the thermal
conduction component of the polymer matrix, the lower-than-expected, when comparing the conduction
to radiation drop, observed in Figure 9, for both EPS-GMP industrial systems? First, phonons are
hindered at the GMP/air and matrix/GMP interfaces as well as at the GMP exterior and interior regions.
At the interfaces, they are either (strongly) scattered or (much less probable) blocked by reflection on
GMP. The presence of various scattering processes for phonons leads to a reduction in their lifetime
and thus, also to slow down the heat transport process taking place with their participation. At the
GMP exterior region, phonons can also be temporary blocked or delayed, due to the intermolecular
interactions between GMP and the closest polystyrene matrix chains causing modified/disturbed matrix,
as it results from the increase of Tg value (Section 3.6) and supressed Raman spectra (Figure 6). At the
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GMP interior region of high thermal capacity, further (strong) delay is caused by absorption–emission
in random direction (by the delocalized nonbonded electrons of the sp2 carbon atoms in GMP),
simultaneously to (rare) refraction of the phonons. The above may produce a local thermally isolative
barrier, increasing resistance. As a result, the presence of GMP significantly improves the insulating
qualities of EPS materials.

4.1.3. Further Explanation of the Thickness Effect

As mentioned above, the thickness effect can be related to bulk density [37,43], however, it is also
related to the GMP concentration changes. As shown in Figure 4a, the results for the EPS B and C were
in good agreement with the literature, as dLC < dLB, while the GMP concentration was greater in EPS
C than in EPS B at comparable bulk densities. The maximum of λ′C(d) differed from the minimum
value by only 2%, which indicates a dramatic reduction in the observable thickness effect due to the
addition of GMP. Other researchers have also found a negligible thickness effect in such “grey” EPS
C-like products [37,42,43].

On one hand, the thermal conductivity of “grey” EPS, λ′grey (or λ′C), almost does not depend
on thickness and, thus, practically does not reveal the thickness effect, whereas the conductivity of
“dotted” EPS, λ”dotted (or λ”B), even measured with Al-foil, still does cutting off radiation by Al-foil
did not remove the conductivity curvature (compare the curves for “dotted” EPS in Figure 8). Thus,
distributing GMP with a higher industrial concentration in the polymer matrix may significantly
reduce the thickness effect, as compared to the “pure” or “dotted” EPS with or without Al-foil.

On the other hand, applying Al-foil to the “grey” EPS practically did not cause any further
decrease in the measured thermal conductivity λ′grey (Figure 8). Therefore, GMP and Al-foil seem to
have a similar effect in terms of blocking the thermal radiation flux.

Besides the relation between density and the thickness effect, the above observations from the
experiment with Al-foil (which effectively blocks radiation though permitting conduction) suggest
that the thickness effect is caused by matrix conduction (increasing with depth when crossing the EPS
surface region of higher density) rather than radiation.

Thus, both observed phenomena—reduction of the thickness effect and the significant drop of
total thermal conductivity after addition of GMP—might be caused by a stronger decrease in polymer
matrix conduction (e.g., from about 0.012 to 0.006 W·m−1·K−1 at 0.10 m) than a decrease in the thermal
radiation component (0.001 to 0.000 W·m−1·K−1 at 0.10 m, based on Table 5 and Figure 9). Note that
radiation reveals a very poor contribution at the applied temperature difference.

Comparing the curves in Figure 9, the matrix conduction clearly reveals responsibility for the
observed thickness effect on the EPS thermal conductivity (i.e., the λ′B total and the EPS B matrix
conduction are convex, while the EPS B radiation component is concave). As also seen in Figure 9,
the EPS C matrix conduction component does not reveal the thickness effect at all. By this feature,
one may discover that GMP manifests a strong effect on the polymer matrix. This must be stronger
than the effect of the density gradient (normal to surface) as well as stronger than interfacial effect at
the EPS panel rough surface (matrix/air).

5. Conclusions and Evaluation

This study analyses heat transfer in practical closed-cell EPSs insulation. Some conclusions and
evaluation derived from the experimental and simulated findings are summarized below.

1. Initial testing of EPS product quality should be a homogeneity assessment, which can be based
either on bulk density or thermal conductivity measurements versus thickness. This is possible
due to the observed ρ(d) and corrected λ(d) synchronizing and the experimental relationship of
λ(ρ) between the density and corrected conductivity functions. Absence of data scattering and
constant level indicates good quality. The worst homogeneity was found for the “white” EPS A
product of poor quality, possibly due to recycling process used during production. The “dotted”
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EPS B and “grey” C products revealed good homogeneity. As the poor homogeneity may have a
great impact on all thermal measurements and material characteristics, the EPS A product had to
be excluded from further analysis.

2. The analysis and evolution of the total thermal conductivity components versus the EPS panel
thickness in the range of 0.02–0.1 m, for two different GMP concentrations (which are applied
industrially): low (“dotted”) and high (“grey”) were described. The EPS materials from which
the panels were made had comparable and very low bulk densities, from 14 to 15 kg·m−3.
The simulated data for the “dotted” EPS B and “grey” EPS C products are presented in Table 5
and plotted in Figure 8. The analysis was carried out by combining experimental measurements
(HFM Fox 600) and literature data (HFM Fox 314) [42]. Simulation of the thermal radiation
component was carried out through the above data processing, which was used to separate all
thermal conductivity components (radiation, air conduction, and matrix conduction), as plotted in
Figure 9. A lack of convection was assumed, due to the EPS closed-cell structure. The percentage
contributions of all thermal components were then calculated.

3. In EPS materials that differ in GMP concentration (“dotted” and “grey”), the percentage
contribution of the polymer matrix thermal conduction component and the thermal radiation
component in the total thermal conductivity vary with the thickness of the thermal insulating
layer in both product types. In detail, we noticed the following main points (Table 5):

a. In the “dotted” EPS B at the smallest panel thickness (up to the thickness limit value),
the thermal radiation component reached its highest percentage contribution in the total
heat transport. At the smallest thickness (of 0.02 m), the thermal radiation contribution
was 10.8% (corrected data in brackets). The thermal radiation contribution decreased
with an increase of the panel thickness. Above the thickness limit, the contribution of the
thermal radiation component was negligible and, at the highest available thickness of 0.1
m, it was only 2.3% (corrected data in brackets). On the contrary, the contribution of the
solid matrix thermal conduction component increased with an increase of panel thickness.
The contributions of the polymer matrix thermal conduction component were 22.9% and
31.2% (corrected data in brackets) for the 0.02 and 0.1 m panels, respectively; and

b. In the “grey” EPS C, regardless of the panel thickness, the thermal radiation component
was negligible. The percentage contribution of the polymer matrix thermal conduction
component was 18.8% in the 0.02 m panels. The contribution increased with thickness and
reached 20.4% at the highest panel thickness (0.1 m).

4. As resulted, adding GMP in high industrial concentrations as in “grey” EPS material may
force a change in the radiative–conductive heat transfer mechanism; yet, it does not cause a
perceivable decrease of the air conduction contribution. Based on the analysis results presented
in Table 5, unfortunately, the percentage contributions in both the “dotted” EPS B and “grey” C
products at the smallest panel thickness (0.02 m) can reach up to 70% and 81% and at the highest
panel thickness (0.1 m), to about 66% and 80%, respectively. In order to reduce air conduction
contribution, one may apply volume compression during foam manufacturing, as in the case of
XPS foam production [65]. Such volume compression may be realized in combination with cell
morphology regulation by altering the cell orientation (in one preferred spatial direction) and cell
anisotropy (of 3D form), as compared with substantially round celled materials [66]. Additionally,
one may reduce the cell size to obtain nanocellular PS foams [67,68].

5. The comparison of EPS materials (“dotted” and “grey”), regarding their distributions of percentage
contributions of thermal conductivity components (Table 5, e.g., the “dotted” EPS B and “grey” C
products) at the highest panel thickness (0.10 m), showed a dramatic effect of change in thermal
radiation, by nearly −100% (i.e., (0–0.023)/0.023 × 100%). Furthermore, the polymer matrix
thermal conduction was reduced strongly, by c.a. 35% (i.e., (0.203–0.312)/0.312 × 100%). One may
conclude that the incorporation of GMP implicates elimination of the thermal radiation. It also
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considerably weakens the polymer matrix thermal conduction, especially for large thickness
panels, as the contribution of the matrix conduction becomes substantial for panels above the
thickness limit. In general, the results indicate that the higher the thickness, the greater the
reduction effect of matrix thermal conduction.

6. The apparent evolution of all thermal conductivity components was found in the analysis, based
on measured and simulated data for EPS materials of two different GMP industrial concentrations
(“dotted” and “grey”). In order to confirm the observed effects, verification may be required in
terms of additional measurements. Yet, the trends revealed in this experiment are not expected to
radically change.

7. As shown in Figure 6, the GMP addition to the polystyrene matrix (as in “grey” EPS C) leads to
polymer matrix structural modification processes, resulting in significant attenuation of phonon
spectra characteristic of pure matrix (as in “white” EPS material). This directly supports the
observed drop in matrix thermal conduction component (Figure 9) and thereby explains the
decrease in total thermal conductivity of EPS insulation (Figure 8). It is well known that the
graphite’s thermal conductivity is very high. However, based on Raman spectra, we can conclude
that the addition of GMP does not lead to a simple mixture of graphite and polystyrene. In the
Raman spectrum of the matrix of the EPS C, there are no modes characteristic for graphite.
It should be assumed that we are dealing with particular intermolecular interactions between
graphite particles and polystyrene, leading to a structurally modified/disturbed polymer matrix.

8. The thermal isolation of required resistance can be designed, regarding EPS “grey”, rather than
EPS “dotted” or EPS “white” panels, of reduced thickness (0.18–0.30 m) and at comparable density
to EPS materials. In building practice, this means that the highest achievable reduction of at least
18.3% in the EPS insulating layer thickness is possible, referring to the thickest 0.30 m “dotted”
EPS B or even “white” EPS panels.
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The List of Symbols and Abbreviations

Symbols and
Abbreviations

Meanings Units

< . . . > – distinguishing symbol for a physical quantity averaged over thickness range
A – “white” (pure) EPS product, tested herein or elsewhere in literature
B – “dotted” EPS product, tested herein
dotted – “dotted” EPS product, tested elsewhere [42]
C – “grey” EPS product, tested herein
grey – “grey” EPS product, tested elsewhere [42]
C – correction parameter (Table 1) (W·m−1·K−1)
CEN – European Committee for Standardization
DSC – differential scanning calorimetry
TGA – thermogravimetric analysis
d – thickness (height) of the panel or sample

(m)
dA, dB, dC – thickness of the panel or sample referring to product A, B, or C, respectively
dmax – maximum permissible thickness of the sample assigned to the chamber of specified dimensions of the plate instrument (m)
dmin – minimum permissible thickness of the sample assigned to the chamber of specified dimensions of the plate instrument (m)
dL – the panel thickness limit of the R′ and λ′ (non-)linearity

(m)
dLA, dLB, dLC – the thickness limit referring to product A, B, or C, respectively
EPS/XPS – expanded/extruded polystyrene
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GFMs – gas-filled materials
GHP – guarded hot plate instrument
GMP – graphite microparticles
HFM – heat flow meter instrument
k – coverage factor used in statistical analysis
L – thickness effect parameter
µ-RS – micro-Raman spectroscopy
m – measured mass (kg)
NIMs – nanoinsulation materials
PCMs – phase change materials
PhF – phenolic foam
PIR – polyisocyanurate
PS – polystyrene
PUR – polyurethane
q – density of heat flux through an insulation panel (W·m−2)
R0 – extrapolated thermal resistance corresponding to panel thickness d = 0,

in particular referring to product A, B, or C, respectively (after correction) (m2·K·W−1)
R0A, R0B, R0C
R′0 – extrapolated thermal resistance corresponding to panel thickness d = 0, in particular referring to product A, B, or C,

respectively (before correction) (m2·K·W−1)
R′0A, R′0B, R′0C
R – corrected thermal resistance (obtained by converging the corrected λ for a given panel thickness d)

(m2·K·W−1)
RA, RB, RC – corrected thermal resistances referring to product A, B, or C, respectively
R′ – apparent thermal resistance (as measured for a given panel thickness d)

(m2·K·W−1)
R′A, R′B, R′C – apparent thermal resistance referring to product A, B, or C, respectively
RD – declared thermal resistance at Tm = 10 ◦C (assigned by a manufacturer to each panel of thickness d)

(m2·K·W−1)
RDA, RDB, RDC – declared thermal resistance referring to product A, B, or C, respectively
SIMs – super insulating materials
SRM – standard reference material
TDS – technical data sheet provided by the manufacturer
Tcm – crystalline melting temperature (◦C)
Tg – glass transition temperature (◦C)
Tm – average measurement (test) temperature (◦C)
U-value – thermal transmittance (overall heat transfer coefficient) (W·m−2·K−1)
VIMs – vacuum insulation materials
x, y – panel dimensions: length, width (m)
∆T – temperature difference between the “hot” and “cold” plates (◦C)
λ – corrected thermal conductivity coefficient (resulted after correction of λ′ for a given panel of thickness d)

(W·m−1·K−1)
λA, λB, λC – corrected thermal conductivity coefficient referring to product A, B, or C, respectively
λ′ – apparent thermal conductivity coefficient (as measured without Al-foil for a given panel thickness d)

(W·m−1·K−1)
λ′A, λ′B, λ′C,
λ′dotted, λ′grey

– apparent thermal conductivity coefficient for a given product (as measured without Al-foil)

λ” – apparent thermal conductivity coefficient (as simulated or measured with Al-foil for a given panel thickness d)
λ”A, λ”B, λ”C,
λ”dotted, λ”grey

– apparent thermal conductivity coefficient for a given product (as simulated or measured with Al-foil)

λD – thermal conductivity coefficient at Tm = 10 ◦C, as declared by a manufacturer (independent on thickness d)
(W·m−1·K−1)

λDA, λDB, λDC – declared thermal conductivity coefficient referring to product A, B, or C, respectively
λC

SRM – SRM thermal conductivity coefficient (given in the Certificate for Tm = 10 ◦C) (W·m−1·K−1)
λM

SRM – SRM thermal conductivity coefficient (measured with HFM FOX 600 at Tm = 10 ◦C) (W·m−1·K−1)
λt – thermal transmissivity, horizontal asymptote of λ(d), reciprocal gradient of the R(d) linear fit (after correction)

(W·m−1·K−1)
λtA, λtB, λtC – thermal transmissivity, referring to product A, B, or C, respectively
λ′t – thermal transmissivity, horizontal asymptote of λ′(d), reciprocal gradient of the R′(d) oblique asymptote (before correction)

(W·m−1·K−1)
λ′tA, λ′tB, λ′tC – thermal transmissivity referring to product A, B, or C, respectively
ρ – bulk density of polymeric insulation material (very low or low)

(kg·m−3)
ρA, ρB, ρC – bulk density value of product A, B, or C, respectively
ℑ – heat transfer factor, the effective conductivity coefficient (Supplementary Material part 1)

(W·m−1·K−1)
ℑA, ℑB, ℑC – heat transfer factor referring to product A, B, or C, respectively
Uncertainty

∆ – absolute error, accuracy or absolute change of a quantity
U(C) – expanded uncertainty of the correction parameter in the calculation of C (W·m−1·K−1)
U(d) – expanded uncertainty of the sample thickness measurement in HFM FOX 600 (m)
U(L) – expanded uncertainty of the thickness effect parameter calculation
U(m) – expanded uncertainty of the mass measurement (kg)
U(q) – expanded uncertainty of the heat flux density measurement (W·m−2)
U(x) or U(y) – expanded uncertainty of the x, y dimensions measurement (m)
U(∆T) – expanded uncertainty of the temperature difference measurement (◦C)
U(λ) – expanded uncertainty in determination of the thermal conductivity coefficient λ (W·m−1·K−1)
U(λ′) – expanded uncertainty in measurement of the thermal conductivity coefficient λ′ (W·m−1·K−1)
U(λ)/λ – relative expanded uncertainty in determination of the thermal conductivity coefficient λ (%)
U(λ′)/λ′ – relative expanded uncertainty in measurement of the thermal conductivity coefficient λ′ (%)

U(λC
SRM)

– expanded uncertainty in determination of the SRM thermal conductivity coefficient λC
SRM (given in the Certificate for

Tm = 10 ◦C)
(W·m−1·K−1)

U(λM
SRM)

– expanded uncertainty in measurement of the SRM thermal conductivity coefficient λM
SRM (measured with HFM FOX 600

at Tm = 10 ◦C)
(W·m−1·K−1)

U(ρ) – expanded uncertainty of the bulk density measurement (kg·m−3)
U(ρ)/ρ – relative expanded uncertainty of the bulk density measurement (%)
σ – standard deviation

110



Materials 2020, 13, 2626

References

1. Suh, K.W. Polystyrene and Structural Foam. In Handbook of Polymeric Foams and Foam Technology: Polystyrene

and Structural Foam, 2nd ed.; Klempner, D., Sendijarevic, V., Eds.; Hanser: Munich, Germany, 2004; pp. 189–225.
2. Pfundstein, M.; Gellert, R.; Spitzner, M.; Rudolphi, A. Detail Practice: Insulating Materials: Principles, Materials,

Applications, 1st ed.; Birkhäuser: Basel, Switzerland, 2008.
3. Gray, J.E. Polystyrene: Properties, Performance and Applications, 1st ed.; Nova Science Publishers Inc.: New York,

NY, USA, 2011.
4. Polystyrene. Available online: https://www.sciencedirect.com/topics/materials-science/polystyrene (accessed

on 1 September 2019).
5. Gibson, L.J.; Ashby, M.F. Cellular Solids: Structure and Properties, 2nd ed.; Gibson, L.J., Ashby, M.F., Eds.;

Cambridge University Press: Cambridge, UK, 1997.
6. Simmler, H.; Brunner, S.; Heinemann, U.; Schwab, H.; Kumaran, K.; Mukhopadhyaya, P.; Quénard, D.;

Sallée, H.; Noller, K.; Kücükpinar–Niarchos, E.; et al. Vacuum Insulation Panels. Study on VIP—Components
and Panels for Service Life Prediction of VIP in Building Applications (Subtask A), IEA/ECBCS Annex 39
HiPTI—High Performance Thermal Insulation (2005). Available online: https://www.osti.gov/etdeweb/
biblio/21131463 (accessed on 1 September 2019).

7. Jelle, B.P.; Gustavsen, A.; Baetens, R. The path to the high performance thermal building insulation materials
and solutions of tomorrow. J. Build. Phys. 2010, 34, 99–123. [CrossRef]

8. Fantucci, S.; Lorenzati, A.; Kazas, G.; Levchenko, D.; Serale, G. Thermal Energy Storage with Super Insulating
Materials: A Parametrical Analysis. Energy Procedia 2015, 78, 441–446. [CrossRef]

9. Al–Homoud, M.S. Performance characteristics and practical application of common building thermal
insulation materials. Build. Environ. 2005, 40, 353–366. [CrossRef]

10. Papadopoulos, M.A. State of the art in thermal insulation materials and aims for future developments.
Energy Build. 2005, 37, 77–86. [CrossRef]

11. Domínguez–Muñoz, F.; Anderson, B.; Cejudo–López, J.; Carrillo–Andrés, A. Uncertainty in the thermal
conductivity of insulation materials. Energy Build. 2010, 42, 2159–2168. [CrossRef]

12. Jelle, P.B. Traditional, state–of–the–art and future thermal building insulation materials and solutions—
Properties, requirements and possibilities. Energy Build. 2011, 43, 2549–2563. [CrossRef]

13. Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the Energy Performance
of Buildings. Available online: https://eur-lex.europa.eu/legal-content/en/TXT/?uri=celex%3A32010L0031
(accessed on 1 September 2019).

14. Chung, D.D.L. Review Graphite. J. Mater. Sci. 2002, 37, 1475–1489. [CrossRef]
15. Muzyka, R.; Drewniak, S.; Pustelny, T.; Chrubasik, M.; Gryglewicz, G. Characterization of Graphite Oxide

and Reduced Graphene Oxide Obtained from Different Graphite Precursors and Oxidized by Different
Methods Using Raman Spectroscopy. Materials 2018, 11, 1050. [CrossRef] [PubMed]

16. Jara, A.D.; Betemariam, A.; Woldetinsae, G.; Kim, J.Y. Purification, application and current market trend of
natural graphite: A review. Int. J. Min. Sci. Technol. 2019, 29, 671–689. [CrossRef]

17. Causin, V.; Marega, C.; Marigo, A.; Ferrara, G.; Ferraro, A. Morphological and structural characterization of
polypropylene/conductive graphite nanocomposites. Eur. Polym. J. 2006, 42, 3153–3161. [CrossRef]

18. Tu, H.; Ye, L. Thermal conductive PS/graphite composites. Polym. Adv. Technol. 2009, 20, 21–27. [CrossRef]
19. Glueck, G.; Batscheider, K.-H.; Riethues, M.; Schmitt, H. Polystyrene Foam Beads, Useful for the Production

of Drainage Sheets for Cellar and Structural Walls. DE 19828250A1. 30 December 1999. Available
online: https://worldwide.espacenet.com/patent/search/family/007871933/publication/DE19828250A1?q=
DE%2019828250A1 (accessed on 1 September 2019).

20. Glueck, G.; Hahn, K.; Batscheider, K.-H.; Naegele, D.; Kaempfer, K.; Husemann, W.; Hohwiller, F. Method for
Producing Expandable Styrene Polymers Containing Graphite Particles. US6130265A, 10 October 2000.

21. Glück, G.; Hahn, K.; Kaempfer, K.; Naegele, D.; Braun, F. Expandable Styrene Polymers Containing Graphite
Particles. US6340713B1, 22 January 2002.

22. Gluck, G. Expandable Styrene Polymers Containing Carbon Particles. US20040039073A1, 26 February 2004.
23. Datko, A.; Hahn, K.; Allmendinger, M. Expanded Styrene Polymers Having A Reduced Thermal Conductivity.

US8173714B2, 8 May 2012.

111



Materials 2020, 13, 2626

24. Zhang, C.; Li, X.; Chen, S.; Yang, R. Effects of polymerization conditions on particle size distribution in
styrene-graphite suspension polymerization process. J. Appl. Polym. Sci. 2016, 133, 44270. [CrossRef]

25. Kondratowicz, F.L.; Rojek, P.; Mikoszek-operchalska, M.; Utrata, K. Combination of Silica and Graphite
and Its Use for Decreasing the Thermal Conductivity of Vinyl Aromatic Polymer foam. US20180030231A1,
1 February 2018.

26. Hohwiller, F. Neopor ®, A New EPS-Generation. In Proceedings of the Conference Particle Foam 2000,
Wiesloch, Germany, 10–11 May 2000; p. 169. Available online: https://www.tib.eu/de/suchen/id/TIBKAT%
3A312103158/Particle-foam-2000/ (accessed on 1 September 2019).

27. Schellenberg, J.; Wallis, M. Dependence of Thermal Properties of Expandable Polystyrene Particle Foam on
Cell Size and Density. J. Cell. Plast. 2010, 46, 209–222. [CrossRef]

28. ISO:EN 8301:1991 Thermal insulation–Determination of Steady–State Thermal Resistance and Related
Properties–Heat Flow Meter Apparatus. Available online: https://www.iso.org/standard/15421.html (accessed
on 1 September 2019).

29. ISO:EN 8301:2010 Amendment 1 Thermal insulation–Determination of Steady—State Thermal Resistance and
Related Properties—Heat Flow Meter Apparatus. Available online: https://www.iso.org/standard/15421.html
(accessed on 1 September 2019).

30. EN 1946-3:1999 Thermal Performance of Building Products and Components—Specific Criteria for the
Assessment of Laboratories Measuring Heat Transfer Properties—Part 3: Measurement by Heat Flow Meter
Method. Available online: https://shop.bsigroup.com/ProductDetail?pid=000000000019973656 (accessed on
1 September 2019).

31. CEN:EN 13172:2012 Thermal insulation Products–Evaluation of Conformity. Available online:
https://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT,FSP_ORG_ID:34678,6071&cs=
1AE67E7D596D1D5F55D18830615383105 (accessed on 1 September 2019).

32. CEN:EN 13163:2012 and CEN: EN 13163:2008 Thermal Insulation Products for Buildings—Factory Made
Expanded Polystyrene (EPS) Products–Specification. Available online: https://standards.cen.eu/dyn/www/f?
p=204:110:0::::FSP_PROJECT,FSP_ORG_ID:62941,6071&cs=13DF8DF21FF2A47C751908A6DC15AFAA4
(accessed on 1 September 2019).

33. ISO:EN 9288:1996 Thermal Insulation—Heat Transfer by Radiation—Physical Quantities and Definitions
(ISO 9288:1989). Available online: https://www.iso.org/standard/16943.html (accessed on 1 September 2019).

34. Tleoubaev, A. Conductive and Radiative Heat Transfer in Insulators, TA Instruments Portal.
Available online: http://www.tainstruments.com/pdf/literature/Conductive%20and%20Radiative%20Heat%
20Transfer%20in%20Insulators.pdf (accessed on 1 September 2019).

35. CEN:EN 12939:2000 Thermal Performance of Building Materials and Products—Determination of Thermal
Resistance by Means of Guarded Hot Plate and Heat Flow Meter Methods—Thick Products of High and
Medium Thermal Resistance. Available online: https://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_
PROJECT,FSP_ORG_ID:2296,6072&cs=1745C3AD11A87A7F7BC47527DA6D98D88 (accessed on 1 September
2019).

36. CEN:EN 12667:2001 Thermal Performance of Building Materials and Products—Determination of Thermal
Resistance by Means of Guarded Hot Plate and Heat Flow Meter Methods—Products of High and Medium
Thermal Resistance. Available online: https://standards.cen.eu/dyn/www/f?p=204:110:0::::FSP_PROJECT,
FSP_ORG_ID:2314,6072&cs=1D562318E1F7D2D1B6702D7070657863D (accessed on 1 September 2019).

37. Firkowicz–Pogorzelska, K. Transport ciepła przez promieniowanie w lekkich materiałach
termoizolacyjnych/in Polish/, Materiały konferencyjne. In Proceedings of the VI Ogólnopolska Konferencja
Naukowo–Techniczna Energodom 2002. Problemy projektowania, realizacji i eksploatacji budynków o
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Abstract: The pursuit of polymer parts produced through foam injection moulding (FIM) that have
a comparable surface roughness to conventionally processed components are of major relevance
to expand the application of FIM. Within this study, 22% talc-filled copolymer polypropylene (PP)
parts were produced through FIM using both a physical and chemical blowing agent. A design
of experiments (DoE) was performed whereby the processing parameters of mould temperatures,
injection speeds, back-pressure, melt temperature and holding time were varied to determine their
effect on surface roughness, Young’s modulus and tensile strength. The results showed that mechanical
performance can be improved when processing with higher mould temperatures and longer holding
times. Also, it was observed that when utilising chemical foaming agents (CBA) at low-pressure,
surface roughness comparable to that obtained from conventionally processed components can be
achieved. This research demonstrates the potential of FIM to expand to applications whereby weight
saving can be achieved without introducing surface defects, which has previously been witnessed
within FIM.

Keywords: polypropylene; talc; TecoCell®; MuCell®; foam injection moulding

1. Introduction

Recent demands from lowering polymer consumption and making lightweight parts has seen
the rise of foam injection moulding (FIM) through different foaming techniques [1–3]. FIM can be
performed through either physical blowing agents (PBA) or chemical blowing agents (CBA) [4]. PBA is
used by injecting a super critical gas through the moulding barrel while the polymer is being metered,
in order to form a single-phase solution [5]; whilst CBA are added to the parent material in small
amounts prior to processing [6]. The introduction of FIM does result in component weight saving,
however it also lowers the mechanical properties and introduces the surface defect of swirl marks [7].
The swirl marks can be attributed to the mould being filled by the polymer/gas solution. In particular,
cell nucleation has been initiated at this stage due to the rapid pressure drop at the injection point.
Following this, the fountain flow affect freezes and stretches the cells at the mould/polymer interface
resulting in swirl marks [8].

Traditionally, FIM removes the packing phase which is witnessed in conventional injection
moulding (IM). This is removed as essentially the packing phase is completed by the foaming of
the polymer. This method is referred to as low-pressure FIM and it was the original technique used
when the technology was first developed [9]. The technique has introduced weight savings of up to
15% within thermoplastics such as polypropylene (PP) [10]. At present, this technique is the most
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utilised in an industrial capacity, however recent developments in alternative techniques have seen the
position challenged.

Recent developments in FIM have seen the introduction of high-pressure processing. During
high-pressure processing, the packing phase is not removed from the conventional IM process, but
instead reduced or kept constant. Like low-pressure FIM, the single-phase solution begins to nucleate
during the filling stage of the injection cycle through pressure changes. However, the introduction
of the packing stage causes the pre-nucleated cells to re-dissolve back into the melt. This occurs if
the packing pressure is kept above the solubility pressure of the PBA, the pre-nucleated cells can
be re-dissolved into the polymer and nucleated in situ within the mould [11]. Finally, the holding
pressure is stopped, and the cells nucleate through either thermal shrinkage through normal cooling or
by a secondary pressure drop; usually by mould opening [12]. Although the resulting part weight
reductions cannot meet the level of low-pressure FIM, the technique has been shown to improve the
cellular properties [11,12].

The use of semi-crystalline polymers, such as PP, are extensively used within the plastics industry
due to their high thermal stability, moisture resistance, excellent chemical and corrosion resistance,
ease of processability and low density [13]. However, with the additional functionality requirements in
recent years, it is becoming more difficult to use PP in its neat state. Instead, fillers are added to increase
structural properties [14]. Moreover, unfilled PP experiences poor foaming behaviour due to it being a
linear hydro-carbon polymer which has poor melt strength and low viscoelastic properties, leading
to cell coalescence and resulting in poor cellular structures [15–17]. Therefore, fillers such as silica,
carbon black, calcium carbonate and talc have all been included in the FIM of polymers with poor
foaming properties to improve the isothermal crystallisation process which improves the nucleation
and resulting cellular structures [18–20].

Within the current knowledge base, limited work has been performed on the effect of high-pressure
FIM on the resulting mechanical properties and the surface roughness of the final part. Shaayegan et al.
investigated high-pressure foaming, whereby cellular properties were dramatically increased if the
mould opening is utilised to initiate a secondary pressure drop [21]. Further research has demonstrated
that with an increase in packing time from 4 s to 8 s in FIM, polystyrene (PS) with CO2 as the blowing
agent caused the average cell size to drop and cell density to increase [22]. In addition, it has been
proven that through high pressure FIM, nano cellular structures are obtainable [23–25]. Costeux
has highlighted the levels at which nanofoams have been produced in recent years within the foam
industry [26]. In a further study, Ameli et al. achieved a minimum cell size of 70 nm and maximum cell
density of 2 × 1014 with a PP/Multi-Walled Carbon Nanotubes mixture [27]. However, most of these
studies are through laboratory-based procedures, such as batch foaming, and have yet to be achieved
through industrial foaming routes, like injection moulding.

Obtaining FIM parts that have comparable surface roughness as their conventionally processed
solid counterpart has been investigated. In particular, various methods to improve these surface
finish defects have been attempted through co-injection moulding [28], gas counter pressure [29] and
vario-thermal moulding [30,31]. All process variants have shown to improve the FIM parts surface
appearance. However, the improvement in surface finish has introduced detrimental effects with
regards to cycle time and environmental aspects. Therefore, these technologies have seen limited
impact within an industrial context and have led researchers to continue the pursuit of improvements
in surface finish when processing through FIM.

Lee et al. have achieved near perfect surface finish polyethylene (PE) parts with FIM. This was
achieved by optimising processing whereby 0.173 wt.% of supercritical N2 is applied [32]. More recently,
Guo et al., proposed that through in-mould decoration, foamed PP could be produced that had the same
surface appearance as solid parts [33]. In another study, Wang et al. used a multi stage process to create
a defect-free surface with a nanocellular microstructure through incorporating polytetrafluoroethylene
(PTFE) into the PP matrix through in situ nanofibrillation [23]. Although research in FIM has advanced
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greatly in recent years, there is yet to be a study that has demonstrated that FIM can achieve surface
roughness comparable to conventional IM when moulding components in PP with high weight savings.

In this research, a 22% talc-filled PP was processed initially through conventional injection
moulding (IM) then produced using variations of FIM process. For the PBA, super critical N2 was used
(through the MuCell® system) and the CBA used was TecoCell®H1. In addition, for the FIM processing
a design of experiment (DoE) varying the 5 main processing parameters of mould temperature, injection
speed, back-pressure, melt temperature and holding time were performed to investigate the effect of
varying processing parameters on the resulting tensile strength and surface roughness.

2. Materials and Methods

2.1. Materials

This research has used a commercial grade copolymer polypropylene (PP), synthesised with 22%
talc and black masterbatch as the base material. It has a melt flow rate (MFR) of 35 g/10 min and a
density (ρ) of 1.05 g/cm3. The pressure-volume-temperature (PvT) data of this polymer can be seen in
Figure 1.

 

ρ

Figure 1. Pressure-Volume-Temperature data of the copolymer polypropylene used in this research.

For the CBA experiments, an endothermic CBA was used: TecoCell® H1 (Trexel GmbH,
Gummersbach, Germany), which was added to the base material. This CBA creates an endothermic
reaction when heated within the injection moulding barrel above 200 ◦C; between monosodium citrate
(C6H7NaO7) and calcium carbonate (CaCO3) [6]; releasing carbon dioxide (CO2) into the IM barrel.

For the PBA experiments, a gas dosing unit (T100, Trexel GmbH, Gummersbach, Germany) was
used with nitrogen (N2) of 99.998% purity, to produce MuCell® injection moulded parts. For all of the
experiments performed in this research, the polymer was dried for 4 h at 80 ◦C prior to processing. In
each moulding cycle, 2 tensile bars complying to type A1 within BS EN ISO 2073:2014 were produced
(Figure 2) and mould layout can be seen in the authors’ previous publication [19]. The Injection
Moulding machine used for this research was a 40 mm screw diameter IM machine (e-Victory 120,
ENGEL, Warwick, UK); with a maximum clamping force of 1200 kN.

 

ρ

Figure 2. Moulded part geometry, thickness is 4 (dimensions in millimetres).
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2.2. Experimental Procedure

To evaluate the resulting tensile strength and surface roughness when using a PBA, a full 25

factorial DoE was used by varying the mould temperatures, injection speeds, barrel back-pressure,
melt temperature and injection packing time (factorial design Table A1, maximum and minimum
values displayed in Table 1).

Table 1. 25 Full factorial design of experiment (DoE).

Input Variable −1 0 1

Mould Temperature (◦C) 25 57.5 90
Injection Speed (mm/s) 100 183.9 267.8
Back-Pressure (MPa) 12 14 16

Average Melt Temperature (◦C) 155 207.5 260
Holding Time (s) 0 3.5 7

Similar to other research, preliminary experiments were performed to obtain the maximum
and minimum input values when utilising a PBA [34]. The ‘1’ values shown Table 1 for mould
temperature and injection speeds are limited to the equipment available, while the other maximum
values are limited by the polymer. The ‘−1’ values for all the parameters were limited by the polymer;
recommended by the material supplier. Also, conventional injection moulded parts were moulded
as an experimental reference in terms of the weight savings of the foamed parts. The target weight
savings of the final parts in relation to the conventional IM, were 12.6% and 8.8% for the 0 s and 7 s
holding time, respectively. For all experiments the clamping force was kept consistent at 1000 kN.
In addition, for the PBA experiments 40 mg of supercritical N2 was used. All of the experiment settings
were repeated 25 times to ensure the process was repeatable; of which 5 of these samples were tested at
random all testing procedures used in this research,

Following the characterisation of the optimum processing condition for minimum achievable
surface roughness when utilising a PBA, the same parameters were used for the CBA experiments.

2.3. Characterisation Methods

2.3.1. Tensile Properties

Tensile tests were performed on a mechanical testing unit (H25 KS, Hounsfield, Surrey, UK) with
BS EN ISO 527–1:2012 compliance, to obtain the maximum stress and subsequently to calculate the
Young’s modulus (E). The ultimate tensile stress (Su) was obtained by dividing the maximum force
value by cross-sectional area. While the Young’s modulus (E) was obtained by taking the strain values
between 0.0005 and 0.0025, collected using an axial extensometer (3542, Epsilon, WY, USA), and using
the chord slope method of the stress obtained from the force values within this range. This was run
using 1 mm/min until a strain of 0.0025 had been met, then increased to 10 mm/min until fracture.

2.3.2. Part Surface Roughness

The resulting surface characteristics were quantified through surface roughness measurements.
This was completed using a surface profilometer (Dektak 150, Veeco UK, St. Ives, UK) using 4 mg
of force along 10 mm (L) with the resulting height being y. The calculated surface roughnesses were
the arithmetical average deviation from the mean line (Ra), and the root mean squared value of the
roughness (Rq); seen below in Equations (1) and (2), respectively.

Ra =
1
L

x=L
∫

x=0

∣

∣

∣y
∣

∣

∣ dx (1)
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Rq =

√

√

√

√

√

√

x=L
∫

x=0

y2(x) dx (2)

3. Results and Discussion

Initially within this section the main findings from the DoE activities for the processing with a PBA
are presented. Then, the results from the two CBAs are compared to the best surface finish appearance
PBA parts and the conventionally moulded parts. The DoE data is presented as simplified regression
models using the analysis of variance (ANOVA) model. This is a method to identify which of the
processing parameters have the highest statistical influence on the process. The values are generated
using the experimental values in a sum of squares and divided by the numbers of degrees of freedom
of each error: the variance for each parameter is then compared with the variance of the error [35]. This
DoE data is also shown in interaction plots; whereby the input processing parameters are compared
against each other to determine whether there is an interaction between processing parameters which
alter the final results [36]. Finally, the regression models derived from the DoE data can be seen in
Table A2 in Appendix A.

3.1. Tensile Strength

3.1.1. Modulus of Elasticity (E)

Figure 3 displays the resulting mean Young’s modulus (E) against the five variable processing
parameters from the DoE: mould temperature, injection speeds, back-pressure, melt temperature and
holding time.
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Figure 3. Main effects plot for the mean Young’s modulus (E) results from the DoE.

The DoE results for the Young’s modulus clearly identify the effect of each of the five input
processing parameters. In particular, with increasing mould temperature and holding time, the Young’s
modulus of the part increases. However, with an increase in the injection speed, back-pressure and
melt temperature, the Young’s modulus reduces. The most significant input processing parameter
on the resulting Young’s modulus is that of mould temperature, a range of 116.7 MPa while the least
significant input processing parameter range is 7.6 MPa from the melt temperature. The information
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within Table 2 confirms the viability of this data with a P-value below 0.05; showing that the confidence
level of this parameter having an effect on the outcome being highly significant [37].

Table 2. Analysis of variance model for Young’s modulus against processing parameters.

Source df Sum of Squares Mean Squares F-Value p-Value

Model 9 187,000 20,778 14.18 0.000
Linear 5 138,934 27,787 18.97 0.000

Mould Temperature 1 114,005 114,005 77.83 0.000
Injection Speed 1 11,190 11,190 7.64 0.011
Back-Pressure 1 27 27 0.02 0.893

Melt Temperature 1 1444 1444 0.99 0.331
Holding Time 1 12,268 12,268 8.37 0.008

2-Way Interactions 4 48,066 12,016 8.2 0.000
Injection Speed ×Melt Temperature 1 12,591 12,591 8.6 0.007

Injection Speed × Holding Time 1 11,461 11,461 7.82 0.010
Back-Pressure ×Melt Temperature 1 7558 7558 5.16 0.033
Melt Temperature × Holding Time 1 16,456 16,456 11.23 0.003

Residual 23 33,692 1465
Curvature 1 0 0 0.00 0.994
Lack-of-Fit 22 33,692 1531

Total 32 220,692

Within this research, all tensile strength factors and interactions with a P-value lower than that of
the confidence level (α = 0.05) are deemed significant. Therefore, they are seen to have a great effect on
the response when the testing level is moved from low to high or vice versa [38].

The data in Table 2 display the significant data from the analysis of variance model which shows
all of the input processing parameters, along with any other interaction between these parameters
which show a P-value lower than 0.05. The data validates the analysis from Figure 1 that the mould
temperature is the most significant variable as it has a very low P-value of less than 0.001. The only
significant factors were that of 2-way interactions; with 3- to 5-way interactions having very high P
values and hence, not being of any significance. Holding time and injection speed were the other
2 variables that showed significant effects with p-values of 0.003 and 0.011, respectively. Finally, as
shown in both Table 2 and Figure 3, the least significant variables were those of back-pressure and melt
temperature with p-values of 0.893 and 0.331, respectively. As for the 2-way interaction plots, the most
significant was that of melt temperature with holding time, followed closely by that of injection speed
with melt temperature. Injection speed combined with holding time also showed significance effects,
along with back-pressure combined with melt temperature.

It is plausible that mould temperature having such a large effect on the Young’s modulus can be
attributed to the presence of shish-kebab microstructures typically witnessed at higher cooling rate in
the sample interior as it inhibits the relaxation of the crystalline structure prior to crystallisation [39].

3.1.2. Ultimate Tensile Strength (Su)

Figure 4 shows the results of the ultimate tensile strength (Su) from the DoE of the PBA.
Unlike Figure 3, the mean Su data shows a weaker trend, compared to the Young’s Modulus data,

due to the input processing parameters due to the midpoint DoE processing setting being 15.64 MPa;
a higher mean value than all the processing parameters. However, the increase and decrease trends are
in line with Young’s modulus data. In particular, mould temperature and holding time increase the
mean Su whilst injection speed, back-pressure and melt temperature reduce Su. However, the input
processing parameter setting with the greatest effect on the Su, are that of the melt temperature with
0.85 MPa. Table 3 confirms the observation as the P-value of this processing parameter is close to 0:
showing a great significance on the Su.
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Figure 4. Main effects plot for the mean maximum tensile strength (Su) results from the DoE.

Table 3. Analysis of variance linear model for ultimate tensile strength against processing parameters.

Source df Sum of Squares Mean Squares F-Value p-Value

Model 7 9.5998 1.3714 31.07 0.000
Linear 5 8.4735 1.69469 38.39 0.000

Mould Temperature 1 0.0107 0.01068 0.24 0.627
Injection Speed 1 0.3843 0.38433 8.71 0.007
Back-Pressure 1 0.0369 0.03691 0.84 0.369

Melt Temperature 1 5.9321 5.9321 134.38 0.000
Holding Time 1 2.1094 2.10944 47.78 0.000

2-way interactions 1 0.7347 0.73466 16.64 0.000
Melt Temperature × Holding Time 1 0.7347 0.73466 16.64 0.000

Curvature 1 0.3917 0.39165 8.87 0.006
Residual 25 1.1036 0.04415

Total 32 10.7034

It has been previously reported that excessive melt temperatures of the single-phase solution
causes excessive growth of cells, leading to poor cell microstructure and hence, a lower mechanical
strength [40]. This is evident with this research and highlights the importance of cooling rates with
FIM for tensile strength.

3.2. Part Surface Roughness

The main effects plot for the mean Ra values from the DoE can be seen in Figure 5.
As the mould temperature increases from 25 ◦C to 90 ◦C, the mean Ra also increases from 0.819 µm

to 1.550 µm. This result can be explained whereby the higher mould temperatures delay the formation
of the frozen front; hence the polymer/gas solution continues to nucleate towards the moulding surface
causing a pitted surface which causes an increase in surface roughness. A further explanation is
that this is post-blow: whereby the gas diffuses out of the part after the moulding process as the
polymer continues to balance its thermodynamic boundaries [41,42]. Furthermore, when injection
speed is increased from 100 mm/s to 267.8 mm/s, the mean Ra decreased from 1.297 µm to 1.072 µm.
This reduction in surface roughness with an increase in injection speed can be attributed to the cavity
being filled earlier hence the frozen layer may have started to freeze thus mitigating the polymer/gas
solution from reaching the moulding surface [43,44]. When processing with a higher melt temperature,
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the Ra decreased from 1.324 µm to 1.045 µm. The processing parameters with the least effect on the
mean Ra are the back-pressure and the holding time, whereby a contribution of 0.035 µm and 0.032 µm
respectively were witnessed on the resulting moulding components. Tables 4 and 5 show the analysis
of variance model results for the Ra and Rq respectively.
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Figure 5. Main effects plot for the Ra results from the DoE.

Table 4. Analysis of variance linear model for Ra against processing parameters.

Source df Sum of Squares Mean Squares F-Value p-Value

Model 4 7,334,374 1,833,593 2.01 0.12
Linear 3 4,691,865 1,563,955 1.72 0.186

Mould Temperature 1 4,277,081 4,277,081 4.7 0.039
Injection Speed 1 404,925 404,925 0.44 0.51
Back-pressure 1 9858 9858 0.01 0.918

2-Way Interactions 1 2,642,509 2,642,509 2.9 0.1
Injection Speed × Back pressure 1 2,642,509 2,642,509 2.9 0.1

Residual 28 25,507,360 910,977
Curvature 1 0 0 0 1
Lack-of-Fit 27 25,507,359 944,717

Total 32 32,841,733

Table 5. Analysis of variance linear model for Rq against processing parameters.

Source df Sum of Squares Mean Squares F-Value p-Value

Model 4 12,792,135 3,198,034 2.31 0.082
Linear 3 8,473,030 2,824,343 2.04 0.13

Mould Temperature 1 7,381,443 7,381,443 5.34 0.028
Injection Speed 1 1,046,061 1,046,061 0.76 0.392
Back Pressure 1 45,527 45,527 0.03 0.857

2-Way Interactions 1 4,319,105 4,319,105 3.13 0.088
Injection Speed × Back Pressure 1 4,319,105 4,319,105 3.13 0.088

Residual 28 38,689,194 1,381,757
Curvature 1 1523 1523 0 0.974
Lack-of-Fit 27 38,687,671 1,432,877

Total 32 51,481,329

Again, the p-values for each source are similar on both tables; with the mould temperature having
the most significance with 0.039 and 0.028, respectively; the only processing parameters that have
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a major significance (<0.05) on the part surface. The melt temperature and holding time p-values
demonstrate that they have a negligible effect on the resulting surface roughness. Furthermore, from
the results obtained from the linear model, none of the 2- to 5-way interactions have any significance
on the Ra and Rq values. However, when considering the significance of a 2-way interaction, injection
speed and back-pressure had p-values of 0.1 and 0.088 respectively.

The root mean squared height deviation (Rq) of the DoE for PBA is presented in Figure 6, whereby
the data corresponds to the results presented in Figure 5 except for the mid-point DoE setting not
lying on the trend line. However, all the processing parameters have the same effect, with the mould
temperature having the greatest effect on the Rq and the back-pressure and holding time having
negligible effect.
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Figure 6. Main effects plot for the Rq results from the DoE.

The Ra and Rq values of the conventionally moulded part were 0.367µm and 0.439µm, respectively.
As seen in Figures 5 and 6, many of the mean results from the DoE when processing with FIM yield
higher surface roughness profiles. The fast injection speeds typically applied in FIM aided in reducing
surface roughness as the resulting filling time is reduced and, therefore, allows the cells to nucleate
earlier during the filling stage [10]. The mould temperature had a large effect on the surface profiles
as this alters the crystallisation of the polymer/gas solution. With a higher mould temperature, this
increases the cooling rate (due to further time required in order to meet the crystallisation temperature),
and hence cause different cellular microstructures [32].

3.3. Comparison of Physical Blowing Agents to Chemical Blowing Agents

Previous work performed by Llewelyn et al. showed that with unfilled and talc-filled PP, superior
mechanical properties were witnessed in parts processed with CBA [19]. This trend continues, as shown
Figure 7.

For the CBAs, the processing parameters that resulted in the lowest Ra and Rq were then used to
create FIM parts through a CBA using no holding pressure and holding pressure with 1 wt.%. The main
reason why the chemically foamed parts result in higher E and Su values, are due to the thicker skin
wall and can be correlated to the modelling theory derived by Xu and Kishbaugh where a thicker skin
results in a stronger tensile and flexural part [45]. The physically foamed parts without/with holding
pressure in Figure 7 have a skin thickness (Tw) of 549 µm and 394 µm, respectively. The thinnest Tw

exhibited in the chemically foamed parts is 775 µm while the thickest is 1060 µm.
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Figure 7. (a) Young’s modulus (E) and (b) ultimate tensile strength (Su) data of a physical blowing
agent (PBA) compared to a similarly processed chemical blowing agent (CBA).

The mean Ra and Rq values for the chemically foamed parts are shown in Figure 8. From the
results it can be concluded that when processing with a CBA the addition of holding pressure does not
lead to any improvement in surface roughness. Also, the results demonstrate that with the addition of
CBA when processed with low pressure, surface roughness can be achieved that ae directly comparable
to conventionally moulded parts.

 

 

 

Figure 8. (a) Ra and (b) Rq data of a physical blowing agent compared to a similarly processed chemical
blowing agent.

Figure 9 shows a visual representation of the parts compared in this section of the research.
The parts foamed through the PBA are distinct as they have a much greyer appearance than the other
parts; a regular problem exhibited through the PBA. Finally, the parts foamed using the CBA can be
seen to have a similar appearance to conventionally moulded part. This is confirmed by the surface
roughness measurements as the conventionally moulded parts have an average Ra and Rq of 0.367 µm
and 0.439 µm, while the CBA parts (low-pressure foaming), have 0.299 µm and 0.434 µm, respectively.
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Figure 9. Visual comparison between the conventional, PBA and CBA parts.

4. Conclusions

This work took a talc-filled PP and used low gas dosing in a microcellular injection moulding
setup. The initial research performed was a design of experiments with 5 varying input processing
parameters: mould temperature, injection speed, back-pressure, melt temperature and holding time.
The physically foamed parts with the best surface finishes from this research were compared to similarly
manufactured parts through a chemical foaming agent. The major findings from this research are:

• The Young’s modulus is heavily affected by mould temperature, whilst melt temperature has the
lowest statistical effect on the process.

• The resulting surface roughness is affected by all 5 of the input processing parameters. The mould
temperature was found to have the greatest influence. This can be attributed to the high mould
temperatures causing post-blow (gas diffusing out of the part after moulding) [41].

• The parts produced through chemical blowing agents were superior to the physically foamed
parts with regards to both mechanical properties and the surface roughness. However, using
holding pressure with the chemical foaming resulted in poorer mechanical and surface properties.

• Finally, the parts produced through the chemical foaming agent had resulting surface roughnesses
that are comparable to conventionally processed components. This demonstrates the great potential
for this technology to be applied in engineering applications where lightweight components are
required, as surface roughness will not be compromised.
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Appendix A

Table A1 is the DoE used in this research. It has 5 input processing parameters; with a low
and high settings for each along with randomised run order to ensure repeatability (refer to Table 1).
Table A2 shows the regression models for each of the 4 output parameters, using the 5 main input
processing parameters; derived from the DoE data used in this research.

Table A1. 25 DoE for the polymer used in this research.

Experimental Number Run Order
Mould Temperatures

(◦C)
Injection Speeds

(mm/s)
Back-Pressure

(MPa)
Melt Temperature

(◦C)
Holding Time

(s)

30 1 90.0 100.0 16.0 260.0 7.0
32 2 90.0 267.8 16.0 260.0 7.0
18 3 90.0 100.0 12.0 155.0 7.0
10 4 90.0 100.0 12.0 260.0 0.0
22 5 90.0 100.0 16.0 155.0 7.0
2 6 90.0 100.0 12.0 155.0 0.0

13 7 25.0 100.0 16.0 260.0 0.0
14 8 90.0 100.0 16.0 260.0 0.0
24 9 90.0 267.8 16.0 155.0 7.0
28 10 90.0 267.8 12.0 260.0 7.0
11 11 25.0 267.8 12.0 260.0 0.0
4 12 90.0 267.8 12.0 155.0 0.0

12 13 90.0 267.8 12.0 260.0 0.0
8 14 90.0 267.8 16.0 155.0 0.0

27 15 25.0 267.8 12.0 260.0 7.0
15 16 25.0 267.8 16.0 260.0 0.0
20 17 90.0 267.8 12.0 155.0 7.0
29 18 25.0 100.0 16.0 260.0 7.0
26 19 90.0 100.0 12.0 260.0 7.0
33 20 57.5 183.9 14.0 207.5 3.5
31 21 25.0 267.8 16.0 260.0 7.0
17 22 25.0 100.0 12.0 155.0 7.0
1 23 25.0 100.0 12.0 155.0 0.0

25 24 25.0 100.0 12.0 260.0 7.0
23 25 25.0 267.8 16.0 155.0 7.0
3 26 25.0 267.8 12.0 155.0 0.0
6 27 90.0 100.0 16.0 155.0 0.0

16 28 90.0 267.8 16.0 260.0 0.0
19 29 25.0 267.8 12.0 155.0 7.0
9 30 25.0 100.0 12.0 260.0 0.0
5 31 25.0 100.0 16.0 155.0 0.0

21 32 25.0 100.0 16.0 155.0 7.0
7 33 25.0 267.8 16.0 155.0 0.0

Table A2. Regression models derived from the DoE factorial design analysis.

Response
Regression model (A: Mould Temperature, B: Injection Speed, C:

Back-Pressure, D: Melt Temperature and E: Holding Time

Young’s Modulus (E) E = 1434 + 1.837A − 1.383B + 29.9C + 0.661D − 31.87E +
0.00450B × D + 0.0644B × E − 0.1464C × D + 0.1234D × E

Ultimate Tensile Strength (Su) Su = 17.495 + 0.00056A − 0.001306B − 0.0170C − 0.01109D − 0.0977E
+ 0.000825D × E

Arithmetic Mean Deviation (Ra) Ra = −3747 + 11.25A + 22.6B + 324C − 1.71B × C

Root Mean Deviation (Rq) Rq = −4826 + 14.78A + 28.5B + 421C − 2.19B × C
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The Structure and Mechanical Properties of the Surface Layer of Polypropylene Polymers with Talc Additions.
Materials 2020, 13, 698. [CrossRef] [PubMed]

15. Wang, G.; Zhao, G.; Dong, G.; Mu, Y.; Park, C.B. Lightweight and strong microcellular injection molded
PP/talc nanocomposite. Compos. Sci. Technol. 2018, 168, 38–46. [CrossRef]

16. Yan, K.; Guo, W.; Mao, H.; Yang, Q.; Meng, A.Z. Investigation on Foamed PP/Nano-CaCO3 Composites
in a Combined in-Mold Decoration and Microcellular Injection Molding Process. Polymers 2020, 12, 363.
[CrossRef]

17. Fu, L.; Shi, Q.; Ji, Y.; Wang, G.; Zhang, X.; Chen, J.; Shen, C.; Park, C.B. Improved cell nucleating effect of
partially melted crystal structure to enhance the microcellular foaming and impact properties of isotactic
polypropylene. J. Supercrit. Fluids 2020, 160, 104794. [CrossRef]

18. Lee, S.H.; Zhang, Y.; Kontopoulou, M.; Park, C.B.; Wong, A.; Zhai, W. Optimization of Dispersion of
Nanosilica Particles in a PP Matrix and Their Effect on Foaming. Int. Polym. Process. 2011, 26, 388–398.
[CrossRef]

19. Llewelyn, G.; Rees, A.; Griffiths, C.A.; Jacobi, M. A Novel Hybrid Foaming Method for Low-Pressure
Microcellular Foam Production of Unfilled and Talc-Filled Copolymer Polypropylenes. Polymers 2019,
11, 1896. [CrossRef]

20. Kaltenegger-Uray, A.; Rieß, G.; Lucyshyn, T.; Holzer, C.; Kern, W. Physical Foaming and Crosslinking of
Polyethylene with Modified Talcum. Polymers 2019, 11, 1472. [CrossRef]

21. Shaayegan, V.; Wang, C.; Park, C.B.; Costa, F.; Han, S. Mechanism of Cell Nucleation in High-Pressure Foam
Injection Molding Followed by Precise Mold-Opening. In Proceedings of the SPE-ANTEC, Indianapolis, IN,
USA, 23–25 May 2016; pp. 1151–1155.

22. Tromm, M.; Shaayegan, V.; Wang, C.; Heim, H.-P.; Park, C.B. Investigation of the mold-filling phenomenon
in high-pressure foam injection molding and its effects on the cellular structure in expanded foams. Polymers

2019, 160, 43–52. [CrossRef]
23. Wang, G.; Zhao, G.; Zhang, L.; Mu, Y.; Park, C.B. Lightweight and tough nanocellular PP/PTFE nanocomposite

foams with defect-free surfaces obtained using in situ nanofibrillation and nanocellular injection molding.
Chem. Eng. J. 2018, 350, 1–11. [CrossRef]

24. Bernardo, V.; León, J.M.-D.; Pinto, J.; Verdejo, R.; Rodriguez-Perez, M.A. Modeling the heat transfer by
conduction of nanocellular polymers with bimodal cellular structures. Polymers 2019, 160, 126–137. [CrossRef]

25. Tiwary, P.; Park, C.B.; Kontopoulou, M. Transition from microcellular to nanocellular PLA foams by controlling
viscosity, branching and crystallization. Eur. Polym. J. 2017, 91, 283–296. [CrossRef]

127



Materials 2020, 13, 2358

26. Costeux, S. CO2-blown nanocellular foams. J. Appl. Polym. Sci. 2014, 131, 131. [CrossRef]
27. Ameli, A.; Nofar, M.; Park, C.; Pötschke, P.; Rizvi, G. Polypropylene/carbon nanotube nano/microcellular

structures with high dielectric permittivity, low dielectric loss, and low percolation threshold. Carbon 2014,
71, 206–217. [CrossRef]

28. Suhartono, E.; Chen, S.-C.; Lee, K.-H.; Wang, K.-J. Improvements on the tensile properties of microcellular
injection molded parts using microcellular co-injection molding with the material combinations of PP and
PP-GF. Int. J. Plast. Technol. 2017, 21, 351–369. [CrossRef]

29. Li, S.; Zhao, G.; Wang, G.; Guan, Y.; Wang, X. Influence of relative low gas counter pressure on melt foaming
behavior and surface quality of molded parts in microcellular injection molding process. J. Cell. Plast. 2014,
50, 415–435. [CrossRef]

30. Llewelyn, G.; Rees, A.; Griffiths, C.A.; Scholz, S.G. Advances in Near Net Shape Polymer Manufacturing
Through Microcellular Injection Moulding. In Materials Forming, Machining and Tribology; Springer Science
and Business Media LLC: Cham, Switzerland, 2019; pp. 177–189.

31. Hopmann, C.; Lammert, N.; Zhang, Y. Improvement of foamed part surface quality with variothermal
temperature control and analysis of the mechanical properties. J. Cell. Plast. 2019, 55, 507–522. [CrossRef]

32. Lee, J.; Turng, L.-S.; Dougherty, E.; Gorton, P. A novel method for improving the surface quality of
microcellular injection molded parts. Polymers 2011, 52, 1436–1446. [CrossRef]

33. Guo, W.; Yang, Q.; Mao, H.; Meng, A.Z.; Hua, L.; He, B. A Combined In-Mold Decoration and Microcellular
Injection Molding Method for Preparing Foamed Products with Improved Surface Appearance. Polymers

2019, 11, 778. [CrossRef]
34. Bellantone, V.; Surace, R.; Trotta, G.; Fassi, I. Replication capability of micro injection moulding process for

polymeric parts manufacturing. Int. J. Adv. Manuf. Technol. 2012, 67, 1407–1421. [CrossRef]
35. Ryu, Y.; Sohn, J.S.; Kweon, B.C.; Cha, S.W. Shrinkage Optimization in Talc- and Glass-Fiber-Reinforced

Polypropylene Composites. Materials 2019, 12, 764. [CrossRef] [PubMed]
36. Gómez-Monterde, J.; Sánchez-Soto, M.; Maspoch, M.L. Influence of injection molding parameters on the

morphology, mechanical and surface properties of ABS foams. Adv. Polym. Technol. 2018, 37, 2707–2720.
[CrossRef]

37. Montgomery, D.C. Design and Analysis of Experiments, 8th ed.; John Wiley & Sons, Inc.: New Jersey, NJ, USA,
2017; p. 724.

38. Orooji, Y.; Ghasali, E.; Emami, N.; Noorisafa, F.; Razmjou, A. ANOVA Design for the Optimization of TiO2

Coating on Polyether Sulfone Membranes. Molecules 2019, 24, 2924. [CrossRef]
39. Mi, D.; Xia, C.; Jin, M.; Wang, F.; Shen, K.; Zhang, J. Quantification of the Effect of Shish-Kebab Structure on

the Mechanical Properties of Polypropylene Samples by Controlling Shear Layer Thickness. Macromolecules

2016, 49, 4571–4578. [CrossRef]
40. Xi, Z.; Sha, X.; Liu, T.; Zhao, L. Microcellular injection molding of polypropylene and glass fiber composites

with supercritical nitrogen. J. Cell. Plast. 2014, 50, 489–505. [CrossRef]
41. Turng, L.-S.; Kharbas, H. Development of a Hybrid Solid-Microcellular Co-injection Molding Process.

Int. Polym. Process. 2004, 19, 77–86. [CrossRef]
42. Pomerleau, J.; Sanschagrin, B. Injection molding shrinkage of PP: Experimental progress. Polym. Eng. Sci.

2006, 46, 1275–1283. [CrossRef]
43. Dong, G.; Zhao, G.; Guan, Y.; Li, S.; Wang, X. Formation mechanism and structural characteristics of

unfoamed skin layer in microcellular injection-molded parts. J. Cell. Plast. 2015, 52, 419–439. [CrossRef]
44. Lohr, C.; Beck, B.; Henning, F.; Weidenmann, K.A.; Elsner, P. Process comparison on the microstructure and

mechanical properties of fiber-reinforced polyphenylene sulfide using MuCell technology. J. Reinf. Plast.

Compos. 2018, 37, 1020–1034. [CrossRef]
45. Xu, J.; Kishbaugh, L. Simple Modeling of the Mechanical Properties with Part Weight Reduction for

Microcellular Foam Plastic. J. Cell. Plast. 2003, 39, 29–47. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

128



materials

Article

Static Mechanical Properties of Expanded Polypropylene
Crushable Foam

Przemysław Rumianek 1,* , Tomasz Dobosz 2 , Radosław Nowak 1 , Piotr Dziewit 3 and Andrzej Aromiński 1
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Abstract: Closed-cell expanded polypropylene (EPP) foam is commonly used in car bumpers for
the purpose of absorbing energy impacts. Characterization of the foam’s mechanical properties
at varying strain rates is essential for selecting the proper material used as a protective structure
in dynamic loading application. The aim of the study was to investigate the influence of loading
strain rate, material density, and microstructure on compressive strength and energy absorption
capacity for closed-cell polymeric foams. We performed quasi-static compressive strength tests
with strain rates in the range of 0.2 to 25 mm/s, using a hydraulically controlled material testing
system (MTS) for different foam densities in the range 20 g/dm3 to 220 g/dm3. The above tests were
carried out as numerical simulation using ABAQUS software. The verification of the properties was
carried out on the basis of experimental tests and simulations performed using the finite element
method. The method of modelling the structure of the tested sample has an impact on the stress
values. Experimental tests were performed for various loads and at various initial temperatures of
the tested sample. We found that increasing both the strain rate of loading and foam density raised
the compressive strength and energy absorption capacity. Increasing the ambient and tested sample
temperature caused a decrease in compressive strength and energy absorption capacity. For the
same foam density, differences in foam microstructures were causing differences in strength and
energy absorption capacity when testing at the same loading strain rate. To sum up, tuning the
microstructure of foams could be used to acquire desired global materials properties. Precise material
description extends the possibility of using EPP foams in various applications.

Keywords: compressive deformation; EPP foam; foam; microstructure; strain rate

1. Introduction

For designing protective structures or energy absorbing elements, the closed-cell
material, such as expanded polypropylene (EPP), is the most reasonable choice. Energy-
absorbing structures have the ability to take over the kinetic energy of impacts. This energy
is equivalent to the work of force destroying the material (crushing, breaking). Closed-cell
EPP foam is commonly used in automobile bumpers for absorbing impact energy. In this
application, foam energy absorbing characteristics are related to the loading received by the
bumper reinforcement beam and body frame. Varying foam density and thickness changes
the energy-absorbing capabilities, enabling further optimization of bumper systems. Low
production costs, low weight and high energy-absorbing capabilities enable foam sandwich
structures to be used in aerospace and automotive industries. Foam materials are often
manufactured as steam chest moulding, using a sintering-like process (heat and pressure).
The final performance of manufactured parts may be affected by many variables such as:
manufacturing method, gas used for closed cell foams, cell geometry, constituent material.
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Kinetic energy-absorbing capability on the right level is very important, because values of
the peak force and acceleration over the threshold could cause injury or damage. Energy
absorbed during single or multiple impacts can be described in several ways [1–3]. For
example, as a relation between peak impact deceleration of the real foam and “ideal” foam,
and the ability to completely absorb impact energy. A lot of empirical data is needed in
order to assess this factor, as it is dependent for example on material thickness and impact
energy. Alternatively, this factor can be evaluated by obtaining curves representing the
absorbed energy as a function of peak stress. Such curves can be derived from stress–strain
dependence. Research and analyses conducted by Rusch [4] lead to the construction of
peak stress vs. specific energy absorption curves. This method still relies on empirical
evaluation of foam characteristics at different levels of impact energy, but it provides
better generality than the J-factor. Burgess et al. [5] and Castiglioni et al. [6] attempted to
model foam cushioning behaviour. The so-called Maiti diagrams [7] are a more refined
approach. In those diagrams, both normalized to foam modulus, energy per volume unit is
plotted against stress level for different foam densities. Selecting proper foam material and
density for particular application can be done by finding a set of points corresponding to
densification onset for given foam density. An extensive data set acquired at different strain
rates is needed to cover application requirements for particular material use. The material
structure and the strain rate of polymer foams was considered by Luca Andena et al. They
have used Nagy’s phenomenological model and determined the material stress–strain
behaviour at a reference strain rate [3]. To predict foam behaviour under specific conditions
and optimizing design of energy absorption devices, various models were developed,
trying to capture actual material mechanics. The Gibson and Ashby [8] model is commonly
used to gain basic understanding of foam behaviour. The Gibson and Ashby model assumes
regular cell structure. Foams with irregular structures can be described by this model, but
with limited predicting capabilities. Different models, such as Kelvin [9], Shulmeister [10]
or Roberts-Garboczi [11,12] try to overcome limitations of the Gibson and Ashby model.
All of the above models are unable to realistically represent real foam structure and all
of them have limited accuracy. Mechanical properties and energy absorption capabilities
of the foams change with temperature levels. The influence of temperature on foam
characteristics was investigated in several studies [13–15]. According to Zhang et al. [16]
EPP foam energy absorption capability of the component was found to be highly dependent
on temperature [17].

The aim of this study was to investigate the impact of the structure of the material on
energy dissipation in various conditions. The verification of the material properties was
carried out on the basis of the results of experimental tests and simulations performed using
the finite element method (FEM). The method of describing foam properties is used for
analysis of protective elements in vehicles. Analyses take into account the foam materials
in a manufacturing process, where we define: basic material and technologies (gas pressure
used during foaming). Experimental tests were performed for various loads and at various
initial temperatures of the tested sample. The presented method of material analysis allows
for the selection of an appropriate hyper-elastic model and its modification, resulting in
even better determination of material properties. During experimental tests, compressive
stress test was performed with 10%, 60% and 80% relative deformation. Deformation
values ware based on the methods specified in the standards [18,19].

Experimental, analytical and FEM simulation results were compared and presented
in a graphical manner. FEM material model analysis takes into account the experimental
results and modifications of the existing material models.

2. Materials and Methods

2.1. Experimental Methods

2.1.1. Materials and Specimens

The material under investigation is a polypropylene polymer foam. EPP foam compo-
nents are made from small beads, moulded into shape. At first polypropylene beads are
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expanded, forming larger, foamed beads with a diameter of 0.25–5 mm. The next stage is
further bead expansion in a mould. At this stage the temperature is higher than in the first
stage, causing melting EPP and sintering of the foamed beads into the final component.
Process parameters of polypropylene expansion determine the degree of expansion, foam
density and cellular structure. The complex cellular structure of each EPP bead and its
interaction with adjoining beads allows any energy exerted in the executed part to be
managed [17]. A typical cellular structure of an individual EPP foam bead is shown in
Figure 1a–d. The research structure was determined using Phenom G2 scanning electron
microscope (SEM) (Phenom-World BV, Eindhoven, The Netherlands).

Figure 1. Scanning electron microscope (SEM) microphotographs cellular structure of expanded
polypropylene (EPP) of density ρ = 20g/dm3 (a–d) microphotograph structure bead (e) diagram and
photograph structure bead (f) morphology structure closed cell.

The cross section images were taken by notching one side of a rectangular sample,
cooling sample in liquid nitrogen and then breaking by bending while frozen. Breaking
frozen samples was done to reduce potential plastic deformation in the breaking region of
the sample. Then the samples were coated with gold using a sputter deposition method and
imaged by a SEM device. Cellular structure can be seen in the inside of the single EPP bead.
After extracting samples from the component, foam density was estimated by weighing
specimens and measuring specimen dimensions using a calliper. The average density of
samples taken from a component was 20 g/dm3 with a standard deviation of 0.5 g/dm3.
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Detailed structure tests were performed on rigid polypropylene foam of different densities
20 g/dm3, 30 g/dm3, 80 g/dm3, 120 g/dm3 and 200 g/dm3. 3D reconstruction software
(Phenom ProSuite v2.3, Phenom-World BV, Eindhoven, The Netherlands) was used to
measure structure of the selected areas. The software is based on the ProSuite system.

Due to the wide structural diversity of material (Figure 1e,f), which affect the mechan-
ical properties, studies were carried out on averaged sizes of the closed cell of the materials,
which is described by Equation (1). The mechanical tests for randomly selected cells show
that for different foam densities, we obtain different values of stresses and strains, which
can be seen in quasi-static compressive strength experiment tests.

The closed cell size test method is already used for the analysis of metallic foams [20–23].
The individual closed cell size is presented as Dm [20,24]. More than 100 cells from each
sample were selected for size calculation. The mean cell size Dm is determined by the
following equation Dm,

Dm =
Si

∑
n
i=1 Si

×

√

Si

π
(1)

where n is the total cell number, Si is the area of the i th pore, which was captured
by image processing software (Phenom ProSuite v2.3, Phenom-World BV, Eindhoven,
The Netherlands) [22]. Figure 2 shows a representative measurement of average cell
dimension.

Figure 2. Representative measurement of average cell dimension (a) cell surface ρ = 20 g/dm3 (b) ρ = 80 g/dm3

(c) ρ = 120 g/dm3 (d) ρ = 2000 g/dm3.

Due to the requirements of the test machines used for research, samples were prepared
in two sizes: 80 mm × 80 mm, 40 mm height and 20 mm × 20 mm, 30 mm height. Samples
were prepared from foams with a density range from 20 g/dm3 to 220 g/dm3 and initial
dimensions of moulded rectangular blocks (500 mm × 800 mm × 80 mm), which was
made by automotive EPP manufacture (Izoblok, Chorzów, Poland). The specimens used
for compression tests are shown in Figure 3.
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Figure 3. Tested specimens EPP foam.

Tests were performed on samples of different sizes, which allowed the estimate to
influence the stress–strain of a tested material [25,26]. Tests using big and small samples
were performed because of the needs of the automotive industry, where the energy absorp-
tion elements with cuboidal shape have a wide range of cross-section areas. These samples
were made in various sizes in order to understand the geometric effect [27]. Experimental
compression tests were performed at different strain rates on identical samples to allow
direct comparison of quasi-static responses [28]. Exact dimensions were measured using a
calliper prior to each test. A typical static stress–strain curve, with each region identified,
for EPP foam is presented in Figure 4.

Figure 4. Regions of EPP static stress-strain curve.

A typical stress–strain curve contains linear elasticity and densification regions. The
area between those regions is characterized by a slowly rising plateau. From 0% to 5–10%
strain the material is in the linear elasticity region, which defines foam Young’s modulus at
specific density. The plateau region refers to the material’s elastoplastic behavior. In this
region, cellular structures dissipate the applied load by transferring energy through the
cellular structures of both individual beads and between individual beads. Moulded EPP
has an anisotropic nature, this enables it to transfer energy in the most efficient manner
giving EPP foam superior resilience. Due to this, the stress–strain curve can be maintained
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after repeated impacts and at quasi-static test speeds (<25 mm/s). When all cells have
collapsed, the densification area is reached.

2.1.2. Quasi-Static Test

Compressive strength tests of foam samples were conducted using a testing machine
located in the laboratory of the Institute of Machine Design Fundamentals at the Faculty
of Automotive and Construction Machinery Engineering at Warsaw University of Tech-
nology and Department of Materials Science and Engineering at Warsaw University of
Technology. Compressive strength was determined using Q-test 10 material testing system
(MTS Systems GmbH, Berlin, Germany) and Zwick/Roell Z005 testing machines (Zwick-
Roell GmbH & Co., Ulm, Germany) (Figure 5). Compression force between static and
moving pistons was recorded during the tests. This was the first part of the experimental
testing of samples. Graphs showing dependence between stress and strain were prepared
based on acquired data. Samples were prepared in the form of cuboids using foams of
different density, varying from 20 g/dm3 to 220 g/dm3. Table 1 shows the static strength
of used materials delivered by the material manufacturer.

ρ ρ ρ ρ ρ

−

  
(a) (b) 

−

Figure 5. Testing machines (a) Zwick/Roell Z005, (b) Q-test 10 material testing system (MTS).

Table 1. Material properties of the specimens.

Specimen ρ1 ]ρ2 ρ3 ρ4 ρ5

Density (g/dm3) 20 30 80 120 200
Strength (10−2 MPa) 23.52 42.14 95.4 98 110

Failure strain (%) 12 17 16 30 35
Compressive plastic

strain (%) 8.5 8.6 9.2 11 16

Research was conducted on samples with temperatures of −30 ◦C, 23 ◦C, 80 ◦C.
The environmental chamber was used to keep the appropriate and constant temperature
level in a single test and, of course, this facilitated an easy change to the temperature
value, thus it was possible to test the influence of the aforementioned parameters. A
pyrometer was used for control of temperature measurement during the tests. The strain
rate compression test includes uniaxial compression of tested samples at variable loading
rates on cube specimens. Actuator position vs. time for different sample densities is shown
on Figure 6. Velocity decreases with time, which corresponds to changes in strain rate from
0.2 to 25 mm/s throughout the test.
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Figure 6. Actuator position vs. time for different sample densities, low (20 g/dm3) and high (200 g/dm3) density EPP
foams.

The stress–strain curve is perceived to be dependent on foam density. Tests were
repeated three times, observed spread in obtained test curves was minimal for all tested
foam densities. Figure 7 shows three samples of different densities low-, medium- and
high-comparison strain of representative stress at strain rate 25 mm/s.

Figure 7. Comparison strain of representative stress–strain curves at strain rate 25 mm/s for low (20 g/dm3), medium
(80 g/dm3) and high (200 g/dm3) density EPP foams.

Figure 8 shows three repeated varying strain rate compression tests for low-density
EPP foam.
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Figure 8. Varying strain rate compression tests three repeats (Tests 1–3) for low-density (20 g/dm3) EPP foams, sample size
20 mm × 20 mm, 30 mm height.

2.2. Numerical Implementation

The finite element method (FEM) was used for model calculations. Numerical simula-
tions of the EPP foam were performed in Abaqus software version 6.12 (Dassault Systemes,
Vélizy-Villacoublay, France). Foam was appropriately modelled for numerical analysis.
Simulations were performed using Abaqus/Standard and Abaqus/Explicit module as the
incorporated thermo-mechanical task (due to temperature changes and associated changes
in stress).

Samples of the same dimensions as in the experimental tests were used for simulation
of the compression tests. Stress–strain curves were used to estimate levels of correlation. In
the simulations, FEM foam specimens were compressed by modeling a rigid compression
steel plate. Plate velocity during the test was specified as the same as the experiment
by using the velocity vs. time curve and it is dependent on a required strain rate to be
simulated. Contact between the compression plate and the tested specimen was defined
as automatic, with general constrain formulation [29]. As shown on Figure 9a, one of the
nodes of the specimen was fully constrained to simulate rigid substrate.

Figure 9. Uniaxial compression EPP specimen (a) CAD model (b) structure small beads: section view
of CAD model; (c) finite element model of specimen; (d) structure small beads: section view of Finite
element model.
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Simulation analysis allowed investigation of the phenomena occurring during defor-
mation of the foam structure–tightening pores (separately for open and closed pores) in
hyperelastic materials. Additionally, a specific issue that was considered was friction in the
fixed joints, traditionally named construction friction, widely regarded as the contact task,
taking into account making connection and workloads. The finite element method was
used for validation and prediction of the developed material models capabilities during
complex load cases.

While describing a material’s properties, all of the relevant assumptions for this kind
of material was used: theory of hyper-elastic materials [30], model of elastic foam, elastic-
plastic and plastic foam and other causes of energy dissipation–internal dampening and
material friction. Simulations were carried out using models for crushable foam. The
volumetric hardening model assumes that the hydrostatic compression strength evolves as
a result of compaction or dilation [29]. Simulations were performed in a simplified system
(modeled the plate without fixing bars). Table 2 shows material and element properties of
the numerical simulations of the small sample.

Table 2. Material and element properties for the model used in the numerical simulations.

Density of
Foam EPP

(g/dm3)

Elastic
Modules E

(MPa)

Poisson
Ratio υ

Tested
Elements

Mesh
Element
Size (m)

Mesh Re-
finement

Coefficient
of Static
Friction

Coefficient
of Kinetic
Friction

Coefficient
of Decay

20 3.5 0 C3D8R,
CPS4R 0.002 2000 0.6 0.5 0.1

30 4.3 0.2 C3D8R,
CPS4R 0.002 2000 0.6 0.5 0.1

80 8.2 0.3 C3D8R,
CPS4R 0.002 2000 0.6 0.5 0.1

120 16.0 0.3 C3D8R,
CPS4R 0.001 16,000 0.6 0.5 0.1

200 92.1 0.3 C3D8R,
CPS4R 0.001 16,000 0.6 0.5 0.1

The structures were also modelled as small beads Figure 9b making it possible to
introduce various degrees of structural irregularity.

The mesh was created at the part level, since all parts used in this investigation are
dependent. Figure 9c shows a finite element model of specimen and Figure 9d shows a
section view of finite element model of the structure of small beads.

In the numerical simulation the temperatures of the analyzed samples were de-
fined [29]. Temperatures were adopted for the tested samples −30 ◦C, 23 ◦C and 80 ◦C.
Numerical analysis was carried out in the field of static calculations in strain rate from
0.2 to 25 mm/s throughout the test.

3. Results

3.1. Experiment

In Figure 10 the yield curve for quasistatic compression for three types of samples
that have different densities but the same dimensions can be seen. During the tests, it was
observed that the stress value becomes higher with the increase of density.

It can be observed that a higher unit weight of the granules and a higher packing
index in a high-density sample resulted in a high modulus of elasticity. Due to the lower
strain rate, the material strengthening phenomenon resulting from gas compression in
cavities is negligible. Figure 11 shows the yield curves for quasistatic compression tests of
samples of various shapes.
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Figure 10. The stress–strain curves of three kinds of EPP foam at a quasi-static loading rate of
2 mm/s.

Figure 11. The stress–strain curves of big (80 mm × 80 mm, 40 mm height) and small
(20 mm × 20 mm, 30 mm height) sample of EPP foam at a quasistatic loading strain rate of 2 mm/s.

The research showed a significant influence of temperature on the samples tested.
This has been confirmed by determining the Young’s modulus in EPP materials. With
increasing temperature, stresses significantly decrease, the material loses its elastic proper-
ties. Figure 12 shows the differences in stresses and strains depending on the temperature
of a sample of the same density. The sample at 80 degrees was damaged with a strain
value of 0.46.

Figure 12. The stress–strain curves of EPP foam (density 20 g/dm3) at a quasistatic loading, strain
rate of 2 mm/s and different temperature, sample size 20 mm × 20 mm, 30 mm height.

Figure 13 shows the differences in stress and strain depending on the quasistatic
loading of the different strain rate in the sample of 20 g/dm3.
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Figure 13. The stress–strain curves of EPP foam (density 20 g/dm3) at a quasistatic loading, different
strain rate.

3.2. Numerical Simulations

Due to the presence of large volumetric deformations considered in this work, there
is the need for description of the strength other than the most commonly used Huber–
Mises–Hencky model of plasticity condition. The model used is called “crumbling foam”
(crushable foam). Conducted research and analysis have shown that elastic deformation
occurred up to 60% load, over 60% there were elasto-plastic deformations. The examples
of reduced stress results for one of the simulations in the Abaqus program depending on
the compression are shown in Figure 14a–c.

Figure 14. Reduced stresses of relative deformation at (a) 10% (b) 60% (c) 80% (d) 10% (e) 30% (f) 60%.

To investigate a structure of the material simulations of interconnected EPP granules
were carried the detailed influence of the cellular material structure. Figure 14d–f shows
examples of reduced stress of the sample.
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Simulation analysis of different material models was conducted. By comparing them
to the experimental studies, we have been able to make a series of comparisons for different
types of models. Except for the values of the coefficient αi (αi represents the shape of the
yield ellipse in the stress plane and can be calculated using the initial yield stress in uniaxial
compression [29]) others have led to a non-linear model, which allows for the description
of materials and compressibility. The values of the coefficients were determined by approx-
imation based on experimentally defined stress–strain. When using the FEM application,
hyperelastic models can be chosen, for which the set of properties have been described. The
correct choice of the applied material model should be completed with the comparison of
the results of the FE model and experiment. In the case of acceptance of the description of
the coefficients αi = 2, 4, 6,..., then we have a polynomial model, including various special
cases: the models of Mooney–Rivlin [31,32] and Neo-Hookean [33]. Figure 15 shows a
series of compression curves set experimentally by Ogden models for foams with a density
of 20 g/dm3.

Figure 15. The simulations nominal stress-nominal strain curves of the Ogden model and experimental test data at a
quasistatic loading rate of 2 mm/s.

By introducing the equation of αi coefficients with fractional values, non-linear models
could be obtained already in the first approximation. Final results of the process revealed
that the consistent stresses waveforms in the real and numerical studies have occurred
for the Ogden model. The material has been described by the third row of Ogden’s
model [29,34]. According to simulation studies, Ogden’s model claims that resilience
potential can be described as:

U =
N

∑
i=1

2µi

α2
i

(

−

λ1

αi

+
−

λ2

αi

+
−

λ1

αi

− 3
)

+
N

∑
i=1

1
Di

(Jel − 1)2i (2)

where:
−

λi = J−
1
3 λi →

−

λ1
−

λ2
−

λ3 = 1 (3)

λ1
αi —invariant of deformation state; Jel—sample volume change dependent parame-

ter, µi, αi, Di—experimentally determined coefficients.
Hence, the first part of Ogden’s strain energy function depends only on I1 and I2.

Ogden’s energy function cannot be written explicitly in terms of I1 and I2. It is, however,
possible to obtain closed-form expressions for the derivatives of U with respect to I1 and I2.

The value of N and tables giving the values as functions of temperature are specified
by the user.
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In the Ogden form the initial shear modulus, µo, depends on all coefficients:

µo =
N

∑
i=1

µi (4)

ko =
N

∑
i=1

2(
1
3
+ Di)µi, (5)

and the initial bulk modulus, ko, depends on Di as before. The user can request that Abaqus
calculate the µi and αi values from measurements of nominal stress and strain.

σi = 2(λi)
−1

N

∑
i=1

µi

αi

(

λi
αi − J−αi Di

)

, (6)

where the material parameters µi, αi, and Di (i = 1, 2, 3) can be determined by fitting the
experimental nominal stress–strain curve.

The coefficients of Ogden’s material model, used in the numeric analysis FEM, are
presented in Table 3.

Table 3. Material properties of the specimens. Coefficients of Ogden’s model.

i µi αi Di

1 −1,062,310.500 7.7010 8.6448
2 781,324.564 8.0848 0
3 776,736.530 −11.4395 0

For modeling foam, the Ogden model was modified with the introduction of the real
exponent in the second part of the equation that describes the volume deformations (in
this case, also non-linear dependencies), Table 4.

Table 4. Material properties of the specimens modify the coefficients of Ogden’s model.

i µi αi Di

1 −832,131.490 16.209480 8.935334
2 831,230.727 16.211660 0
3 −2,528,968.430 −1.172925 0

4. Conclusions

Tests were conducted to characterize the material structure and the mechanical re-
sponse of EPP foam. During the research on the structure, SEM photographs showed
that depending on the density of the foam there are finer cell structures with smaller cells.
Measurements of compression and responses from the foam were presented at different
speeds of deformation. Samples were tested in compression tests with strain rates in the
range of 0.2 to 25 mm/s. Convergence of results for different strain rates conditions implies
no gas strengthening. The research for samples having different temperatures show large
effects of high temperatures on the test material. The material reach the yield point and the
sample was damaged. A huge influence was observed on the shape due to stresses and
strains. There were noticeable differences in the mechanical responses between the foams
of similar density as confirmed by the lack of reproducibility of the structure. The main
idea of this work was to identify and propose types of hyperelastic models for specific
groups of material, which are used for increasing safety levels in the automotive industry.
The analysis performed allowed us to extend the possibilities of using modern construction
materials, plastics and composites. It is impossible to perform such analysis without precise
material description. Usage of known hyperelastic material models–polynomial, Ogden’s
normal and reduced non-linear allowed us to describe the properties of the tested foam
material (EPP) correctly. The use of the modified Ogden’s model makes it possible to
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accurately determine the description of the material, which makes it possible to increase
the accuracy and effectiveness of the simulation. The research carried out allows an even
better selection of the material and its properties.
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Abstract: In this comprehensive study, the influence of (i) material specific properties (e.g., molecular
weight, zero shear viscosity, D-content) and (ii) process parameters (e.g., saturation temperature,
-time, -pressure, and pressure drop rate) on the expansion behavior during the autoclave foaming
process were investigated on linear Polylactide (PLA) grades, to identify and evaluate the foam
relevant parameters. Its poor rheological behavior is often stated as a drawback of PLA, that limits its
foamability. Therefore, nine PLA grades with different melt strength and zero shear viscosity were
systematically chosen to identify whether these are the main factors governing the foam expansion
and whether there is a critical value for these rheological parameters to be exceeded, to achieve low
density foams with fine cells. With pressure drop induced batch foaming experiments, it could be
shown that all of the investigated PLA grades could be foamed without the often used chemical
modifications, although with different degrees of expansion. Interestingly, PLAs foaming behavior
is rather complex and can be influenced by many other factors due to its special nature. A low
molecular weight combined with a high ability to crystallize only lead to intermediate density
reduction. In contrast, a higher molecular weight (i.e., increased zero shear viscosity) leads to
significant increased expandability independent from the D-content. However, the D-content plays a
crucial role in terms of foaming temperature and crystallization. Furthermore, the applied process
parameters govern foam expansion, cell size and crystallization.

Keywords: polylactide; biofoams; zero shear viscosity; melt strength; batch foaming; pressure drop
rate; low density; small cell size

1. Introduction

Polylactide (PLA) has drawn enormous attention in the past two decades as one of the most
promising alternatives for replacing foamed products made from conventional plastics, such as
polystyrene (PS), because of its similar mechanical properties [1] and because of the lower carbon
foot print [2]. Though, it is well known that it is very challenging to foam PLA due to its poor melt
strength and complex crystallization behavior. Different ways to improve the foamability of PLA were
described in the literature and concluded in a work of Nofar et al. [3], as using chain extenders to
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increase the molecular weight and/or induce branched chains, varying the ratio of the so called L/D
enantiomers (i.e., the composition of PLA from chiral L-lactide and D-lactide), using additives and
controlling the crystallization behavior.

In the current literature, mainly the use of a wide variety of chemical modifications during
processing and foaming is mainly described. Mostly, these modifiers are added to increase the
molecular weight and prevent degradation. This can lead to chain extension, chain branching and/or
cross-linking. Typical modifiers that are used in combination with PLA can be distinguished by the
occurring reaction into two groups: (i) functional group reactions and (ii) radical reactions and have
been summarized in our previous work [4]. Additionally, the rheological as well as thermal behavior
is influenced by the use of these modifiers [5]. The most common used modifier is the commercial
additive Joncryl® from BASF SE, which is a multi-functional epoxy based chain extender that reacts
with the functional groups of PLA (i.e., carboxyl- and hydroxyl groups) during melt processing.
Peroxides, such as dicumyl peroxides, lead to free radical reaction. In one of our previous studies,
we could show that the melt strength could be significantly increased by the use of these modifiers,
leading to foams with lower density, finer cell sizes and improved compression behavior [6,7].

Even though it is often stated in literature that the melt strength plays a vital role in the foaming of
PLA, only a few publications actually quantify it at all [7–10]. An increased melt strength is beneficial
for foaming, as it prevents coalescence and rupture during the cell growth step because the cell walls
can withstand higher forces during stretching while expanding and can consequently lead to an
improved expansion behavior (i.e., lower density and finer cells) [11].

The zero shear viscosity (ZSV) can be obtained from simple shear experiments with less
experimental effort, when compared to the determination of the melt strength. The ZSV is dependent
on a lot of different factors, such as molecular weight, modifications [12], chain architecture [13,14],
and the amount of plasticizing agents, additives [15], or other blend partners [16]. Therefore, the zero
shear viscosity can be quite easily varied. For example, Najafi et al. [17] investigated the rheological
properties and foaming behavior of modified polylactide. Within this study, a semi-crystalline linear
polylactide was modified with an epoxy-based chain extender. Here, the zero shear viscosity was
increased and strain hardening was induced. It was shown that a higher shear viscosity in combination
with the strain hardening lead to a finer cell morphology and lower foam densities. A recent work by
Nofar et al. [18] dealt with rheological, thermal, and foaming behavior of unmodified and modified
PLA. In both of the studies, the modification of PLA led to an increase in molecular weight and
introduced a strain hardening effect at the same time. For this reason, it was not possible to separate
the effect of the molecular weight from the strain hardening on the foaming behavior. Up to now,
no systematic work on the influence of the zero shear viscosity on the expansion behavior of PLA was
carried out. Yet, it is not clear from the literature whether a certain zero shear viscosity needs to be
exceeded to obtain low density foams.

Besides the rheological behavior, the crystallinity is a key factor for processing PLA. The monomer
lactic acid is chiral, thus there are two lactide isomers: L-Lactide and D-lactide. Here, the first is
commonly the major component of commercial PLA grades usually with a content that is above
90%. The ratio between L-Lactide and D-lactide (L/D ratio) governs the chain architecture, hence
the crystallization behavior of PLA. It should be mentioned that PLA with D-content above 10 to
12% are hindered to crystallize [19]. It is already known that PLA (with a D-content below 10%)
usually crystallizes during foaming [20]. If PLA crystallize, multiple modifications are known, which
occur under varied conditions; the detailed description was summarized in our previous work [4].
Besides the chain architecture, the crystallization behavior of PLA is also strongly dependent on the
molecular weight itself, as the elevated molecular weight would restrict the chain mobility. During the
pressure-induced batch foaming process, the crystallization behavior of PLA can be assumed as being
quite complex and the following processing parameters strongly impact the final foam properties:

(1) In general, temperature most directly affects the crystallization behavior by affecting chain mobility.
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(2) The pressure dominates the solubility of the blowing agent and, thereby, the amount of it that
is solved in the polymer matrix. Hence, the plasticization effect as well as the gas-induced
crystallization is directly influenced by the applied pressure.

(3) During an isothermal saturation phase (time), the crystallization kinetics of PLA is promoted by
elevated temperature and the plasticization effect from dissolved blowing agent and is generally
governed by the duration.

(4) As a consequence of a sudden pressure drop, which actually induces a thermo-dynamic instability
and the prompt oversaturation of the sample the foaming takes place. Hence, the pressure drop
rate guides the nucleation rate and the extent of the strain-induced crystallization.

This study focuses on the foamability of the neat (i.e., unmodified) PLA, carving out which
requirements for high expansion and fine morphology in an autoclave foaming process are necessary.
By the comparison of a wide variety of commercial grades, different aspects, such as D-content,
molecular weight, and rheological behavior, can be evaluated regarding their influence on the foaming
behavior. Here, besides the often referred melt strength, the zero shear viscosity is also about to
be considered as foam relevant property. Additionally, the processing parameters themselves were
studied and correlated with the material-specific parameters. Yet, novel cross-relationships could be
revealed, as material- and process-specific factors were systematically varied over a wide range.

2. Materials and Methods

2.1. Materials

In this study, different PLA grades from NatureWorks Ltd. (Minnetonka, MN, USA) were used.
Table 1 lists the selected grades and their supposed usage, as well as the melt flow rate from the data
sheet. Additionally, the D-content, the molecular weight, and the zero shear viscosity are given.

Table 1. Overview of Polylactide (PLA) grades used in this study.

Grade & Supposed
Usage * (Data Sheet)

Notation
MFR *

(g/10 min.) (@
210 ◦C, 2.16kg)

D-Content *
(%)

GPC Data ** Mw

(103 g/mol); Mn

(103 g/mol); PDI (-)

ZSV **
T = 180 ◦C, γ = 5%,

0.1 rad/s (Pas)

2003D Packaging P_4.3D 6 4.3 [4] 232; 134; 1.73 8089
3100HP Injection

Molding IM1_2D 24 <2 [21] 162: 107; 1.51 1869

3251D Injection Molding IM2_1.4D 80 1.4 [4] 116; 78; 1.49 243
3260HP Injection

Molding IM3_2D 65 <2 [21] 111; 75, 5; 1.47 483

4032D Film Fi_2D − 1.4–2.0 [4] 232; 149; 1.55 5716
4044D Extrusion X_4D − ~4 [21] 230; 117; 1.97 7794

4060D Hot Sealing HS_12D − 12–12.3 [4] 217; 118; 1.84 4200
7001D Injection Stretch

Blow Molding BM_4.4D 6 4.4 ± 0.5 [4] 242; 142; 1.71 8472

8052D Foaming Fo_4.7D 14 4.7 [4] 178; 109; 1.64 3457

* taken from data sheet or literature. ** measured within this work, please check 2.2 Methods and Figure 4.

2.2. Methods

2.2.1. Size Exclusion Chromatography (SEC)

The SEC measurements were performed on a 1260 SECcurity by PSS (Mainz, Germany) that was
equipped with a refractive index detector. A 50 mm precolumn and three 300 mm PSS SDV 10 µm
columns with 103, 105, and 106 Å were used as stationary phase. Chloroform was used as a mobile
phase. The column temperature was set to 30 ◦C and the flow rate was 1.0 mL/min. The sample
concentration was 3.0 g/L. Chromatograms were interpreted while using conventional calibration
against polystyrene polymer standards. Therefore, please mind that the noted molecular weights are
not the absolute values and can only be compared within the test series.
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2.2.2. Differential Scanning Calorimetry

The thermal properties of the samples were analyzed by differential scanning calorimetry (DSC)
on a DSC 204 Phoenix from Netzsch (Selb, Germany). Samples of about 10 mg were weighed and
then sealed in DSC crucibles and placed in the DSC cell. The measurements were performed under
nitrogen atmosphere. First, they were heated from 20 to 200 ◦C at 10 K/min. Subsequently, they were
cooled down from 200 to 20 ◦C with 10 K/min. and then heated up again from 20 to 200 ◦C at 10 K/min.
Additional experiments with elevated heating rates of 20 K/min. were also carried out. It is well
known that the crystallization of PLA is very slow. Hence, measurements were also performed at
a lower cooling rate of 2 K/min to further investigate the crystallization process. The crystallinity
of the materials was calculated by the use of heat of fusion of 93.1 J/g for 100% crystalline PLA
homopolymers [22].

2.2.3. Rheology

(1) Complex Viscosity: The rheological characterization in shear flow was performed with a
plate-plate rheometer Discovery HR-2 hybrid from TA Instruments Waters LLC (New Castle,
DE, USA) at 180 ◦C with a diameter of 25 mm and a gap of 1 mm under nitrogen atmosphere.
Dynamic mechanical experiments were carried out in a frequency range from 500 to 0.01 rad/s.
The deformation amplitude was set to 5% for all of the measurements. The zero shear viscosity
was determined in the frequency region of the Newtonian plateau at a frequency of 0.1 rad/s.

(2) Melt Strength: The Rheotens measurements were carried out to prove the ability of the polymer
melt to withstand uniaxial strain. The melt strength was measured while using a Göttfert
Rheotens device (Buchen, Germany). The melt strength test samples were prepared using a single
screw extruder (L/D ratio of 26) from Göttfert (Buchen, Germany), equipped with a round die of
6 mm in diameter. For each test, a molten polymer strand was drawn down from the die by the
two counter-rotating measurement wheels that were mounted on a sensitive force transducer
connected to the Rheotens Göttfert 71.97 unit. The tensile force on the polymer melt strand was
measured as a function of time or velocity of the measurement wheels. The melt strength is
represented by the force at which the strand breaks or in the plateau phase of the rheotens curve.
The measurements were carried out at 180 ◦C and a constant acceleration of 2.4 mm/s2.

2.2.4. Autoclave Foaming

Foaming was carried out with the pressure drop method on a custom-made autoclave, which
Figure 1 schematically illustrates. The melt pressed samples (10 × 20 × 1 mm3) were put in the electrical
heated pressure vessel, which was then purged with CO2.

 

Figure 1. Sketch of foaming set up with the custom-made autoclave.

148



Materials 2020, 13, 1371

By the use of a twin set-up of Teledyne Isco 260D syringe pumps (Thousand Oaks, CA, USA),
supercritical CO2 was applied and the samples were impregnated with a constant saturation pressure
of 180, 150, or 120 bar, respectively. The pump was set to constant pressure delivery mode, which
ensured a constant pressure during the whole saturation period (even at small leakages). Temperature
is measured in the vessel near the sample and it was varied over a wide range for each grade, to find
optimum foaming condition (i.e., minimum in foam density). The saturation time was set as 30 min.
(but also was varied for selected grades between 5 min. and 8 h). After saturation, the electrical
controlled pneumatic valve V2 was promptly opened to start the pressure drop, which initiates foaming.
Reproducibility is given for the out carried experiments, as the threefold repetition of a foaming trial
usually resulted in standard deviations that were below 5%.

By changing the inner diameter of the outlet pipe (6.4, 5.0, or 2.0 mm), the pressure drop rate can
be varied, as shown in Figure 2.

 
(a) (b) 

Figure 2. Different pressure drops that can be realized with different pipe diameters. (a) Apparent
pressure drop (solid line) and simplified linear pressure drop (dashed line). (b) Close up of the initial
pressure drop (dotted line) during the first milliseconds.

Only the initial phase of the pressure drop is nearly linear, as can be seen in the right close up in
Figure 2. The apparent pressure follows a logarithmic function. The pressure drop rate (PDR) that
results from different pipe diameters is also noted within the diagram. For the simplified pressure drop
rate, a linear drop is assumed over the entire time. However, this is only a very rough description;
and, from visualization experiments in foam extrusion process carried out by the group of C.B Park,
it is known that the cell formation (i.e., cell nucleation) takes place in the first milliseconds of the
pressure drop [23]. Therefore, the initial pressure drop rate is calculated from the linear slope during
the depressurization to 90 bar happening in 50 ms (6.4 mm), 90 ms (5.0 mm), and 190 ms (2.0 mm),
respectively. If not given otherwise, the experiments were carried out with 180 bar saturation pressure
and the largest outlet of 6 mm diameter (i.e., with the highest pressure drop rate). The pressure
drop rate is suggested to have impact on the foaming behavior by affecting the nucleation and cell
growth [24,25]. At high pressure drop rates, the nucleation is faster, because the thermodynamic
instability, which is responsible for the cell formation, happens earlier. Besides, the cell growth is also
faster, while the diffusive path of dissolved gas to reach a cell is shorter with the increasing amount
of nuclei. In the literature, pressure drop rates rarely can be found. Liu et al. reported 1.3 MPa/s
(converts to 13 bar/s) as the pressure drop rate during autoclave foaming trials [26]. In their work,
Xu et al. [27] mention that the pressure drop is not constant over the time, but quantify it by an average,
as the ratio of pressure difference and depressurization time (i.e., simplified, as dashed line in Figure 2).
By varying the PDR from 1.4 to 25 MPa/s (14 up to 250 bar/s), they showed that a higher PDR leads to
increased cell density and a higher volume expansion ratio.
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2.2.5. Foam Properties

(1) Scanning Electron Microscopy (SEM): Cryogenic fractured foam samples were investigated by
SEM JEOL JSM-6510 (Akishima, Japan). The cell sizes were determined by the use of image
analysis software (ImageJ, v1.48, University of Wisconsin, Madison, WI, USA).

(2) Density: The density was determined according to the Archimedes principle with a balance from
Mettler Toledo AG245 (Columbus, OH, USA).

3. Results and Discussion

3.1. Basic Properties of the Neat Materials

First, the basic properties of the neat materials were determined in order to be able to correlate the
molecular constitution (molecular weight and D-content) with the rheological and thermal properties,
as well as the later foaming behavior.

The Rheotens test was performed to evaluate the influence of the melt strength on the foaming
behavior. It was expected that the melt strength increases with higher molecular weight, due to
an increase of polymer chain entanglements. Entanglements can lead to forces that are similar to
secondary or hydrogen bonding forces. Therefore, the resistance to an applied pulling load (here draw
down force) is higher with a higher molecular weight. In regards of foaming, it is expected that a
certain melt strength is necessary to build a stable foam structure [28].

Figure 3a shows the Rheotens curves. Even though both grades have a molecular weight in
a similar range (see Table 1), the melt strength of IM1_2D was not measurable, while it could be
determined for PLA Fo_4.7D, which shows a melt strength of 0.03 N. It has to be pointed out that the
injection molding grades (IM1_2D, IM2_1.4D, and IM3_2D) could not be successfully measured due to
the occurring strand rupture already at very low strain. This is caused by the comparable low viscosity
at the measuring temperature. As a consequence, a pronounced melt strand thinning is caused by
gravity forces. This effect can be seen in Figure 3b, while comparing IM1_2D and the higher molecular
weight grade X_4D.

 

(a) (b) 

at a frequency ≈ 0.1 rad/s) and the molecular weight was found, as 

Figure 3. (a) Rheotens curves of all (measurable) PLA grades at 180 ◦C. (b) Die swelling behavior of a
low and a high molecular PLA.

Yet, the melt strength can be a meaningful value to be correlated with the foamability, it can only
be determined for selected grades. The shear behavior was also measured to generate more reliable
information on all grades.
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Figure 4a shows the complex viscosity as a function of the frequency for the investigated PLA
grades. All of the materials show a typical shear thinning behavior, which is more pronounced with
increasing complex viscosity. A direct correlation between the zero shear viscosity (complex viscosity
at a frequency ≈ 0.1 rad/s) and the molecular weight was found, as can also be seen in Figure 4b.
Besides a slight deviation of IM2_1.4D, for all grades the zero shear viscosity is proportional to the 3.7th
power of molecular mass, thus confirming the linear character of the polymer chains [29,30]. A higher
molecular weight and/or the existence of long chain branches are beneficial to achieve a high expansion
during foaming, as it was shown for PP extrusion foams in the work of Stange et al. [31]. It can be seen
that the two injection molding grades IM3_2D and IM2_1.4D possess a rather low complex viscosity,
which is clearly due to their very low molecular weight. Similar to the melt strength, the complex
viscosity, in general, increases with increasing molecular weight. Though, a direct correlation between
the molecular weight and the melt strength was not possible due to the influence of various factors
(external: e.g., temperature shifts over the down drawn melt strand and internal: e.g., different
crystallization rates).

at a frequency ≈ 0.1 rad/s) and the molecular weight was found, as 

 
(a) (b) 

Figure 4. (a) Complex viscosity of neat PLA grades at 5% strain and 180 ◦C. (b) Zero shear viscosity
plotted against the molecular weight.

The molecular weight and D-content [32] strongly affects the thermal properties (i.e., crystallization
behavior). The DSC thermograms of the investigated PLA are shown in Figure 5. Judging from the
second heating curves, all of the grades only revealing a neglectable amount of crystallinity (0.3–3%)
and they can be considered as amorphous. However, the injection molding grades show the tendency
of cold crystallization.

–

 
(a) (b) 

Figure 5. (a) Differential scanning calorimetry (DSC) curves of unprocessed PLA (10 K/min., 2nd heating).
(b) Cooling curves of the unprocessed PLA with very low cooling rate to favor crystallization (2 K/min.).
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In general, PLA show a very slow crystallization rate and most of the grades are not able to
crystallize while the cooling phase during the DSC experiment, even at very slow cooling rates of
2 K/min. (see Figure 5b). However, the injection molding grades were able to crystallize partly already
during the cooling. The ability to crystallize already during the cooling can be affiliated to the lower
molecular weight, resulting in higher chain mobility. Consequently, higher crystallinities could be
expected under certain conditions, allowing for PLA chains to come close enough to build ordered
structures (i.e., crystals), such as sufficient time and/or a high strain. Additionally, it would be likely
that the manufacturer already incorporated nucleating agent.

The different thermal behavior will also lead to varied crystallization during the foaming. Here,
a fast crystallization rate can be beneficial, as formed crystals could increase the melt strength and
they can act as nucleating points for cell growth resulting in a stable and fine celled foam structure.
However, on the other side, a too high crystallization rate and degree of crystallinity can hinder the
cell expansion.

3.2. Expansion of the Neat Grades

All of the grades were foamed with a saturation time of 30 min. at 180 bar CO2 and varying
temperatures. In Figure 6, the obtained foam densities, depending on the saturation temperature,
are shown. Additionally, a SEM image of the morphology for each grade with the lowest achieved
density is given. Most of the grades show an optimum (i.e., minimum of the foam density) at a certain
temperature. The lowest densities range between 150 and 50 kg/m3. However, the grades IM1_2D,
IM2_1.4D, and IM3_2D show much more erratic behavior and increased standard deviation above 5%.
Here, no clear trend is visible and foam densities are much higher (above 400 kg/m3). The mentioned
grades are injection molding grades with low molecular weight, low zero shear viscosity, and a strong
ability to crystallize. The melt strength is assumed to be very low, as these grades could not be analyzed
by Rheotens experiments. Furthermore, all these types possess a low number average molecular
weight Mn, which indicates short polymer chains, resulting in higher crystallization rates due to a
higher chain mobility. Hence, the degree of crystallization of 58% up to 81% (see Figure 7) is found to
be much higher after the depressurization, as compared to the other grades. Consequently, the cell
growth is hindered during expansion. Two effects are likely: (i) the sample starts to crystallize in
the presence of the CO2 during the saturation, which could lead to a reduced gas uptake by the
developed crystalline phases [33,34] and/or (ii) shorter chains can be oriented in a much higher extent
during the stretching, while the expansion (so called strain induced crystallization) [20]. Additionally,
as these grades are commercialized, they are most probably additivated with nucleating agents by the
manufacturer. Also other studies have only revealed a moderate density reduction for batch foamed
PLA injection molding grades [35,36].

Apart from the injection molding grades, for P_4.3D, Fi_2D, X_4D, BM_4.4D, and Fo_4.7D foams
with densities below 100 kg/m3 were achieved at significant lower foaming temperatures, as is clearly
visible from Figure 6. These five grades mainly possess a higher molecular weight and, consequently,
higher melt strength, as well as higher zero shear viscosity, which allows for a more pronounced
expansion. Thus, the cell growth could also be ensured. However, IM1_2D and Fo_4.7D owe molecular
weights in a similar range (see Figure 4b) but they show much different foaming behavior, which
allows for the conclusion that the expansion is affected by other parameters beside the molecular
weight, such as the crystallization rate and amount of crystals, which appears to be much higher
for the injection molding grade IM1_2D. The lowest achieved densities are 40 kg/m3 (BM_4.4D),
52 kg/m3 (P_4.3D), 87 kg/m3 (X_4D), and 71 kg/m3 (Fo_4.7D). Even though the first three mentioned
grades possess a higher molecular weight and zero shear viscosity than Fo_4.7D, they all show similar
expansion. Consequently, it can be stated that the molecular weight and the therefrom resulting
rheological behavior seems to be sufficient enough to allow for the formation of low density foams,
as the expansion is not hindered by a too strong crystallization, as it would be the case for IM1_2D.
After foaming, the grades P_4.3D, Fi_2D, X_4D, BM_4.4D, and Fo_4.7D also developed significant
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elevated crystallinities. The degree of crystallinity ranges from 35% up to 42%, which is still lower than
for the injection molding grades (> 58%). The chain mobility is expected to be significantly lower than
that for the injection molded grades hindering the development of higher orientation during crystal
formation, as these grades have longer chains. It should be mentioned that the crystallization is also
assumed to happen during the saturation with the aid of the elevated temperature and chain mobility.
Thus, it could be assumed that, underneath a critical extent, the so-formed crystals would increase the
melt strength and serve as nucleation points and, thereby, be beneficial during the expansion.

 

Figure 6. Top: Foam densities of the neat PLA grades foamed after a 30 min. saturation with CO2 at
180 bar at varying temperatures. Bottom: SEM images of the foam with lowest density for each grade
with crystallinity values (1st heating).

Figure 7. DSC curves (10 K/min., 1st heating) of the lowest density foams achieved in batch foam
experiments with 30 min. saturation at 180 bar. Note the increased melting temperatures marked in the
dashed boxes of PLA foams with lower D-content of 2 and 4, respectively.
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Furthermore, the DSC curves that are shown in Figure 7 reveal that the melting temperature
of the crystallized foams seems to strongly depend on the D-content. The grades with D-content
of approximately 2% or lower (IM1_2D, IM2_1.4D, IM3_2D, and Fi_2D) show elevated melting
temperatures of around 170 ◦C and higher while the grades with D-content around 4% (P_4.3D, X_4D,
BM4.4D, and Fo_4.7D) clearly exhibit a lower melting point of around 150 ◦C. At higher D- contents,
even lower melting points could be expected, as it was shown in the work of Bigg [37] for the case
of unfoamed PLA. The formation of double melting peaks was also observed for the grades IM1_2D
and IM2_1.4D. This effect is known for PLA and it could also happen to other grades, as it is mainly
sensitively influenced by the saturation conditions (temperature, time and pressure), which was well
described by Nofar et al. [38].

HS_12D is another outstanding grade, which foams at much lower temperatures. In fact, the
minimum of foam density (115 kg/m3) is reached at 65 ◦C. This can be traced back to the much
higher D-content of approximately 12. Hence, no crystallization is expected to happen under this
conditions [19,22,39] and the foaming temperature depends mainly on the Tg. The Tg of HS_12D could
be expected to shift to a lower range [40], as well as the melt strength, due to the plasticization effect
of the blowing agent. The molecular weight of HS_12D is between Fo_4.7D and X_4D, which both
foamed to lower densities. This allows for the conclusions that the absence of crystallization due to the
high D-content results in less favorable rheological behavior for foaming in the autoclave.

Most of the foams possess very thin cell walls. Here, it is evident that some of these cell walls are
opened due to cell coalescence and cell rupture. A phenomenon that has been often reported for PLA
foams [39,41,42] and can be traced back to the low melt strength.

3.3. Foaming Conditions vs. Expansion

In Figure 8, the influence of the saturation pressure on the achievable foam density is shown for
X_4D and HS_12D (similar molecular weight but different D-content). Surprisingly, at lower saturation
pressures, foams with lower densities but larger cell sizes were obtained.

 

— —

Figure 8. Top: Foam densities of the grades X_4D and HS_12D (with similar molecular weight but
varying D-contents) foamed after 30 min. saturation with CO2 at 120, 150, and 180 bar and varying
temperatures. Bottom: SEM images of the foam with lowest density for both grades with crystallinity
values (1st heating).
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For both grades, it was observed that the saturation temperatures required for achieving the
lowest possible foam densities are generally shifted to higher values with lower saturation pressure.
This is a result of a less pronounced plasticization effect with a lower amount of dissolved CO2 at lower
saturation pressure. Moreover, HS_12D showed more pronounced foam density drop with lower
saturation pressure and no crystallinity was observed after foaming. This could only be explained,
as (i) a high expansion was ensured by a higher melt strength and (ii) that the pressure drop (rate) itself
reduces with decreasing saturation pressure, thus leading to a lower cell density, as it is also described
in literature [24,25]. Hereafter, the cells have the chance to grow larger and, consequently, result in
lower foam density. Moreover, the gas dissolving content is considered also to have an effect on the cell
nucleation. Guo et al. [43] described that an elevated saturation pressure promotes the nucleation rate;
hence, a larger cell size can normally be expected from a lower saturation pressure. This is confirmed
by the SEM images in Figure 8.

Similar tendency was observed for X_4D—yet much weaker—which is assumed to be mainly
influenced by its thermal properties. Since X_4D possesses much lower D-content than HS_12D and
showed crystallinity after foaming, the formation of crystals could be expected during CO2 saturation.
However, with less gas dissolving under lower pressure and at elevated saturation temperature,
the crystallization was less promoted, leading to lower crystallinity values of 29% (at 150 bar) and 21%
(at 120 bar), respectively.

In Figure 9, the foam density in dependence of the saturation time is shown for the grades Fi_2D,
X_4D, and HS_12D. The foaming experiments were carried out at the optimum foaming temperatures
for each grade (based on the trials summarized in Figure 6). Unusual high saturation times of up to
eight hours were chosen here to identify the cause for the relenting density reduction with increasing
saturation time. One could expect that a longer saturation time would lead to a higher expansion.
Hence, for all grades, the lowest densities were achieved between 10 and 30 min. of saturation,
respectively. For longer saturation, the achieved foam density increases almost exponential, as it can
be seen from the trendlines. For the short saturation, a monomodal cell size distribution can be seen
from the SEM images of X_4D. With increasing saturation times, a bimodal cell size distribution with
much smaller cells is visible. After 8 h saturation, the morphology is comparable to IM2_1.4D (145 ◦C,
180 bar, 30 min.; cf. Figure 6), showing scattered spherical structures in between the cells.

 

Figure 9. Top: Foam densities of the grades Fi_2D, X_4D, and HS_12D (with similar molecular weight
but varying D-contents) foamed with CO2 at 180 bar and varied saturation times. Bottom: SEM images
of the X_4D foam with different saturation times and crystallinity values (1st heating, 10 K/min.).
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The explanation for the decreased expansion with longer saturation time is not as trivial as
expected. Of course, a decrease in molecular weight could be assumed with longer saturation to
explain the decreasing expansion from the consequently anticipated less favorable rheological behavior
during the expansion. However, the samples do not undergo any significant thermal degradation
during saturation at different temperatures, as it can be clearly judged by the GPC results. Here, the
relative molecular weight, as well as the polydispersity, did not significantly change. Another possible
explanation would be that the absorption is ongoing over the time, meaning that the samples are not
fully saturated with CO2. The consequence would be that the Tg (and also the viscosity) would be
decreased by a more pronounced plasticizing effect with increased saturation time, meaning that the
optimum temperature for foaming would shift to ever lower values. Repeating the experiments at
a lower temperature could impose this, which did not lead to lower densities. This allows for the
conclusion that the samples can be assumed as being fully saturated, even after short saturation times
and that there must be another reason for the less pronounced density reduction with an increasing
saturation time. It is striking that HS_12D shows slightly divergent behavior when compared to the
other grades (with lower D-content), as the density does not change significantly up to a saturation
time of 240 min. When considering this and the crystallinity values (cf. Figure 9) of the foams from
Fi_2D and X_4D, we develop the hypothesis that crystallization seems to play a crucial role for the
expansion at different isothermal saturation under high pressure CO2 loading (even for PLA with
high D-content, which is strongly hindered to form crystals). There is strain-induced crystallization
during the foaming, as was mentioned earlier. This leads to relatively high crystallinity values with
high expansion rates. Henceforth, it would be assumed that, with less expansion, less (strain induced)
crystallinity would be seen. Nevertheless, the values for the long saturated but less expanded samples
stay rather high. Yet, this can be explained by the CO2 induced crystallization, as was described by Xu
et al. [44], showing elevated crystallinity for PLA saturated with super critical CO2 for more than ten
minutes. This allows for the assumption for Fi_2D and X_4D, that the CO2-induced and strain induced
crystallization are overlapping effects and with ongoing saturation the CO2-induced crystallization
will prevail. Hence, the crystals that formed during the saturation can hinder the expansion during
depressurization, as the rheological behavior can be expected as being less favorable for expansion.

For HS_12D, this effect does not seem to play a role, which is plausible, as it is considered as total
amorphous. However, this only seems to be valid for the saturation approximately up to 240 min.
The DSC curves from the foams that were saturated longer reveal an additional phase transition that
is close to the Tg and the formation of slight melting peaks at 153 and 166 ◦C (see Figure 10), which
could be enabled from the harsh conditions of the applied high pressure and the long saturation
phase at elevated temperature. After 16 h, this effect levels out, as judged from the associated density
change. Hence, it is not unlikely that the autoclave treatment of usually amorphous polymers results in
crystallization, as it was also shown before for polycarbonate [45]. To further describe the responsible
mechanisms, more advanced techniques (e.g., high pressure DSC, modulated DSC, rheology of gas
loaded melt, wide-angle X-ray scattering WAXS) would be helpful, but they could not be applied
within this study. Still, it can be concluded that a long saturation phase under isothermal conditions
leads to crystallization that is favored by the presence of CO2, which is not beneficial for the expansion;
and, even PLA with high D-content, which can normally be considered as totally amorphous is affected,
as it shows additional phase transitions.

The foaming behavior (i.e., density) of Fi_2D, X_4D, and HS_12D, depending on the pressure drop
rate, is shown in Figure 11. The foaming experiments were carried out under the optimal conditions
of each grade (i.e., saturation time, -temperature, and -pressure based on the findings of Figure 6),
yet different gas outlet pipe diameters were used to vary the PDR.
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Figure 10. DSC curves of HS_12D foams and unfoamed reference (1st heating, 20 K/min.).

 
(a) (b) 



Figure 11. (a) Foam densities of the grades Fi_2D, X_4D and HS_12D (with similar molecular weight but
varying D-contents) foamed after 30 min. saturation with CO2 at 180 bar and varied pressure drop rates.
(b) SEM images of the X_4D foams with different pressure drop rates and crystallinity values (1st heating).

Clearly, density reduction is more pronounced with an increasing pressure drop rate for all the
three investigated grades. It should be noted that a similar tendency could be found in all three PLA
samples with different D-content, which indicates that PDR plays a similar role in the foaming of PLA,
regardless of D-content. However, for the low D-content grades (i.e., Fi_2D and X_4D), the crystallinity
is also increased, most likely as the strain induced crystallization becomes more obtruded with the
higher expansion. Furthermore, as it can be seen from the SEM images of the foam structures of X_4D,
clearly the cell size becomes decreased with increased pressure drop rate, as the nucleation is promoted.
As a conclusion, it can be said that the result shows a clear trend, where a higher PDR generally leads
to a lower foam density and smaller cell size, as cell nucleation is promoted [43,46].
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4. Conclusions

A wide variety of commercial PLA grades was investigated in this work. The grades can firstly be
distinguished by their molecular weight, which leads secondly to different rheological behavior (i.e.,
melt strength and zero shear viscosity) and varied thermal properties (i.e., crystallization kinetics).
Additionally, different D-contents were considered, which also determine the thermal properties (i.e.,
crystallinity). Besides these material-specific properties, different process parameters were changed
during the pressure induced batch foaming (i.e., saturation temperature, -pressure, -time, and pressure
drop rate). Consequently, a wide variety of factors that could influence the expansion behavior of PLA
were conclusively studied.

Low density foams (volume expansion ratio VER ≥ 10) could be achieved for most of the PLA
grades. Exceptions were the injection molding grades, whose low molecular weights lead to lower
zero shear viscosities, vanishing low melt strengths, and high crystallization kinetics, which, in total,
limit the expansion. It also could be shown that the rheological properties (melt strength and zero
shear viscosity) are not the only factors governing the expandability as the crystallization behavior,
which is known to be very complex for PLA can tremendously hinder the expansion, as it is the
case for the injection molding grades. The D-content governs the foaming temperature and the melt
temperatures of the crystallized foams. PLA with lower D-content needs to be foamed at higher
temperatures, as it was also observed that a D-content of approx. 4% leads to melting temperature of
around 150 ◦C, while at 2% and lower it is around 170 ◦C. A D-content of 12% commonly leads to no
crystallization and consequently to much lower foaming temperatures that were way below 100 ◦C.
The saturation pressure strongly governs the foaming temperature on which the lowest density can
be achieved, as well as the nucleation, and thereby the fineness of the cells. Surprisingly, a shorter
saturation time leads to lower densities, because the CO2-induced crystallization intensifies with
ongoing saturation, allowing for less expansion, as we hypothesized. Even for PLA with a high
D-content of 12%, which can usually be considered as totally amorphous, a divergent foaming behavior
(tsat > 4 h) was shown, which is presumably due to an additional phase transition, induced by the long
saturation. Furthermore, a high pressure drop rate is favorable for achieving low density foams with
fine morphology, as the nucleation rate is increased independently from the D-content.
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Abstract: To enhance the antibacterial activity of natural rubber latex foam (NRLF), chitin was added
during the foaming process in amounts of 1–5 phr (per hundred rubber) to prepare an environmentally
friendly antibacterial NRLF composite. In this research, NRLF was synthesized by the Dunlop method.
The swelling, density, hardness, tensile strength, elongation at break, compressive strength and
antibacterial activity of the NRLFs were characterized. FTIR and microscopy were used to evaluate the
chemical composition and microstructure of the NRLFs. The mechanical properties and antibacterial
activity of the NRLF composites were tested and compared with those of pure NRLF. The antibacterial
activity was observed by the inhibition zone against E. coli. NRLF composite samples were embedded
in a medium before solidification. The experimental results of the inhibition zone indicated that with
increasing chitin content, the antibacterial activity of the NRLF composites increased. When the chitin
content reached 5 phr, the NRLF composite formed a large and clear inhibition zone in the culture
dish. Moreover, the NRLF–5 phr chitin composite improved the antibacterial activity to 281.3% of
that of pure NRLF against E. coli.

Keywords: natural rubber latex foam; chitin; antibacterial activity

1. Introduction

Natural rubber latex (NRL), the viscous liquid from Hevea brasilensis, is the main source of
commercial natural rubber. Fresh NRL comprises an aqueous colloid with 44–70 wt% water. Generally,
latex is processed into high ammonia natural rubber latex (HA-NRL) for convenience of preservation
and transportation [1]. The main component of natural rubber is poly(cis-1,4-isoprene). In addition
to water and rubber hydrocarbons, natural rubber latex also includes proteins, lipids and other
substances [2,3].

Natural rubber latex products can be divided into four categories: impregnated products, molded
products, extruded products and foam products. Compared with the former three, natural rubber
latex foam (NRLF) is a porous material with a low density [4,5]. NRLF has the characteristics of elastic
resilience, absorbency, providing sound insulation, being shockproof and providing ventilation [6–12].
At present, the commercial products made from NRLF mainly include mattresses and pillows.

NRLF, widely used as bedding, is one of the economic mainstays of Southeast Asian countries [13].
However, NRLF is easily attacked by ultraviolet light due to its unsaturated carbon–carbon bonds [14].
NRLF bedding is not suitable for long-term exposure to sunlight, and slow bacterial growth might
occur on the cover [15–17]. Therefore, it is necessary to improve the antibacterial activity of NRLF and
to choose appropriate antibacterial agents to reduce the cost.

Chitin [(C8H13O5N)n], which widely exists in the shells of crustaceans such as shrimps and crabs,
is a renewable, low-cost, antibacterial and well-sourced resource [18–22]. The chemical structure of
chitin is shown in Figure 1. Chitin is a cationic natural polymer due to its amide groups. The positively
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charged polymer neutralizes the negatively charged functional groups on the surface of bacteria.
Once the cell wall is damaged, the cell osmotic pressure would be destroyed and finally the bacteria
would die [23,24]. Therefore, chitin could be considered an environmentally friendly antibacterial
agent [25–29].

Figure 1. Chemical structural formula of chitin.

Most of the research on NRLF composites involves filler loading [30–33]. The focus is on exploring
the mechanical properties of composite foams and emphasizing the reuse of natural fibers. Currently,
the research on antibacterial NRLF mainly focuses on zinc oxide [34] and silver particles [35–39].
Khemara Mama [40] demonstrated that NRLF treated with silver nanoparticles of only 0.2 per hundred
rubber (phr) had improved antibacterial ability by 43.8% against E. coli and 25% against S. aureus

compared to NRLF that was not treated with silver nanoparticles. Few reports have been published on
the utilization of natural renewable materials to prepare antibacterial NRLF composites.

Compared with zinc oxide and silver particles, chitin has the advantages of renewability,
biodegradability and biocompatibility. Furthermore, the preparation of silver antimicrobials is
quite complex due to the synthesis of nanoparticles [39] while blending with chitin is more simple and
convenient. The poor solubility of chitin provides the NRLF composite with more durability within its
service life. Therefore, chitin–NRLF composites can not only enhance the antibacterial activity of foam,
but are also inexpensive and environmentally friendly [19].

In this research, 0, 1, 2, 3, 4 and 5 phr chitin-loaded NRLFs were prepared using the Dunlop method.
Morphology, swelling, density, chemical composition, hardness, tensile strength, elongation at break
and compressive strength are characterized to verify the antibacterial activity vs. mechanical properties
of chitin–NRLF composites. This natural antibacterial composite foam has considerable prospects in
commercial applications of natural rubber, which is consistent with the concept of sustainability and
the goal of a green economy.

2. Materials and Methods

2.1. Materials

The Dunlop method was used to prepare the NRLFs. High ammonia natural rubber latex
(HA-NRL) was supplied by Yunnan Natural Rubber Industry Group Jingyang Co., Ltd (Yunnan,
China). The chemicals (potassium hydroxide, 2-mercaptobenzimidazole, 2-mercaptobenzothiazole,
sulfur, potassium oleate, ammonium sulfate, zinc oxide, sodium fluorosilicone), Luria-Bertani solid
medium (deionized water, tryptone, sodium chloride, yeast extract, agar) and chitin were supplied by
Sinopharm Chemical Reagent Co., Ltd. (China). E. coli BL21 were supplied by Qincheng Biotechnology
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Co., Ltd. (Shanghai, China). The names, concentrations and proportions of the chemicals used in the
synthesis experiment are shown in Table 1.

Table 1. Formulation parameters for the synthesis of the chitin–natural rubber latex foam
(NRLF) composites.

Ingredient TSC phr

natural rubber latex 0.6 100
potassium hydroxide 1 0.5

2-mercaptobenzimidazole 0.5 1.5
2-mercaptobenzothiazole 0.5 2

sulfur 0.5 2.5
potassium oleate 0.33 1

ammonium sulfate 0.4 2.5
zinc oxide 0.5 3

sodium fluorosilicone 0.5 1
chitin 1 0, 1, 2, 3, 4, 5

TSC: total solid content; phr: per hundred rubber.

2.2. Sample Preparation

The Dunlop method [41,42] involves prevulcanization, foaming, gelation, vulcanization and
demolding. First, potassium hydroxide, 2-mercaptobenzimidazole, 2-mercaptobenzothiazole and
sulfur were added into the HA-NRL. Prevulcanization of the NRL was carried out by stirring at
30 ◦C for 48 h at 50 rpm. Second, potassium oleate, ammonium sulfate and chitin were blended with
the prevulcanized latex (PV-NRL). The PV-NRL was stirred for 8 min at 200 rpm to form a foam,
and this process continued until the volume remained the same. Third, zinc oxide was added while the
whisking machine was adjusted to 100 rpm. After 10 min, the sodium silicofluonate was slowly added,
and the foam was stirred to the gelling point at 70 rpm. Once the gelling point was reached, the foam
was injected into the mold and solidified at 90 ◦C for 30 min. Finally, the NRLF was vulcanized at
100 ◦C for 2 h. After demolding, washing and drying, the NRLF was obtained. The NRLFs loaded with
chitin at 0, 1, 2, 3, 4 and 5 phr were prepared using the above procedure. Five samples were prepared
for each condition.

2.3. Methods

2.3.1. Morphology

The microstructure and morphology of the NRLFs were observed with optical microscopy (Leica
DM500, Heidelberg, German). The magnification (objective × eyepiece) was 40 ×. The samples were
sliced for light transmission and observation. From the resulting graphs, the size of the micropores
and the dispersion of the chitin particles were evaluated.

2.3.2. Swelling

The NRLFs were made into 25 mm × 25 mm × 25 mm samples. The dried samples were weighed
and then hermetically immersed in deionized water for 72 h. The surfaces of the samples were wiped
with kitchen paper before the swollen samples were weighed. The testing temperature was 25 ◦C.
The swelling is indicated as S (%).

S = (mass of swollen sample−mass of initial sample)/mass of initial sample (1)
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2.3.3. Density

The dry NRLFs were made into 50 mm × 50 mm × 25 mm (length × width × height) samples
for measurement. The testing temperature was 25 ◦C. Five samples were tested under each loading
condition, and the density is indicated as ρ (kg/m3).

2.3.4. Chemical Composition

The chemical composition was characterized by FTIR (Nicolet iS50, Madison, WI, America).
The transmittance of the samples to infrared light was measured. The chemical composition of
the NRLFs with chitin loading (0, 1, 2, 3, 4 and 5 phr) was investigated in a mid-infrared region
(500–4000 cm−1).

2.3.5. Hardness

The hardness was tested according to the Shore C standard. A Shore C hardness tester (LX-C,
Jiangdu, China) was used to measure the hardness of the soft foam materials. The dry NRLFs were
made into 10 mm × 10 mm × 6 mm (length ×width × height) samples for measurement. The testing
temperature was 25 ◦C. Five samples were tested under each loading condition.

2.3.6. Tensile Strength and Elongation at Break

Tensile strength and elongation at break were tested according to the Chinese National Standard
GB/T 6344-2008. The NRLFs were made into 13 mm × 152 mm dumbbell-shaped samples with a gauge
length of 50 mm. The speed of the universal material testing machine (XWW-20A, Beijing, China) used
herein was 500 mm/min. The testing temperature was 25 ◦C. Five samples were tested under each
loading condition.

2.3.7. Compressive Strength

The NRLFs were made into 50 mm × 50 mm × 25 mm (length × width × height) samples.
The compression ratio was 50%. The speed of the universal material testing machine (XWW-20A,
Beijing, China) was 50 mm/min. The testing temperature was 25 ◦C. Five samples were tested under
each loading condition.

2.3.8. Antibacterial Activity

The antibacterial activity was characterized by the inhibition zone against E. coli. The NRLFs were
made into cylindrical samples with a diameter of 8 mm and a height of 2 mm. The LB solid medium
was poured into the culture dishes at 60 ◦C, and the samples were embedded in the medium. After the
culture medium was completely solidified, bacterial liquid was added. All the dishes were incubated
at 37 ◦C for 12 h.

3. Results

3.1. Morphology

Figure 2 shows the micrographs of the NRLFs in different compositions. The microstructure,
shape of the cells and dispersion of the chitin can be observed. Figure 2a–f shows the NRLFs loaded
with 0–5 phr chitin. From Figure 2a–c, it is obvious that the shape of the cells changes little with a
low chitin content. When the loading is 3 phr, the chitin begins to agglomerate on the walls. At the
same time, the walls attached to the chitin would gain traction on the surrounding foam. Due to the
influence of the chitin, the cells are no longer circular in shape as the loading increases.

The deformation and fracture of the cells were detected, as shown in Figure 2e. When the loading
reaches 4 phr, the rubber walls fracture due to the over-expansion of the bubbles and the obstacles
provided by the chitin. In Figure 2f, the number of cell cracks and the pore size increase. The broken
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foam wall adheres to the chitin. The pores are not stable enough, and chitin becomes aggregated, so the
rubber begins to break under an uneven force. Macroscopically, small particles can be seen on the
surface of the NRLF. The pores become large and weak with high filler contents.

Figure 2. Micrographs of chitin–NRLF composites. (a) pure NRLF; (b) NRLF–1 phr chitin; (c) NRLF–2
phr chitin; (d) NRLF–3 phr chitin; (e) NRLF–4 phr chitin; (f) NRLF–5 phr chitin.

The cell diameters of the NRLFs are shown in Figure 3. The relationship between pore size and
filler loading can be seen in the diagram. First, as the loading of chitin increases, the pore size of
the NRLF increases gradually. The large surface tension of the foam around the chitin results in the
bursting and merging of the cells. However, the cell diameter in the NRLF–5 phr chitin case decreases.
Under this loading, many bubbles become large enough to burst, and the remaining cells are weak and
easily deformed. Therefore, only small cells could be measured completely. Second, with the increase
in chitin loading, the standard deviation of the cell diameters increases as well. This indicates that the
random dispersion of the chitin in NRLF leads to an uneven pore size. Compared with the cells in the
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NRLFs with a low chitin load, the difference among the cells in the NRLFs with a high chitin load is
too large to be accurately estimated.

Figure 3. Cell diameters of chitin–NRLF composites.

3.2. Swelling

The swelling ability could directly explain the porous structure of the NRLFs according to
Equation (1). The NRLF composites were immersed in deionized water for 72 h, and the mass of the
NRLF composites was measured. As shown in Figure 4, with increasing chitin content, the swelling
percentage decreases. The reason might be the collapse and adhesion of the rubber foam when the
loading increases. For NRLFs with a higher loading, the number of pores decreases sharply even
though the cells merge and expand. Therefore, the low porosity of the NRLF composites diminishes
the absorption capacity.

Figure 4. Swelling of chitin–NRLF.

3.3. Density

As shown in Figure 5, the density of the NRLF increases with increasing chitin loading. The density
of chitin particles is 1370 kg/m3, which is much higher than that of the pure NRLF. In addition,
agglomerates destroy the original bubble structure in the NRLF and cause collapse of the cells.
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A decrease in bubble volume leads to a decreased proportion of air, so the NRLFs with a high loading
contain additional rubber and chitin. Although the density of the NRLF composite increases as the
filler content increases, it is still lower than that of the other materials. This is attributed to the unique
porous structure of the NRLF. The density of the NRLF composite is still less than 0.2 kg/m3.

Figure 5. Density of chitin–NRLF composites.

3.4. Chemical Composition

The FTIR transmittance spectra of the NRLFs are shown in Figure 6. FTIR spectra are used to
analyze the chemical compositions and to identify the structural transformation that occurs during
blending. The peak at 2900 cm−1 is due to the stretching vibration of the C-H bonds in methyl, the
peak at 1660 cm−1 is due to the stretching vibration of C = C bonds, the peak at 2850 cm−1 is due
to the stretching vibration of C-H bonds in methylene, the peak at 1460 cm−1 is due to the bending
vibration of C-H bonds in methylene, and the peak at 842 cm−1 is due to the out-of-plane bending of
C-H bonds [43–45]. These peaks are the key features in the spectra for the rubber hydrocarbons. Peaks
at 3280 cm−1 are probably connected to moisture in the samples.

Natural rubber latex originally contains proteins, carbohydrates, lipids and other substances,
hence pure NRL possesses hydroxyl and amide peaks as well. From 1200 cm−1 to 1000 cm−1, there
are ether bond peaks [46,47]. This characteristic peak differentiates the chitin from the polyisoprene.
As shown in the second local graph, the transmittance peaks of ether bonds are enhanced compared
with pure NRLF. This demonstrates that chitin blends with the NRLF and does not significantly change
the chemical structure of the natural rubber. It can be seen that with an increase in the chitin content,
the natural rubber peaks in the transmittance spectra do not change. This indicates that there is no
reaction between the chitin and natural rubber latex during blending and only physical loading occurs.
In other words, the chitin has no significant impact on the spatial structure of the natural rubber.

167



Materials 2020, 13, 1039

Figure 6. FTIR spectra of chitin–NRLF.

3.5. Hardness

The effects of the chitin on the hardness are presented in Figure 7. The hardness (Shore C) mainly
represents the ability of rubber to resist the pressing or intrusion of hard objects. The NRLF samples
with an increased chitin loading have an increased hardness, according to the trend in Figure 7.
The increase in chitin content leads to the collapse and partial adhesion of the NR, so the rubber
clots provide additional resistance to the external intrusion. Chitin is a linear polymer composed of
(1–4) linked 2-acetamido-2-deoxy-D-glucosamine. The hardness of chitin is 7–7.5 (Mohs) due to its
regularly arranged structure. The Mohs hardness is used to describe the hardness of minerals, which
is absolutely higher than that of rubber. Therefore, chitin could obviously enhance the hardness of
NRLF composites.
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Figure 7. Hardness of chitin–NRLF composites.

3.6. Tensile Strength and Elongation at Break

As shown in Figure 8, the tensile strength of the chitin–NRLF composite decreases with increasing
chitin content. For NRLF–5 phr chitin, the tensile strength decreases to approximately half that of
the pure NRLF. This decline proves that the structure of the NRLF is destroyed during the foaming
process and that additional cells appear to burst before solidification. The low compatibility between
the chitin and NR leads to a large surface tension on the foam, resulting in an easy bursting of the
bubbles. With increasing pore size, the cells gradually become more fragile. The increase in the filler
loading could cause poor dispersion and agglomeration of the chitin. The precipitation of the chitin on
the surface would form stress concentrations during tensile testing.

Figure 8. Tensile strength of chitin–NRLF.

The elongation at break of NRLFs normally depends on the crosslinking density and the foam
structure. Given that the NRLF composites herein were vulcanized under the same conditions [48–50],
the difference in elongation at break would mostly be attributed to the size and quantity of the pores.
As shown in Figure 9, the elongation at break of the NRLF decreases with increasing chitin loading.
Similar to the trend for the tensile strength, the elongation at break of NRLF decreases remarkably
when the chitin reaches 3 phr or more. The trend of these results is analogous to other literature [30].
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Stress concentrations would suddenly develop at the agglomerations of the chitin, and the thinned
foam walls could accelerate the breaking. Moreover, the increased hardness of the NRLF composite
might contribute to the brittleness that appears during the tensile testing, which means a decreased
amount of deformation before a break occurs.

Figure 9. Elongation at break of chitin–NRLF.

3.7. Compression Strength

As shown in Figure 10, the compressive strength of the NRLF increases substantially with
increasing chitin loading. Chitin has a much higher compression strength than natural rubber, and a
small amount of chitin could dramatically enhance the compressive strength of NRLF composites.
In addition, when the chitin content continues to increase, the fracture of the cell might lead to adhesion
of the natural rubber. For the same volume, the NRLFs with a high loading allocate an increased
proportion to rubber but a decreased proportion to air. During compression, NRLFs with a high loading
would have a decreased amount of inner space available to shrink. Therefore, when the samples are
compressed at 50% during the compression testing, the additional rubber and chitin particles in the
NRLFs with a high loading provide an increased resistance to the pressure and increased compressive
strength as well.

Figure 10. Compression strength of chitin–NRLF.
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3.8. Antibacterial Activity

As shown in Figure 11, the antibacterial activity of the NRLFs on E. coli was characterized by
inhibition zone testing against E. coli. Figure 11a–f represents the NRLF composites filled with chitin
from 0 to 5 phr.

Figure 11. Inhibition zone against E. coli of chitin–NRLF composites. (a) pure NRLF; (b) NRLF–1 phr
chitin; (c) NRLF–2 phr chitin; (d) NRLF–3 phr chitin; (e) NRLF–4 phr chitin; (f) NRLF–5 phr chitin.

From Figure 11a, pure NRLF without chitin already has antibacterial activity against E. coli.
This result is consistent with the previous study [40]. There are two possible explanations for this
phenomenon. First, the proteins in natural rubber latex might be bacteriostatic [51]. Second, 3 phr of
zinc oxide was added, as listed in Table 1, and zinc oxide is a proven antibacterial [52,53].

The increase in the inhibition zone of each of the NRLF composites can be seen in Figure 12.
When the chitin loading increases, the antibacterial activity of the NRLF gradually increases.
The samples were tightly embedded in the solid medium so they contacted the E. coli completely.
The antibacterial activity of NRLF–3 phr chitin appears to be twice that of pure NRLF. When loaded
with 5 phr, the inhibition zone is obviously enlarged and is quite clear compared with that of the former
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samples. Furthermore, the NRLF–5 phr chitin composite improved the antibacterial activity by 181.3%
against E. coli compared to that of the pure NRLF.

Figure 12. Increase in the inhibition zone of chitin–NRLF.

4. Conclusions

In this research, chitin was chosen as an antibacterial agent to enhance the antibacterial activity of
NRLF. NRLF composites were prepared by the Dunlop method, and chitin was blended with foam
during the foaming process. In addition to the antibacterial activity, morphology, swelling, density,
chemical composition, hardness, tensile strength, elongation at break and compression strength were
characterized as well.

Compared with that of pure NRLF, the performance of the NRLF composite is related to the
loading of chitin. When the chitin content increases, the cells expand and deform with the chitin.
Overexpansion could lead to bursting of the bubbles and fracture of the rubber walls. The tensile
strength, elongation at break and water swelling decrease gradually, resulting in uneven force and
stress concentrations.

The chitin is inclined to aggregate due to the poor interaction between the chitin and natural
rubber latex. The cracked cells and broken walls stick to the central chitin agglomerations. A decreased
number of bubbles contribute to the collapse and contraction of the foam materials. With a decreased
proportion of air and additional space for chitin, when the chitin loading increases, the compressive
strength, density, hardness and antibacterial activity increase.

Using the natural antibacterial agent chitin as a loading filler, environmentally friendly and
antibacterial NRLFs were prepared herein. The antibacterial activity of NRLF composites could be
increased by up to 181.3% compared to pure NRLF. When loaded with 3 phr chitin, the microstructure
and mechanical properties of the chitin–NRLF composite change moderately and the antibacterial
activity reaches more than double that of pure NRLF. Therefore, chitin–NRLF composites could be
widely applied to household products, such as pillows, mattresses or cushions, and possess good
practical value for future applications.
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