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Preface

Phenolic foams are considered as the most efficient insulation material that are
commonly available and are inexpensive. Compared with other types of foams
phenolic foams possess good fire resistance, less smoke during burning, low heat
conduction coefficient, and good balance between cost and mechanical proper-
ties. Phenolic foams are considered as a leading candidate in various fields such
as construction industry, petrochemicals, aerospace, and fire protection. However,
the extreme friability and brittleness of phenolic foams limits their applications. So
it is very important to improve the toughness of the phenolic foams by reinforcing
with other materials.

Numerous efforts have been made to improve the toughness of phenolic foams
over the past decades. Thus, it is essential to acquire knowledge about the prepa-
ration, properties, and applications of phenolic foams by research scholars and
students. Most of the research works were done to improve the properties of phenolic
foams according to its targeted applications. The toughness of phenolic foams can be
enhanced by adding various toughening agents like flexible polymers, natural fillers,
and nanofillers. All the efforts were to improve the physical properties of phenolic
foams by maintaining their inherent thermal, insulation, and evolution of less toxic
substances during burning. The effort of researchers to prepare bio-based phenolic
foams is also appreciable since it is easily available, cost-effective, and reduces the
environmental pollution.

This book is divided into 25 units. The first unit focuses on the general introduction
about phenolic foams. The succeeding two units deal with the introduction of foam
manufacture and the chemistry behind it. Next three units discuss the effect of hybrid
fillers and toughening agents on the properties of phenolic foams. The following
chapter describes the properties of phenolic syntactic foams. The next two units are
about the morphology and shape memory effects of PF foams. The following few
chapters discuss the mechanical, thermal, electrical, and flame retardant properties
of PF foams. This book also covers PF foams with nanofillers such as clay, CNT,
graphene, andnanosilica as reinforcements. The last eight chapters includediscussion
of bio-based PF foams and applications of PF foams.
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We hope all the scientific community and students will be benefitted by this book
and we look forward to have suggestions and feedback to improve upon it.

Kottayam, India
Kalady, India
Kottayam, India

Sandhya P. K.
Sreekala M. S.
Sabu Thomas
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Chapter 1
Phenolic-Based Foams: State of the Art,
New Challenges, and Opportunities

P. K. Sandhya, M. S. Sreekala, and Sabu Thomas

1 Introduction

Polymeric foams usually contain two or more phases in which one phase must be
gaseous and dispersed in a solid polymermatrix like thermosets, elastomers, rubbers,
or thermoplastics. Based on the backbone rigidity of the polymer, foams exist as
semi-rigid or rigid material, semi-flexible, or flexible. The degree of cross-linking,
crystallinity, and the chemical composition of the polymer matrix also depends
on the nature of foams. Phenolic foam (PF) is closed-cell rigid polymeric foam
prepared from phenolic resin by adding foaming agent, surfactant, and curing agent.
The excellent fire-resistant properties, thermal insulation, and mechanical proper-
ties of phenolic foam make them a leading candidate as an insulation material in
the construction industry. In recent years, polymeric foam is widely studied and
continues to grow at a fast pace. Among the different polymeric foams, phenolic
foam is very important. PFs were first introduced in the early 1940s in German
industry as a substitute for balsa material. It is an environment-friendly fireproof
polymer foam material with high thermal insulating and excellent high-temperature
properties. It also exhibits no-flame, smoke, and toxic gases during burning. The
excellent properties of phenolic foams are due to its fine pore structure and chem-
ical structure. It is found that most of traditional PF exhibits closed-cell structure
with thermal and electrical insulating properties that restricts its application scope.
Therefore, it is necessary to develop PF with new cell structure and functions in
order to broaden its applications. PF is known as a third-generation emerging thermal
insulation composite with great development potential.
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2 P. K. Sandhya et al.

The various methods such as mechanical, physical, and chemical are used for the
preparation of phenolic foams. The enlargement of blowing agent and curing of the
phenolic resin together manages the formation of the foam. Hence, two important
parameters in the production of foam are the reactivity and viscosity of the phenolic
resin [1]. The amount of monomer, pH, and water content of the resin can also
affect the properties of the prepared foam. Emulsifiers can regulate the quality and
properties of the foam by developing a homogeneous and stable oil-in-water emul-
sion that exists between phenolic resin and blowing agent. The non-ionic surfactant
polyethylene glycol sorbitan monooleate (Tween 80) and silicon oil (alternative to
Tween 80) are the most commonly used surfactants. The foaming of the phenolic
resin either through physical or chemical processes can be induced with the help
of blowing agents and carbon dioxide is an example of blowing agent formed by
in situ. The curing reaction of the resin can be increased by help of catalysts. It can
be achieved by decreasing the gelation time and participate in the foaming process.
Phenol sulfonic acid and p-toluene sulfonic acid are some of organic acids that are
used as catalysts in the foaming process. Based on the targeted application various
additives like flame retardants, plasticizers, thickeners, or fillers are added at the
time of preparation. Physical blowing method is used for the preparation of most
of phenolic foams in which phenolic resoles, physical blowing agents, catalysts,
and surfactants are mixed and transferred into an oven. Heat causes the gasification
and expansion of the blowing agents, and curing of the phenolic resoles occurs and
resulted in the formation of solid phenolic foams [2].

Foams made from polyurethane, polyvinyl chloride, or polystyrene are charac-
terized by less brittleness and friability, which made the PF foams less popular.
But these foams other than PF possess weak fire resistance and produce toxic gases
during combustion. Due to these reasons, the fire-retardant phenolic foams regained
an interest in industrial segments. However, PFs have certain mechanical weaknesses
because of their rigidity, which also makes them brittle and highly friable. Because
of this, several studies have focused on the improvement of mechanical properties
of phenolic foams. In the past few years, to decrease environmental pollution and
to overcome the deficiencies of traditional PFs, researchers have explored the use
of natural fillers and reinforcements such as pulp fiber, lignin, wood flour, and flax.
Moreover, PFs also have shortcomings in its petroleum-based raw materials such
as phenol, which restrict their large-scale applications. Pure phenolic foams consist
of large number of methylene bridges and it makes the foam very brittle and limits
the construction applications. To overcome these problems, researchers modify the
molecular structure and multiple complexes of PF using biomass.

The performance of PFs can be improved by increasing its toughness using renew-
able biomass resources as toughening agents. Recently, the biomass resources that
are rich and inexpensive have been used to toughen PFs. The resultant PF shows low
thermal conductivity, good thermostability, and increasedmechanical properties. The
high temperature resistance properties of PFs are due to the presence of large number
of hindered phenolic sites, flame retardants, char-forming agents, and synergistic
agents [3]. The toughening agents such as polyvinyl alcohol (PVA), polyethylene
glycol (PEG), and epoxy resin can be used for improving the toughness of phenolic
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foams [4]. Cardanol, a phenolic material of bio-origin from cashew nut shell liquid,
can be effectively used to improve its toughness. Phenolic foam possesses many
advantages such as low smoke density, smoke toxicity, and no dripping of molten
plastic during combustion. Phenolic resins and their foams are low cost. PFs are
thermally stable over a broad temperature range from −196 to 200 °C. PFs found a
wide range of applications due to its low thermal conductivity. In addition to that,
PFs are highly resistant to chemicals and solvents. During the foaming and curing
process, it is difficult to control the cell morphology of the pores because phenolic
resins contain various solvents [5]. The cell density and cell uniformity of PFs deter-
mine the physical performance of different polymer foams. The factors that affect
the cell density of the foam are the type of reinforcing particle, degree of cure and
the viscosity before the foaming, and the weight fraction of the particles.

The compression strength, air tightness, flame retardancy, and other related prop-
erties of phenolic foams are mainly depending on the physical and chemical proper-
ties of the phenolic resin. The factors such as reaction time, reaction temperature, pH,
initial formaldehyde/phenol molar ratio (F/P), and catalyst type and loading deter-
mine the properties of phenolic resins [6]. Phenolic foams with closed-cell possess
outstanding thermal insulating properties as well as fire resistance. These types of
PFs can be used as heat and fire barriers in buildings.

The mechanical beating of air into a liquid mixture of phenolic resole, surfactant,
and acid catalyst for 10 min resulted in the formation of liquid phenolic froths and
can be molded into desired shapes after curing [2]. This method is called as froth
templating and used to produce open porous phenolic foam panels (Fig. 1).

The pyrolysis of phenolic foams produces large carbon foampanels that reproduce
the shape of initial foam precursors (Fig. 2a) which has wide range of applications
[2]. After pyrolysis, the carbon yield is 48% and the volume of carbon foam is
reduced by 50% than the precursor phenolic foam. The electrical conductivity of the
produced carbon foamwas found to be 17 S/m while that of precursor phenolic foam
is 3·10−8 S/m. The synthesized carbon foams can be used as porous electrodes.

Fig. 1 a Phenolic foam panels (300 mm × 300 mm × 40 mm) b SEM image of phenolic foams
possessed interconnected macroporous structure [2]
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Fig. 2 aMonolithic carbon foamproduced by pyrolysis of phenolic foamsbMacroporous structure
of carbon foam [2]

From literature review, it is found that great number of research works have been
done in the field of improving the properties of phenolic foams according to the
targeted applications until now. It is also evident from the previous papers that the
researchers put efforts in improving the toughness of phenolic foams since 1970s.
On considering the applications of phenolic foams in the field of industry, most of the
workswere concentrated to solve the problems associatedwith that field. The primary
efforts of the researchers were concentrated to the identification and introduction of
chemical modifiers suitable for enhancing the flexibility and toughness to phenolic
foam. But the efforts were only marginally successful and negotiate with required
toxicity, smoke density, and flammability. The next approach of the researchers is
to increase the toughness of the phenolic foams by the addition of inert fillers. The
efforts were resulted in the formation of phenolic foams with homogeneity and good
texture, but have high foam density. The next modifiers were the nanofillers and
research works in this field with modified nanofillers to tune the desired properties
are still going on. With the intention to minimize the use of fossil fuels, the research
works with phenolic resin that are obtained from a variety of biomass resources,
which are rich in quantity and inexpensive drawing the attention of researchers.

2 Toughening Agents in Phenolic Foams

The addition of fillers can improve the mechanical properties of the phenolic foam as
well as lower the material cost. Brittleness and friability are the major drawbacks of
PF foams and it can be overcome by the toughening of PF foams. The toughening of
PF foams can be achieved by either physical or chemical toughening. Physical tough-
ening is achieved by the addition of rubber or fibers [7]. Currently, great numbers of
studies have concentrated on chemical toughening and it can be attained by active
groups of polymers like polyethylene glycol [8, 9], polyurethane prepolymer [10],
polyether [11], cardanol [12], dicarboxylic acid [13], etc. In chemical toughening,
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with the help of chemical reaction, the flexible polymer chains are introduced in
between the rigid backbone of the phenolic matrix. The complications exist in the
case of uniform dispersion and compatibility can be minimized by chemical tough-
ening. But the toughening agents are highly flammable, which in turn decrease the
flame retardancy of phenolic foams [7]. Researches were carried out in this field
and it was found that by the introduction of flame-retardant elements like boron,
silicon, phosphorus etc. into toughening agents improves toughness and maintains
flame retardancy of phenolic foams [14–16].

2.1 Nanofillers

The introduction of nanoparticles into phenolic foams provides high cell unifor-
mity and cell density, which ultimately improves the mechanical strength of the
carbon foam. The nanofillers such as graphene and multi-walled carbon nanotubes
(MWCNT) [17] have received great attention as toughening agents in PF foam
[18, 19]. Graphene is two-dimensional carbon-based nanomaterial consisting of sp2

carbon atoms which possess excellent thermal, electrical, and mechanical properties
[20–23]. The hybrids of graphene oxide (GO) such as zirconium phosphate/graphene
oxide (ZrP/GO) and silica nanospheres/graphene oxide (SiO2/GO) increased the
flame retardancy and toughening efficiency of graphene oxide and these nanofillers
improved the flame-retardant and mechanical properties of PF foams. Liu et al. [24]
functionalized GO with magnesium aminotris-(methylenephosphonate) (Mg-AMP)
which acts as an effective flame retardant when introduced into PF foam. Various
studies based on phenolic resin reinforcedwithmodified graphene also exist [25, 26].
The reinforcement of reduced graphene (from graphene oxide using potato starch as
the reducing agent) into PF resin and its properties are discussed in one of our works
[27]. Figure 3 shows the SEM images of the PF foams with different weight percent-
ages of RGO. Figure 3a shows the SEM images of neat PF and the cell walls are
broken. Figure 3b–d represents foams with varying wt% of RGO. It can be observed
in Fig. 3c that all the cells are of equal shape, size, and distributed uniformly and are
due to presence of RGO sheets. But in Fig. 3d the agglomeration of the RGO sheets
increases and cells get ruptured.

Figure 4 shows optical microscopy images of the pure phenolic foam and the
toughened foams with PEGPs (polyethylene glycol phosphate). Majority of the cells
in PF and toughened PF foam are closed and average size is about 130 nm. The cells
are regular, denser, uniform, and hexagon shaped for toughened foams PEGP200
(Fig. 4b) and PEGP400 (Fig. 4c) whereas cells of PEGP600 (Fig. 4d) and the pure
PF (Fig. 4a) are ellipsoid-like. Structural homogeneity is observed only for PEGP200
and PEGP400 [14].

Carbon nanotubes (CNT) can act as a promising toughening agent and conductive
filler for various polymer matrixes due to its excellent electrical, mechanical, and
high aspect ratio [28]. Patle and colleagues [29] introducedMWCNTs into the resin-
based matrix and observed an increase in the mechanical, thermal, electrical, and
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Fig. 3 SEM images of neat PF foam a, 0.08 wt% RGO b, 0.12 wt% RGO c, and 0.15 wt% RGO
d [27]

EMI shielding properties of carbon foams. Song et al. [30] used multi-walled carbon
nanotubes in polyimide to improve the dispersion of nanoparticles in PF foam and
improved the mechanical and thermal properties of PF foam. Phenolic resins rein-
forced with CNT exhibits improvement in mechanical and thermal properties of PF
foam [31, 32].

Nano-montmorillonite (MMT) is widely used to increase the flame resistance and
thermal stability of polymer composites. MMT is a natural resource and possesses
excellent thermal barrier properties hindering the thermal degradation [33].MMTcan
improve the flame resistance of phenolic resin and its foam. Xu et al. [33] improved
the flame resistance of PF foam by the incorporation of MMT and increased the
toughness of PF using bio-oil.

Silica solution is an environmental-friendly, nontoxic, and odorless nanomaterial.
Nanosilica is characterized by high surface area and possesses hydroxyl groups on its
surface. The low viscosity of silica nanoparticles makes them readily diffuse into the
system. PF/silica nanocomposite foamswere prepared by Li et al. [31] with increased
thermal and mechanical properties than PF foam. Guo and co-workers [34] prepared
PF foam reinforced with nano-SiO2 and an increase in mechanical properties of PF
foam is observed.
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Fig. 4 Optical microscopic images of pure phenolic foams (a ×100 transmission; e ×400 reflec-
tion), PEGP200 (b×100 transmission), PFPEGP400 (c×100 transmission; f ×400 reflection), and
PFPEGP600 (d ×100 transmission) [14]
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2.2 Natural Fillers

The advantages of natural fillers such as biodegradability, high specific properties,
recyclability, low cost, good thermal and acoustic insulating properties, etc. draw
the attention of researchers toward natural fillers. Lignin is a natural polymer and
acts as a bio-based phenolic source instead of petroleum-derived phenol for the
preparation of phenolic resin. Lignin has similar networking structure as phenolic
resin. On comparing the reactivity of lignin with phenol, lignin is less reactive due
to less reactive sites that are available for the hydroxymethylation reaction with
formaldehyde. Gao and colleagues [35] prepared lignin-modified phenolic resin and
the prepared phenolic foam exhibits good mechanical and thermal insulation prop-
erties. Lignin- and silicon whiskers-modified PF foams were successfully prepared
by Zhang et al. [36] and showed improved mechanical properties. Wang and co-
workers [37] synthesized lignin-modified phenol and the prepared foam exhibits
better compression strength and thermal insulation properties.

Wood flour is well known for its low density and high mechanical properties.
It is considered as one of the most extensively used natural filler and is made
up of lignin and extractives, cellulose, and hemicelluloses [38]. Several research
works have demonstrated the improvement in the properties of PF foams when
wood flour is introduced into PF resin [38, 39]. Eco-friendly reinforced phenolic
foam is obtained by the addition of a biodegradable and renewable resource, which
decreased the amount of blowing agent required in foam preparation. Domı´nguez
et al. [40] successfully prepared wood flour-based phenolic foams and studied the
thermal degradation properties of phenolic foams.

Cellulose is an environmental-friendly, renewable, and most abundant natural
resource and considered as one of the best polymer reinforcingmaterial. High specific
strength, non-toxicity, degradability, low price, and density are some of the charac-
teristic properties of cellulose [41]. Supramolecular structure and insolubility of
cellulose in organic solvents and water limits the modification of cellulose. Ethyl
cellulose, a derivative of cellulose, is well known for its high mechanical strength,
non-toxicity, and biocompatibility. However, it has poor flame retardancy, modifi-
cation of ethyl cellulose is essential [41]. Ma et al. [42] modified microcrystalline
cellulose (MCC) with itaconic acid and attached it to an excellent flame-retardant 9,
10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO). This modified cellu-
lose can increase the mechanical and flame retardancy of PF foams. Saz-Orozco and
colleagues [43] observed 21% increase in compressive modulus and 18% increase
in compressive strength when 2 wt% cellulose fiber is incorporated into PF foam.

2.3 Polymers

The introduction of flexible polymers into PF is a chemical toughening process to
improve the toughness of PF foam. Polyurethane oligomers can serve as a good
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modifier to enhance the toughness and strength of phenolic foam. It is considered as
an effective modification because it reduces the thermal conductivity and density of
phenolic foam [44]. Apart from that, the flame retardancy of phenolic foam could
be maintained by introducing phosphorus-containing polyurethane modifier with
low environmental pollution. Studies on polyurethane reinforced phenolic foams are
reported elsewhere [45, 46]. The esterification of phosphorus pentoxide (P2O5) with
polyethylene gives polyethylene glycol phosphates (PEGPs) and it could be used as
toughening agent in PF foams [14]. Epoxy resin-modified phenolic resins offer high
fracture toughness and excellent flame resistance to PF foam [47]. The addition of
appropriate amount of cardanol-based siloxane into the resin improved the flexural
strength, flame-retardant properties, and reduced the pulverization ratio of PF foams
[12].

3 PF Foam Production Methods

The different processes used for the production of PF foam are batch, continuous,
semi-continuous, and microwave foaming process. Industrially, batch process is the
least expensive and easiest process even though it involves high operating cost. This
process involves the mixing of resin, emulsifiers, and other additives using a paddle-
type stirrer, followed by the addition of blowing agent and the acid catalyst. Then the
foaming mixture is transferred into a mold and is heated in between 50 and 80 °C
[48]. After completing the curing process, the foam samples are removed from the
mold and additional drying and post-curing are performed based on the required
application. The continuous foaming process requires less operations and produces
high-quality foam, but it ismore costly to implement industrially.Mixing head and its
characteristics are important; low-pressure dynamic and high-pressure static mixing
heads are used in this process. Low-pressure mixing head produces constant quality
foam mixtures within a period of short time. High-pressure mixing heads produce
more homogeneous mixture and finer cell structure foam. Semi-continuous process
is a combination of batch and continuous process, requires less investment, and
produces good quality foams.Microwave foaming technology is a recently developed
simple and cost-effective process. In this process, the mixing of the components
occurs at high speeds for a few minutes, then subjected to aging at room temperature
and the foaming process occurs inside a microwave device [1].

4 Current Problems and Solutions

The wide range applications of phenolic foams are limited due to its high hardness,
low elongation, brittleness, poor toughness, etc. [49]. The main raw material used in
the synthesis of phenolic foam is phenolic resin and contains 50–90% of phenolic
foam [50]. Brittleness of PF foam is one of the main drawbacks of PF foam and



10 P. K. Sandhya et al.

it is determined by molecular structure of the phenolic resin. This is because there
are three active sites on the benzene ring of phenol located at two ortho- and one
para-position of the phenolic hydroxyl group. Formaldehyde reacts with these sites
during the polycondensation process, degree of cross-link density increases, and
toughness of the phenolic foam decreases. The toughness of the phenolic foam can
be enhanced by decreasing the active point on the benzene ring [51]. 3-pentadecyl-
phenol obtained from nut shell oil can be used as a modifier to prepare a foamable
phenolic resin. Best value of toughness is obtained when the modifier is 15% of the
total amount of phenol. Poor fracture resistance is another drawback of phenolic
foams. Generally, most rigid polymer foams undergo brittle and fracture during
manufacture and application. These problems can be reduced by the introduction
of toughening agents [52, 53]. Addition-type (elastomers, inorganic nanoparticles)
and reaction-type (polyethylene glycol, epoxy resin, polyvinyl alcohol) toughening
agents are used for this purpose [32]. But the use of these flammable polymers
lowers the fire resistance property of phenolic foams. So, it is necessary to improve
the toughness of PF foam and maintain the flame retardancy at the same time. This
issue can be rectified by the use of phosphorus-containing polymeric modifiers.
For instance, phosphorus-containing PUs15, phosphorus-containing polyethers10,
etc. are capable of improving the toughness and flame resistance of PF foam [32].
While the addition of polyurethane [54], polyisocyanate [55], and polyacrylamide
[56] worsen the flame retardancy with increase in mechanical properties of PF foam.
On the other hand, the addition of inert fillers such as talc, glass, mica, etc. gives
homogeneity and good texture to foam but it adversely affects the viscosity of foam.
These fillers increase the viscosity of foam and resulted in the formation of heavier
foams. The reinforcement of aramid fibers like Nomex and Kevlar [57] natural fibers
like bamboo and cellulose fiber, glass fiber could produce enhancement inmechanical
properties of PF foam, but it affects the mixing and foaming process. As a result, the
foams based on these fillers suffer from high density and poor surface quality.

After the discovery of nanofillers, the reinforcement of fillers has become another
fruitful way to enhance the toughness and strength of PF foam. The nanofillers such
as MWCNT [58], graphene phenolic foam [19], clay nanoparticles [59], etc. could
improve the properties of PF foam. The presence of clay nanoparticles produces
increase in strength and glass transition temperature of PF foam by raising the cell
density and cross-linking of the foam. Functionalized MWCNTs could boost the
thermal property and compressive strength, by keeping good flame retardancy along
with EMI property. The introduction of functionalized graphene could improve the
flame retardancy, mechanical strengths, and thermal properties of PF foam.

5 Applications of PF Foam

Mechanical properties and compressive strength of phenolic foam determine its
applications in various fields. Phenolic foams found applications as insulation for
buildings, aerospace applications, petrochemicals, and other industrial applications.
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The excellent properties of PF such as flame and creep resistance, non-drip prop-
erty, etc. widen the application of PF in the field of in the fabrication, construction,
and transportation industries. Phenolic foam possesses great flame, smoke, and toxi-
city (FST) properties, which is considered as the important properties of insulators.
Phenolic foam is found to be a very useful material for insulation of buildings and
transport vehicles due to its high ignition temperature (595 °C). Phenolic foams
produced by microwave foaming method are used for building insulation and for
LNG (liquefied natural gas) ships [60]. Moreover, PF foam produces little smoke
and toxic gases during combustion [61]. While considering the applications of PF
foams, it is very important to conduct research on the field of toughening agents with
flame retardancy [7]. Supercapacitors are new type of advanced energy storage device
and the study on this field is mainly concentrated on electrode materials with a large
specific surface. In recent times, hierarchical porous carbon is used as an electrode
material for supercapacitors. The hierarchical porous carbon obtained from carboxyl
graphene oxide/phenolic foam is suitable for the production of real energy storage in
supercapacitors [62]. The increased use of electronic devices such as communication
equipment andwireless networks leads to serious electromagnetic interference (EMI)
pollutions. In such situations, the high-performance EMI shieldingmaterials are used
for protecting the environment and human beings from harmful electromagnetic radi-
ations [17]. MWCNTs and nano-Fe3O4-reinforced PF foam by in situ polymeriza-
tion exhibit high electrical conductivity and high-performance EMI shielding [17].
Building industry requires new technologies of preserving energy and conserving
the environment from exterior wall becomes the topic of interest due to the energy
crisis existing in the world. As stated above, the excellent heat-insulating and flame-
retardant properties of phenolic foams make it as a good exterior wall material [63].
In recent years, studies based on flexible strain sensors are developed and these are
important components in wearable electronics [64]. Flexible and multipurpose strain
sensor based on phenol formaldehyde foam as the raw material is constructed and it
is used for monitoring human motion [64]. The heavy metals present in wastewater
can be removed by carbonaceous adsorbents. These adsorbents could be prepared
from low-cost phenolic resin-based carbon foam and it is successfully used for the
removal of lead and copper ions from water [65].

6 Conclusion

The characteristic properties of phenolic foams over other polymeric foams extend its
applications in various fields such as construction, petrochemical industry, thermal
insulation, aerospace applications, etc. However, its high brittleness and friability
limit the applications of PF foams. Therefore, it is essential to enhance its proper-
ties without affecting its inherent properties. Many research works were done in the
field of PF foams for improving its mechanical properties by reinforcing nanofillers,
natural fillers, and polymers as toughening agents into the PF resin. Researchers have
studied the properties of phenolic foams by different approaches and concentrated on
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the impact of each modification on the final characteristic of the PF foam. Moreover,
thismodification affects the viscosity and reactivity of the foamingmixture and there-
fore controlling of foaming and curing kinetics is essential. Research works using
biomass-based resin will be explored in future since it reduces the environmental
pollution and the use of phenol obtained from petrochemicals. The new innovations
and the property-enhancing research works will definitely extend the application of
phenolic foams to new areas.
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Chapter 2
Introduction on Foam Manufacture

Shahram Mehdipour-Ataei and Maryam Mohammadi

1 Introduction

1.1 Mechanism of Foaming

Foaming is generally defined as putting of bubbles into a matrix. Depending on the
nature of the bubble, matrix, and the type of putting the bubble into the matrix, a
wide range of foams can be prepared. The traditional method of preparing foams is
based on using a mechanical stirrer or whipping of the surfactant solution. However,
this method is not suitable for industrial production or quantitative laboratory studies
because it is difficult to precisely control the amount of bubbles that must enter the
liquid. The industrial production involves passing a stream of gas through an orifice
(sparging) and then growing bubbles in solution. Several factors including interfacial
tension, surface cleanliness, and gas flow rate affect the nucleation, growth, and
separation of bubbles from the orifice. The size of the bubble determines the speed of
the rise. According to Dickinson [1], the size of the bubble produced by an orifice can
be estimated via balancing the buoyancy force and the surface tension acting on the
bubble. As the bubble rises and reaches the interface, a thin layer forms on the surface
of the column. The lifespan of this thin layer and the possibility of forming a foam
layer depend on several factors including surfactant concentration, drainage rate,
surface tension gradient, diffusion, and external disturbance factors. The nucleating
of gas bubbles is an alternative method of foam production. The supersaturating of
a liquid with gas or in situ production of gas, for example, by a chemical reaction is
the basis of this method. In this process, by reducing the pressure, the gas is released
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Fig. 1 Illustration of foaming mechanisms

from the solution and size of the bubble is affected by the dynamic surface properties.
Cavity model and Fick’s law can be used to describe bubble nucleation and growth,
respectively [1–8]. The described mechanisms of foaming are illustrated in Fig. 1.

1.1.1 Water Foam

The most common method of water foaming is the severe shaking of a closed vessel
containing a little amount of surfactant solution. The aerosol method is also usual in
the production of shaving cream, hair styling mousse, and whipped cream. Another
popular method is to bubble the gas directly into the surfactant solution. Pure liquids
cannot generate foam because when the bubble enters below the surface of the pure
liquid, the gas bubble bursts immediately after draining. On the other hand, in the
presence of a surfactant solution, the liquid–air interface increases, and a restoring
force restores the equilibrium. Two governing mechanisms of this phenomenon are
Gibbs and Marangoni effect. These are inline with each other and usually both of
themare considered. Polymers, particles, cations, and special anions that are adsorbed
on mineral salts are surfactants that make foaming in the aqueous medium. These
materials are often able to form a foam at very low concentrations of about 10–9

M. The cleanliness of the system has an important effect on the foam formation.
The purity of the water must also be assured. A simple way is to shake the water
vigorously and check how long the bubble stays in it. The durability of even one
second indicates the presence of active surface impurities [2, 9, 10].
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1.1.2 Glass Foam

In these foams, the solid phase is glass, which is filled with a gas phase. Powder
method is usually used for conversion of glass to foam, which involves sintering a
mixture of glass powder and special additives that facilitate the formation of a gas
phase during heating. These additives are pore-forming or gas-forming agents that are
used in small amounts. As the temperature of the mixture increases and the softening
temperature passes, the glass particles begin to sinter and surround pore-forming
agents. After a certain temperature, the gas is released and thus cavities appear in all
parts of the sintered body. Recently, cold technology has been developed to produce
foam glass. In this method, the heat treatment step is deleted and the whole process
is done at room temperature. The method is based on the chemical reactions of water
glass and fine powder of aluminum. One of the products of this reaction is gaseous
hydrogen, which causes a gas bubble to form. The advantage of this method is the
possibility of applying to the established unit. The problem with this method is the
presence of explosive hydrogen and the difficulty of preparing a homogeneous foam.
The reaction in the interfaces of water glass and aluminum does not allow uniform
distribution. The proposed solution to this problem is to delay the foaming reaction
using additives [11].

1.2 Role of Mixing in Foaming

Mixing is a challenging process in the foaming of materials. The more stirring,
the better the mixing, but the more foam is created and the more bubble is intro-
duced. This will create many problems including non-controlled structural features
and reduced product quality. To solve this problem, chemical defoamers are used to
prevent foaming. These materials are expensive and in some cases cause contami-
nation in the final product. Thus, some modifications which are proposed to control
mixing include (1) placing the mixer blade from the center to reduce the vortex,
which reduces the amount of air and foaming; (2) using a vacuum during mixing
and then entering the air in a controlled way after mixing; and (3) replacing a top-
entering agitator with an inlinemixer that has been piped for recirculation. The return
line should be extended below the liquid level to prevent foaming. For cases where
the amount of solid is high, an inline rotor/stator mixer is proposed to disperse the
powder at high speed. Also in the bubbling method for preparing liquid foams, due
to the slow process and initial non-uniformity, the liquid solution drains significantly
during the production process and the produced foams possess a wet surface and dry
bottom. A system is developed based on firefighting technology for this problem, in
which a jet of a high-speed solution is mixed with the gas flow. This strategy allows
us to prepare a large amount of uniform foam at high speed and a variable amount of
liquid. In brief, uniform massive foam is made by an apparatus providing turbulent
mixing of gas with a narrow jet of surfactant solution [9, 12].
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2 Foaming of Polymers

In general, polymer foaming consists of three steps: (1) the formation of a
polymer/gas solution: the complete dissolution of a large amount (solubility
threshold) of the blowing agent into the polymer under high pressure through
temperature-dependent diffusion (stretching of a gas bubble in the shear field during
the foaming process helps to improve diffusion); (2) cell nucleation and growth
induced by a sudden thermodynamic instability via changing the temperature, pres-
sure, and amount of gas in the prepared homogeneous supersaturated solution; and
(3) cell stabilization by controlling the growth of bubbles and preventing coagulation
and collapse. Then, the foam structure is obtained by removing the blowing agent
from the mixture and the foam product is attained by stabilizing the cell via returning
temperature and pressure to ambient conditions. Cells are frozen bubbles of various
shapes and sizes after solidification of the plastic [5–7, 13, 14].

The first polymer foams were developed during 1930 decade. Polymeric foams
are prepared by mixing a gas phase in the form of air bubbles or air tunnels into the
solid phase. This mixing is very fast until the system reaches a uniform state like
coffee foam. The solid phase is a polymer matrix and the gas is a blowing agent. In
conventional foam processing, the most common blowing agents are fluorocarbons,
chlorofluorocarbons, n-pentane, and n-butane. These materials are highly soluble in
the polymermatrix. The blowing agent can be chemical or physical. Chemical agents
are chemicals that take part in a chemical reaction and produce gases such as nitrogen
or carbon dioxide. Physical agents are inert gases or liquids with a low boiling point
that do not interact during the foaming process and are inert to the polymer matrix.
Compared to chemical blowing agents, the physical type can be processed below
critical temperatures with no limitation of degradation temperature. They also have
a lower price and create a better foam morphology than chemical ones. However,
special equipment and high skill are required to handle these blowing agents. Physical
agents can be a supercritical phase. For example, supercritical carbon dioxide is used
in the batch foaming method. In this way, carbon dioxide dissolves in the polymer
matrix, increasing the free volume between the molecular chains and the mobility of
the chains. After saturation, carbon dioxide is rapidly depressurized to induce foam
in the polymer matrix. During this process, micro-foams are usually prepared. Using
this method and applying nano-clay in a PLAmatrix, nano-foam production has also
been reported in another attempt [5–7, 15–17].

2.1 Nucleation, Growth, Stabilization, and Solidification

To initiate bubble nuclei, it is necessary to create sites with low potential energy.
The most common method is to use nucleating agents, which cause supersaturated
gases to escape from these sites and form bubble nuclei. The bubble nuclei are
also formed by the physical mixing of foaming agents with a polymer liquid. The
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Scheme 1 The mechanism of foaming

blowing gases are also obtained directly from foaming agents and there is no need to
dissolve the foaming agent in the melt. These three mentioned nucleation methods
are related to a certain category. The first one is widely used for polymers with high
free volume, the second is appropriate for melt due to low potential energy, and the
third is mainly used for thermoset plastics and reactive molded ones [8]. The use of
shear field or any agent that causes the orientation of molecular chains and treatment
by low-energy infrared radiation are the othermethods. The bubble growth is affected
by several factors including the amount and nature of foam constituents, molding
process, equipment, melt viscosity, gas permeability, foaming agents, temperature,
and pressure. As the bubble grows, its surface area increases and becomes unstable.
One method of stabilization is using of surfactants to reduce surface tension and
form fine bubbles with reducing gas penetration. Another way is to increase the melt
viscosity to prevent the bubblewall form thinning. In practice, cooling or crosslinking
helps to this. The next step is solidification. In thermoplastics, solidification is a
completely physical process and is influenced by three factors: (1) cooling the melt
with water, air, or any other media: this is related to the fact that the bubble does
not conduct heat properly, the bubble wall solidifies, and inside remains at a high
temperature. Almost long time is needed for cooling the bubble core, and the cooling
rate should not be too high, as it will break the bubble due to wall shrinkage. (2)
Gas release in the melt: dissolving the gas in the melt increases the plasticity of the
melt. Then, this gas enters the bubble and increases the viscosity of the wall, which
results in accelerated solidification. (3)Degradation anddegassing of foaming agents:
the rate of solidification is affected by heat absorption during degassing of physical
foaming agents, heat absorption or degradation of chemical foaming agents, and heat
release during crystallization of crystalline plastics. In thermosets, polymerization
and molding occur simultaneously. Increasing the temperature and addition of a
catalyst increase the solidification rate [18]. The overall concept of foaming process
is illustrated in Scheme 1.

3 Classification of Polymer Foam Processing Techniques

All techniques of foammanufacturing include the three stages of cell initiation, nucle-
ation, and stabilization. The classification of techniques is usually based on growth
and stabilization.Accordingly, themost commonmethods of producing plastic foams
include physical, chemical, and mechanical foam formation.
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3.1 Physical Foaming

A liquid or gas foaming agent is added to the plastic and is released during the
melting process. In some cases, such as fluoropolymers, a solid nucleating agent,
which is stable at the process temperature, is used. In physical foaming, inert gases
are dissolved in molten polymers or paste materials under pressure, and then, as the
temperature increases or the pressure decreases, the dissolved gases are removed and
foam is formed. In the process of foambeads, a liquidwith a lowboiling point ismixed
with a polymer or filtered on polymer particles under pressure and then heated to
turn the liquid into a foam. Aliphatic hydrocarbons, arenes, alcohols, ethers, ketones,
aldehydes, low boiling point liquids, and hollow spheres are examples of these agents
[19].

3.2 Chemical Foaming

Chemical reactions control the foaming process, i.e., the rate of polymerization. In
addition, the rate of activation of the blowing agent is controlled through a decrease
of solubility in monomer solution as the reaction progresses or thermal degradation
occurs. This method cannot be used for non-crosslinkable polymers or those like
fluoropolymers. In chemical method, foaming agents are added to the resin, then
heated, and pressed to release gas—usually nitrogen—into the foam.

3.3 Mechanical Foaming

This method has limited applications. It is similar to whipping cream in which air is
mixed with a melt. Mixing simply enter air into the melt, thus acting as a blowing
gas. In other words, the air is drawn into the resin by mechanical agitation. The resin
must be in a liquid state or have a low viscosity.

Another classification of foaming processes is based on creating a pressure differ-
ence between inside and outside the cell. If the external pressure is reduced, the
process is decompression, and if the internal pressure is increased, it is expansion.
Both decompression and expansion methods can be stabilized using both chemical
and physical methods. Other methods are sintering resin particles in the presence of
a gas or dispersion of a gas or solid in a melt polymer [18, 20, 21].
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4 Polymer Foam Processing Techniques

Compared to ceramics and porousmetals, the processing of plastic foams is relatively
simple. It involves two main stages of mixing including the introduction and disper-
sion of gas and molding including cooling or curing. Cavities in these materials are
formed during the molding process. In addition to the matrix, which is a high molec-
ular weight polymer in liquid or bead form with foaming agents, fillers, additives,
catalysts, and surfactants, are also used. Additives include lubricants, stabilizers, fire
retardants, crosslinking agents, colorants, and nucleating agents. Fillers are usually
glass, calcium carbonate, carbon black, barium sulfate, silicate, wood powder, and
metal powder.

Foam products, especially polymeric type cover a wide range of applications.
Hence, special properties are required in a specific application. Controlling the foam
structure means that the size of the cells and the composition of the foam should be
adjusted for gaining the desired properties. The determining factor of foam struc-
ture is the manufacturing process and the condition. Therefore, designing the foam
structure and using the appropriate processing make it possible to provide products
with the desired properties and high quality [3, 4, 6, 7, 18, 20–22]. Depending on
the type of polymer, the size and shape of the foam cells, and the final application
of the foam product, diverse manufacturing methods can be applied to prepare the
foam (Scheme 2). The suitable selection of equipment and process conditions also
results in low cost and reliability.

The manufacturing of plastic foams is comparable to that of common processing
plastics. The common methods and equipment of plastic production such as extru-
sion are also usable to prepare foams. From film and sheet to molded products can
be prepared in this way. Extrusion, injection molding, and bead foaming are the
most preferred processes due to higher productivity than other methods. Continuous
foam production processes such as extrusion and injection molding are limited to
melt-processable polymers. Discontinuous processes are developed for non-melting
and thermally degradable polymers. Laboratory-scale methods have also been devel-
oped. However, there is a need to develop new methods such as three-dimensional
printing in the manufacturing of foams. This method has been specifically reported

Scheme 2 The relation of
structure, properties, and
manufacturing of foams
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for the production of polyurethane foam. Improved properties, providing products in
desired dimensions, shapes, or complex objects, and the possibility of using various
materials such as polymers, composites, metals, and ceramics are the advantages of
this technique [3, 4, 6, 7, 13, 15, 23, 24].

In the following sections, the manufacturing methods of polymer foams are
reviewed.

4.1 Slab-Stock/Slab-Stock by Pouring

In this method, a mixture of materials is continuously poured on a moving conveyor.
The conveyor has a wall and foam is formed on the wall using a mixer. The final
product is a shapeless large slab, which is cut into slabs with suitable dimensions
[14, 24].

4.2 Molding

The process consists of two steps: mixing and molding. Mixing is done by a paddle-
type high-speed mixer. Molding includes a hydro-press, a digester, and an aluminum
mold with a suitable design for gas outlet. Virgin or pre-expanded beads are poured
into the mold and subjected to heating and pressing. Liquids cannot be used in this
case. The molded product is then demolded after setting or curing. This method
can be applied as a single step including direct placement of plastics with foaming
agents in amold and then pressing andmolding or two steps including pre-forming of
plastics with foaming agents and then mold pressing. Productivity, high quality, and
simplicity are the advantages of thismethod. Themoldingmethod for obtaining prod-
ucts with complex shapes saves about 15% compared to slab-stock, which requires
secondary operations. Molding of rigid foams is also possible but it has a limited
application [18].

4.2.1 Low-Pressure Molding

In this method, the pre-heated liquid mixture is poured into the mold. The mold
is preheated and covered with a release agent. Demolding is done after curing and
cooling. Depending on the mold design, the amount of waste in this method is varied
from zero to 5% by weight. The best results are obtained when the release agent
is sprayed on a clean and hot mold just before each pouring. The release agent
solvent must be completely removed before pouring the foam materials into the
mold. Compared to slab-stock, which requires minor curing and infrared heaters
located on top of the conveyor, the molding process needs excess heating by an



2 Introduction on Foam Manufacture 23

external heater. Using of microwave reduces curing time from 20 to 4 min. Addition-
ally, improved properties are gained by microwave curing compared to conventional
heating. Dielectric heating is also accepted for curing [25].

4.3 Batch Foaming

Thismethod is used on a laboratory scale to investigate the effect of blowingmaterials
and foam constituents on foaming behavior. In this method, the polymer sample is
placed in a high-pressure chamber that saturated with an inert gas such as carbon
dioxide or nitrogen. Then, the solubility of the gas in the polymer is decreased by
heating the sample and removing the pressure. A major drawback of this method is
a very long time required to saturate the polymer with gas, which is due to the low
gas permeability of the polymer at room temperature [13, 26].

4.4 Extrusion

This method allows the production of low-density foams with simple two-
dimensional geometry. The main steps of the process are mixing, extrusion, and
cold molding. Expandable beads containing blowing agents are usable, but the most
widely used system is the direct gas extrusion. In this process, the plastic and foaming
agent are subjected to the processes of softening, mixing, and degradation (chemical
foaming)/degassing (physical foaming)/injection of pressure with inert gas (mechan-
ical) of the foaming agents. In this way, the polymer is fed to the extrusion first, and
then the blowing agent is injected into the extruder barrel to dissolve the gas in the
melt polymer under high pressure. The dissolved gas softens the melt polymer and a
uniform mixture of polymer and gas flows along the extruder. The mixture then exits
from the die and foaming occurs due to pressure drop. The extruder head provides
enough pressure to prevent foaming near the outlet. After being extruded into the
mold, thematerials are foamed and the final product is obtained after the coldmolding
process. In the next step, the foam is stabilized according to the viscoelastic behavior
and strain hardening. The effective parameters in this process include extrusion pres-
sure, temperature, and residence time. Single-screw and double-screw extruders can
be used. The advantages of the double-screw extruder are less energy consumption
and higher efficiency of melting process compared to the single-screw type. The
limiting factor is the internal high pressure, which requires special designs. The
problem with both types is that the three processes of melting, mixing, and cooling
must be performed at a short L/D of approximately 30 to 1. The tandem system
is proposed to overcome this problem. In this way, melting and mixing of blowing
agents is done in a basic extruder and then a gradual cooling profile is applied along
the second extruder (tandem line), which improves the quality of the foam. Although
this system is more expensive than conventional types, it is more common due to the
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overall cost-effectiveness and versatility. Extrusion foaming is continuous (despite
the batchmethod), cheap, and easy but it is still difficult to smooth the foam and create
large amounts of closed cells in cases such as starch biodegradable foams. The use of
thermoplastic polymers as an additive is suggested but it decreases biodegradability
[13, 14, 18, 25].

4.5 Extrusion Molding

In this method, a mixture of reagents is injected into the mold, and demolding is
done after curing. This method produces high-density foams with complex two- and
three-dimensional geometries despite extrusion. The low cost of materials, high-
dimensional stability, low energy consumption, short cycle time, and improved
mechanical properties are the advantages of this method. Supercritical nitrogen is
usually used as a blowing agent of this process to produce high-density foams with
high cell density. Moreover, the softening effect of nitrogen in the polymer/nitrogen
mixture decreases the process temperature resulting in reduction of energy and cost
[13, 24].

4.6 Injection Molding

This process bears high productivity and quality. It is an applicable economical
method for the production of large plastic foams with complex three-dimensional
shapes and special dimensions. The method is more complex and expensive than
the slab-stock method; however, it is known as the main method of producing struc-
tural foams. Depending on the mold temperature, this method is classified into the
cold and hot molding. An injection molding machine that includes a plasticizing
injector, mold clamping, and a driving system is the main equipment of this process.
The process includes feeding of raw materials, heating, plasticizing, mold closing,
injection, foaming, cooling, demolding, and post-treatment. In this way, the polymer
and additives are mixed and injected into the feed cylinder to heat and soften. The
physical foaming agents are injected directly at the end of the plasticization, mixed
evenly, and injected into the mold at high pressure and speed. The chemical blowing
agents can be injected directly from the barrel of a modified injection machine or
through an accumulator. As the pressure drops sharply, the melt plastic produces a
large amount of saturated gas that forms bubbles. The mixture fills a part of the mold
(shot) and the gas bubbles at high pressures immediately expand and fill the cavity,
completely. As the cells are collapsed against the mold surface, a thin layer of melt
forms on the rigid core of the foam. The thickness of the shell can be controlled by
the amount of injected melt, mold temperature, type and amount of blowing agent,
temperature, pressure of the melt, and the parameters of the injection machine, espe-
cially the injection speed. Finally, after bubble expansion, cooling, molding, and
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demolding, a foam product is obtained. Injection pressure, temperature, and speed
are the determining factors in this method [14, 18, 25].

4.6.1 Gas Pressure Injection Molding

There are various methods of gas injection systems. In this process, when the plastic
enters the mold (after injection shot), the gas pressure is removed and the remaining
melt is foamed. A seal mold under pressure with inert gas is used. This pressure is
to prevent the plastic mixture from foaming when entering the mold.

4.6.2 High-Pressure Molding

A mixture of heated melt with blowing agent is injected into a mold. A pressure
much higher than the gas pressure of the blowing agent is created in the mold. After
solidification of the shell with the desired thickness, the second step is performed by
opening the mold. Thus, the pressure is reduced which causes the remaining melt to
foam. Foam density, wall thickness, and surface finishing depend on the constituents
and the amount of foam mixture.

4.6.3 Low-Pressure Method with Co-Injection

This process includes separate injection of two compatible plastic components. In
this way, solid plastic is injected from a plasticator to form a solid and smooth shell.
At the same time, another plastic containing blowing agent is injected, separately to
form a foamed core.

4.6.4 Low-Pressure Method with Surface Finishing in Low-Pressure
Molding

Thismethod includes no co-injection or injection-compressionmolding. The volume
of the mold cavity is always larger than the volume of the plastic in the unfoamed
state. Low pressure allows bubbles to nucleate and grow. Foam expansion occurs
during filling. Defects may occur due to bubble growth on the surface of the mold.
These defects and surface roughness are visible. Therefore, secondary operations
including sanding, filling, and painting are needed. Moreover, controlling of process
variables including the temperature ofmelt andmold, injection speed, blowing agent,
cyclical heating/cooling of the mold surface, and direct injection of blowing agent
into the melt may improve surface properties during the manufacturing [25].
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4.6.5 Reaction Injection Molding

This method is a combination of chemical processes and injection. In this process,
highly reactive liquid plastics are mixed under high pressure, then injected into a
mold to react, polymerize, and foam. Heating the foam mixture, mechanical mixing
(high pressure), pre-injection molding, solidification and heating, extrusion, post-
treatment, and heating are the steps of the process. In this method, the reaction
between the raw materials causes the release of an inert gas such as nitrogen or
carbon dioxide into the plastic to form foam. This method is relatively new and
is used to prepare structural foams. The short production cycle of 0.5–6.0 min, low
price, easy insertion, and low energy consumption are the advantages of this method.
Moreover, shorter cycles with no solvent washing, improved surface finishing, and
fast injection into the mold are the advantages of this method over low-pressure
mechanical mixing systems. Liquid injection molding, which is a type of reaction
injection molding, involves continuous mixing and injection. In this method, the
whole shot is mixed in a chamber before being injected into the mold [18, 25].

4.7 Heat/Microwave Sintering

Heat sintering involves mixing the powder of foam mixture, placing the mixture in a
metal mold, and finally sintering for several hours. This method is time-consuming,
expensive, and requires a large number of molds. Using microwave as a heat source
instead of the usual methods, the sintering time can be reduced to a few minutes.
In this way, the uniformity of the sintered body is also improved. Some materials
and polymers, such as polyethylene, do not absorb microwaves. Thus, a modifying
coating layer such as carbon black is required. In this case, a transparent mold such as
glass should be used. Thus, themoldmust be selected such that it has a lowmicrowave
reflection and provides observation of the foaming process. Some holes in the mold
wall are also considered as the outlet of solvent gases. The microwave foaming
method has been widely used for phenolic foams. It takes a long time to produce
large-sized phenolic foams by conventional systems and there are environmental
restrictions on the use of blowing agents like CFCl3. Therefore, a resole foaming
method has been developed using microwave and air. The process consists of three
steps: (1) mixing the resole and hardener with air bubbles (resole can be cured
at 250 °C without hardener, but it takes a long time to completely cure, so the
viscosity decreases before solidification, and air bubbles can escape), (2) injection
of the mixture into the mold, and (3) microwave foaming. The temperature inside
the resole should increase to 150–250 °C, rapidly to make the air bubbles 5–10 times
large. Additionally, in the production of phenolic foams, it is necessary to remove
the produced water during the curing reaction. In conventional foaming methods,
the temperature is usually less than 100 °C, which reduces the possibility of water
evaporation. The microwave generates heat by vibrating polar molecules such as
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water or resole despite hot plate, which induces slow and non-uniform conduction
heat into the material [18, 27–29].

4.8 Bead Foaming

This method is used to produce low-density foam products with complex three-
dimensional geometries. These foams are prepared using the sintering process of
the beads. These beads are unfoamed when sold, and a pre-expansion step must be
performed by a pre-expander system. Then pre-expand beads must be stabilized.
After stabilization, the beads are ready to enter the mold. Polystyrene bead foams
are one of the most common types.

Expandable plastic foams are plastic concentrates containing blowing agents.
These materials are formed into precise solid spheres. The two main stages of this
process include pre-expansion of virgin beads by heat (hot steam is themost common
due to economical aspect). This step brings the density of beads to the desired value
within the molded product. In the next step, these beads are transferred into a two-
cavity mold by air through a tube. If the beads do not fill the mold properly, the
vibration of the mold is exerted to properly arrange the beads. The final expansion is
done in the mold by steam or live steam, which enters through the pores of the mold.
During expansion, beads melt, adhere to each other, form a relatively smooth shell,
and fill the mold. Multi-cavity molds with small sections can also be used. After the
heating cycle, the cooling cycle is performed. Due to the insulation of the beads, it
takes a long time to cool before demolding. If the heat is not completely removed, the
product will be distorted. Water is sprayed on the mold to cool it. The release agent
is also used to facilitate cooling, especially for molds with complex shapes. In these
processes, the molds have two walls. The inner wall is the actual shape of the product
and has some pores for penetration of steam into the foam. Moreover, the produced
hot gases leave the product through these pores. The outer wall is a steam cover.
Before demolding, stabilization is done by vacuum and water spraying on the inner
wall of the mold. The production pressure in this type of molding is low. Thus, cheap
molds such as aluminum are usable. Long manufacturing cycles are required if large
amounts of blowing agents (such as the production of expanded styrene-acrylonitrile)
are used. Post-mold curing is not required in this process [13, 25].

4.9 Spraying

This method is used for filling molds where large surfaces such as panels are desired.
This method can be used without a mold. The equipment has suitable price and
is portable. In this method, the mixing of components and materials is done by
atomization of materials when leaving the nozzle of the spray. Heat can also be
used to reduce the viscosity of the polymer. In airless spraying, the spray gun moves
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approximately 30 inches from the surface and the final properties are obtained 24 h
after spraying. The spraying rate of 1.8–3.6 kg/min is usually applied. The surface
must be completely clean. Adhesion of the foam to the spray surface is another
problem. In cases where the spray surface and the foam material are not compatible,
modifications should be made to the surface [24, 25].

4.10 Pour Foaming

In this method, the polymerization and molding of the foam occur simultaneously.
The materials are completely mixed before pouring and converting to a fluid. The
materials andmolds are under little pressure orwith nopressure. Therefore, there is no
need for high-strength equipment and molds. Due to the low pressure of the process,
this method can be used to produce large-scale products and pouring operations can
be done in the established unit. The process is unable to apply for structural foams.
It is mainly used for preparing thermosets with high foam-ability. High-strength
products with low-dimensional accuracy are obtained in this method [18].

4.11 Rotation Foaming

The equipment in this method requires little capital but a lot of production time. The
raw materials are pre-formed, then they are placed in a mold and the mold is tightly
closed. The mold is then rotated in a furnace to melt the plastic and make it flow
through the mold. Heating is continued until the foaming agents are degraded. The
final shape is created after expansion, and finally the product is demolded, cooled, and
solidified. In this method, (1) the materials are in the form of powder, small particles,
or liquid that are easily melted and form a smooth surface; (2) raw materials must
be melted, poured into molds, and then flowed to fill cavities instead of melting and
then injecting into molds; and (3) the mold should rotate in one or two directions
with low pressure. The mold is usually made of aluminum and is heated by steam
from a jacket or hot air circulation system. The rotation speed of 1–5 rpm is usually
applied.

4.12 Hollow Blowing

This process is performed using a two-headed mold. The method is similar to the
processing of conventional plastics and includes (1) preforming of material by extru-
sion or injection, (2) heating the preform in the mold and foaming, (3) introducing
compressed air for blowing and molding, and (4) cooling and demolding [18].
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4.13 Thermal Degradation/Treatment

This method can be done in two ways: (1) thermal degradation of block or graft
copolymer that has thermally stable and thermally labile blocks, (2) heat treatment
of polymerswith highTg which are blendedwith organicmaterials or thermally labile
polymers. The additives in this method must be completely degraded, otherwise it
will contaminate the polymer matrix. In this way, we have reported the preparation of
nano-foams with designed structures. Nanofoams are made through thermolysis or
heat treatment of thermally labile blocks as a disperse phase in the thermally stable
continuous phase. In brief, the foam is obtained via introducing thermally labile
blocks into the polymer building, casting the polymer solution, then removing labile
blocks and the produced gas [15, 30–34].

4.14 Frothing

This urethane process is introduced by DuPont. This method is a two-stage system
based on the introduction of an excess volatile liquid into the formulation. In this
method, a pre-expanded foam stream is poured into the mold, where the expansion
continues until the desired density is reached. In the foaming stage, the stream is
completely liquid and flows easily. This method is suitable for filling cavities and
producing panels. The advantages of this method include low mold pressure during
foaming, the possibility of achieving low and uniform density, and laying down of
expanding foam without causing collapse or density change.

4.15 Casting

Thismethod is a simple non-mechanical pouringmethod, reaction injectionmolding,
or liquid injection molding. Plastic components and additives are dissolved in a
suitable solvent and poured intomolds. Polymerization and foaming take place inside
themold.Molds are usually heated or cured in the oven, or both of them. Thismethod
applies to materials with suitable solubility [25].

4.16 Phase Separation

This method involves mixing two or more polymers with additives in suitable
solvents. The matrix material is then separated from the solvent by a chemically
controlled method or thermal cooling so that the solvent accumulated in the polymer
matrix forms two completely separated phases. The removal of the solvent gives the
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final foam structure. This method is specific to non-cross-linkable polymers because
the polymermust be soluble in a solvent. Today, one of themainmethods of preparing
porous materials is phase separation.

4.17 Leaching

This method involves dissolving the polymer matrix in a highly volatile solvent,
casting the solution onto a mold, and selective leaching of water-soluble mineral
salts or organic compounds, which were previously mixed with the polymer matrix.
The problem with this method is the presence of unwanted contaminants such as
solvents or salts in the porous polymer structure. To overcome this problem, the
melt molding/particulate leaching method has been proposed instead of the solution
molding/particulate leaching. In this way, the polymer matrix is pre-mixed with solid
leachable additives and then pressed together. Similar to the solvent cast method, this
product enters the same solid leaching stage.

4.18 Etching

This method includes using high-energy radiation to create chain scission in the
polymer and remove degraded molecules. The polymer film is then etched with an
acidic solution or base to remove the loose polymer. Polycarbonate and polyester
films made in this way are commercially available.

4.19 Stretching

The process involves controlled stretching of semi-crystalline polymers in dry,
molten, or solution state. In this method, after several times of stretching, the amor-
phous areas between the crystalline are degraded and the cavities are prepared in the
range of a few nanometers.

4.20 Sintering

The sintering process includes mechanical compression of polymer particles at
high temperatures. This method can be used for both thermoplastic and thermoset
polymers [18].
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4.21 Foam Preparation Methods Based on Foam Structure

In this section, some foam structures comprised of the manufacturing process and
condition are described.

Foamed film and sheet: These foams are prepared by feeding plastics and additives
containing specially treated expandable pellets or injection into the barrel using a
tubular film extruder. In both methods, the extruded material passes from the inside
to the annular tubing die and expands on an internal sizing mandrel by blowing
air into the tube or drawing a tube. The die design is very important because in
foam extrusion, the viscosity of the melt is very high and thus the defects are easily
transferred to the product. To solve this problem, the die is designed in such a way
that the flow is restricted and a uniform flow enters the die [25].

Structural foamed body: Injection molding processes with low or high pressure are
used for this purpose. The conventional extruders can be used. The blowing agent
can be mixed with the plastic as it enters the hopper, or entered into the melt of screw
plasticator, ormixedwith themelt by a stirrer. If the surface and innermaterials are not
the same, the surface materials do not contain foaming agents and softening is done
separately. Then, the surface and core are combined during the molding. If the same
material is used for the surface and the inside, different molding processes are used
to form the unfoamed and foamed surfaces. Two processes of creating an unfoamed
surface include: (1) increasing the temperature of themelt and the viscosity to prevent
the surface from foaming, and (2) increasing the surface pressure and preventing the
separation of gases from the melt. In comparison with these foams, freely foamed
body structures are the foams in which foaming occurs throughout the volume of the
material [18, 25].

Crosslinking foamed body: The temperature range of bubble expansion is very
narrow and difficult to control. By using crosslinking agents, the viscoelasticity of
the melt is increased and the temperature range of the bubble expansion is widened.

Combined foamed body: If the foaming occurs in matrix resin mostly combined
plastic foam is obtained [18].

Structural web molding: This low-pressure process is the gap between structural
foam molding and injection molding. It does not have the usual surface properties
of structural foam or defects like the swirl pattern. It is applicable to prepare large
light smooth surfaces.

Foam reservoir molding or elastic reservoir molding: This process is used tomake
plastic sandwiches. In this way, the plastic composite is placed in the heated mold
and compressed [25].



32 S. Mehdipour-Ataei and M. Mohammadi

5 Conclusion

In general, in all methods of foam production, matrix material, blowing agent, filler,
composition, conditions and type of process determine the properties and character-
istics of the foam product. Also, the process type and conditions determine the selec-
tion of raw materials and composition, and vice versa. Therefore, despite focusing
on extrusion and injection molding as the most common methods, the appropriate
manufacturing process is selected according to the desired properties of the foam
product. Thus, a set of factors including the type of raw materials, structure, final
properties of the foam, cost, and applicability of the process must be considered. Due
to the extensive properties of foam structures, it is important to address the methods
of production and develop improved new methods.
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Chapter 3
Materials and Chemistry of Phenolic
Foams

Felipe M. de Souza, Anil M. Palve, and Ram K. Gupta

1 Introduction

The term polymer is derived from the Greek word “poly” meaning “many”, and
“mer” means “units or parts”. A polymer is a large molecule made of repeating
structural units called monomers. Generally, these repeating units contain carbon,
hydrogen, and other elements such as O, N, S, F, Cl, P, Si, etc. Polymeric materials
have become essential and playing a ubiquitous role in human life. They have a very
important role in the modernization of our life and are found almost everywhere in
daily use such as in clothes, shoes, bikes, cars, toys, electronic devices, bedding,
couches, cars, constructions to name a few. There are two major types of polymeric
materials namely thermoplastic and thermoset (Fig. 1). Thermoplastics are the poly-
mers that become soft when exposed to heat and return to their original conditions
after cooling. Monomers in thermoplastic are held together by relatively weak inter-
molecular forces. A broad class of thermoplastics like polyethylene, polypropylene,
polystyrene, polycarbonate, polyvinyl chloride, and polylactic acid has been used
in foam-making processes. The word “foam” originates from the medieval German
word “veim”meaning “froth”. A thermosetting plastic remains solid after heating and
cannot be reshaped by cooling and because of this property, they are hard to reuse or
recycle using conventional methods. Thermoset polymers are mechanically stronger
than thermoplastic and can be used for high-temperature applications due to their
three-dimensional network and a high degree of cross-linking. Due to high strength,
durability, and resistance to heat, they find their wide applications in automobiles,
construction, varnishes, glues, etc.
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Fig. 1 Major classification of polymeric materials based on heat effect and principal applications

Fig. 2 Classification of polymeric phenolic foam material based on their composition

The polymeric foams are additionally classified as rigid, semi-rigid, semi-flexible,
or flexible depending upon their compositions, cellular morphology, physical, and
thermal distinctiveness (Fig. 2). The abovemention classification of polymeric mate-
rials is due to the rigidity of polymeric backbone, chemical composition, degree of
cross-linking, degree of crystallinity, etc. Foamed polyvinyl chloride was perhaps
the foremost thermoplastic material that was made available in the market during
WorldWar II. After the importance of polyvinyl chloride in the market, polyurethane
and polystyrene foams were synthesized and made available in the market. In 1862
Alexander Parkes synthesized cellulose nitrate (celluloid). The primary cellular
polymer to be positioned in the market was sponged rubber, which was developed in
1914. It was synthesized using natural rubber latexwith the addition of gas-producing
substances like sodium and ammonium carbonate or sodium polysulfide [1].

In 1872, German Scientist Adolph Von Baeyer first discovered the phenol–
formaldehyde resin. Later in 1907, the father of phenolic resin L. H. Baekeland
synthesized phenolic resins (Bakelite) [2]. After the development of phenolic resins,
it was commercialized in the early 1940s by the German industry as a balsa mate-
rial substitute [3]. After the commercialization of Bakelite and its uses, much later
bisphenol-A (polycarbonate and epoxide resin) mainly became an important part
of the development of phenolic resin materials. Over the past couple of decades,
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phenolic polymers have been attracted tomanufacturers because of their uses in insu-
lating products and flame-resistant materials. Before 1968, resols and novolacs were
the major products obtained from the reaction between phenols and formaldehyde.
D’Alessandro synthesized improved phenolic resin foam using polyhalogenated
saturated fluorocarbons. The polymeric foams are available in different shapes such
as boards, sheets, slabs, blocks, molded shapes, 3D shapes, etc. Due to their several
advanced and tunable properties, polymeric materials have emerged as potential
materials for commercial applications.

Due to social and economic impact, the global market of the polymer industries
has increased tremendously. The leading producers and consumer countries of poly-
meric foam are North America, Europe, and Japan. In recent years, Latin American
and other Asian countries (such as Argentina, Mexico, Brazil, India, South Korea,
etc.) have also been started producing polymeric foams. The applications of poly-
mers phenolic foams are now not only limited to household goods but also has
been used in a variety of industries such as aviation, aerospace, medical devices,
etc. [4]. Phenolic foams have unique properties such as low inflammability, high-
quality thermal insulation, outstanding flame resistance, less smoke density, and
non-toxicity [3]. Phenolic foams are versatile polymers used in a variety of applica-
tions such as structural strength, thermal-fire-moisture resistance, etc. Applications
of polymeric foams are dependent upon their classification. Generally, flexible foams
are used in packaging, footwear, cushioning, automotive interiors, carpet, textiles,
and fibers, etc. while rigid foams are used in insulating windows, doors, appliances
(e.g. refrigerator), sealants, plumbing pipes, etc.

The general composition andmethod for preparing phenolic foams involvemixing
a liquid phenolic resole, a blowing agent, a catalyst, a surfactant, and optical additives
as well as an acid curing agent into a considerably uniform composition [3, 5, 6]. The
physical and mechanical properties of foams considerably vary from those of solid
matter. Due to the different range of properties, foams have a larger scope of appli-
cations as compared with solid materials. In all commercial foams, phenolic foams
are well known as rigid thermoset foams. Phenolic foams own high thermal stability
with good thermal insulation, admirable fire resistance, and low toxic gases during
combustion [5]. The properties of foams are also dependent upon the cell geom-
etry (i.e. open/closed cells). Open cells are useful for sound insulation and closed
cells are more appropriate for thermal insulation. But, phenolic foam production by
several industries has faced many issues ranging from waste discard, recyclability,
and the depletion of the ozone layer by the chlorofluorocarbons which are used
as blowing agents [1]. Different attempts are also made to convert phenolic foams
into useful monolithic nitrogen-containing activated carbon foams [7]. Lightweight
carbon with red mud hybrid foam was synthesized using phenolic resin as a carbon
source and red mud as filler from industrial wastes [4]. The pioneering approach in
the synthesis has been attempted such as bark-derived phenol–formaldehyde resins
[8]. There are emerging areas in the synthesis of lignin-derived bio-based polymers
for flame retardants and mechanical strengths [9]. The use of renewable sources for
the production of phenolic foams has great importance in the present situation. The
efforts in the synthesis of phenolic foams using a renewable source such as cardanol
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(a byproduct of the cashew industry) [10], glycerides of coconut oil [6] were reported
in the literature. Though the polymeric foams have an environmental impact, it is
necessary to modify the process and overcome the issues with renewable sources. In
the forthcoming years, novel approaches such as halogen-free, phosphorus, nitrogen-
based, and bio-based polymeric foams may get placed on the conventional type of
production of the phenolic foams.

2 Materials and Chemistry of Phenolic Foams

The phenolic foamswere officially introduced in themarket around 1940 as a replace-
ment for wooden-based materials such as balsa [3]. Phenolic foams present several
advantages such as high thermal and environmental stability, low thermal conduc-
tivity, and improved flame retardancy. In phenolic foams, carbonization takes place
around 500 °C leading to a formation of a protective char layer that prevents the
spread of fire. This phenomenon explains why phenolic foams present flame resis-
tance properties [11]. Also, they present high thermal stability allowing them to
remain functional under low temperatures as−200or as high as 200 °C [12, 13]. Their
low thermal conductivity also plays a role in their properties by slowing down the
heat transfer, which ends up improving thermal stability [14]. Despite that, phenolic
foams lost some space for wide applications compared with other polymers such
as polystyrene, polyvinyl chloride, polyurethanes because of the lack of mechan-
ical properties, usually presenting a lower compressive strength and friability in
comparison to other polymers [3]. However, after the Montreal and Kyoto protocols,
both industry and scientific community focused their efforts on finding eco-friendly
materials [15]. Fortunately, phenolic foams have a low heat and smoke release when
burned alongwith the low toxicity of the smoke, which ismostly composed of carbon
dioxide. Because of that many newmaterials are being employed alongwith different
synthetic approaches, which are discussed through this session.

Phenol is a white translucent solid with a melting temperature of 43 °C and a
boiling point of 182 °C. Phenol chemistry is based on the resonance of the aromatic
ring with the hydroxyl group at the ε (epsilon) position, which can be activated under
an alkaline environment to donate electrons to the ring at o (ortho) and p (para)
positions turning these regions in reactive nucleophilic centers. The resonance struc-
ture of phenol is described in Fig. 3 [16, 17]. These active sites can react with
formaldehyde and yield mono, di, or tri-substituted compounds with higher func-
tionality of hydroxyl groups (Fig. 4). The attachment of methylol functions increases
the reactivity of the ring due to the electron donor effect. These activating groups
increase the reactivity of the aromatic ring allowing it to react promptly as nucle-
ophilic species [18]. The increase of functionality allows these types of structures
to be used as starting materials to synthesize either branched or cross-linked poly-
meric foams. The hydroxy-methylphenol derivatives can react with phenols to form
phenolic polymers (Fig. 4) [19].
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Fig. 3 Resonance structure of phenol under alkaline condition

Fig. 4 Phenol and formaldehyde reactions to yield derivatives of hydroxymethylphenol and
polymer

The different types of functionalization that can be performed on a phenol
molecule can provide phenolic foams with a range of properties [19]. Commer-
cially, the components of the phenolic foams are sold as an aqueous solution with
stabilizers such as methanol in different ratios of formaldehyde and phenol (F/P)
[20]. The F/P ratio is an important parameter that determines the type of phenolic
resin. For example, novolacs resins are formedwhen a higher concentration of phenol
and low pH is used, while resol type of phenolic resins are prepared using a higher
concentration of formaldehyde catalyzed under higher pH (Fig. 5) [21]. Resol types
of phenolic materials are not as stable as novolacs types due to the formation of
a cross-linked structure at a higher temperature. Cross-linking is promoted by the
presence of methylol groups in the structure [16, 22]. The phenol compound itself
presents vast chemistry that can be employed in many ways as discussed. However,
many other phenolic compounds are also used in both industry and research. The
chemical structure of some common phenols is given in Fig. 6.

In general, phenolic foams are prepared by reacting phenols with isocyanates.
The reactivity of phenols toward isocyanates mostly depends on the solvents and
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Fig. 5 Synthesis of resol and novolac phenolic resins and respective conditions. “Adapted with
permission [21]. Copyright (2015) American Chemical Society.”

substituents groups on the phenolic compound. A study concluded that the use of
aprotic and polar organic solvents such as cyclohexanone demonstrated the highest
reaction rate followed by 1,4-dioxane, while the lowest reaction rate was observed
for xylene. For the substituent groups, it was observed that electron-withdrawing
groups in the phenolic compounds prompted the reaction between the hydroxyl and
isocyanate. It was believed that due to the withdrawing effect of electrons on the O–H
bond, the oxygen could pull the electron from the hydrogen turning it into a partial
positively charged. In that condition, the electron-rich nitrogen from the isocyanate
group (-NCO) is prompt to attack the hydrogen and yield the urethane linkage [23].
Besides the understanding of the proper chemical structure that yields the highest
reaction rate, there are some other external factors such as reaction temperature
[24], time [25], concentration and type of catalyst [25, 26], pH [26], and formalde-
hyde/phenol ratio [27–29], which can affect the output of the reaction. Other factors
such as low reactivity and steric hindrance of phenolic compounds could also affect
the properties of phenolic foams. For example, lignin, a low-cost bio-derivedmaterial
with many phenolic groups, can be used to obtain phenolic foams, however, its low
reactivity due to steric hindrance and poor dispersibility in most solvents prohibit its
industrial applications. It has been demonstrated that low molecular weight lignin
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Fig. 6 Chemical structure of the most used phenolic compounds

presents more reactive sites to allow themethylol reaction, which is themain require-
ment to obtain phenolic foams [30, 31]. A previous report proposed the depolymer-
ization process to obtain a lowermolecularweight ligninmacromolecule for phenolic
foams [32]. The procedure consisted of depolymerization of the lignin catalyzed by
sulfuric and solid acid (HZSM-5), followed by phenolation and hydroxymethylation.
After the lower molecular weight, lignin functionalized with phenolic and methylol
was obtained, it was cross-linked by using a resol resin. The schematics are described
in Fig. 7 [32].

One of themain sources for the extraction of phenol is coal tar, which started at the
end of the nineteenth century and is still considered as a primary source for obtaining
phenol with a combination of other approaches [33–35]. Coal tar is a mixture of
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Fig. 7 Schematics for the depolymerization of lignin through acid catalysis followedbyphenolation
and hydroxymethylation. Concluded with cross-link reaction with Resol resin to obtain the phenolic
foam. “Adapted with permission [32]. Copyright (2018) Elsevier.”

condensed organic compounds as leftovers from coal carbonization. Phenol can be
separated with a sodium hydroxide treatment to precipitate it as sodium pheno-
late. After extraction, it can return to the phenol form through bubbling of carbon
dioxide [22]. Phenols are also produced through liquid effluents from the gasification
processes of gas-making plants [36, 37]. A report even demonstrated a 93%efficiency
of phenol removal from wastewater by using methyl isobutyl ketone [38]. In earlier
days, phenol got huge attention due to its first important applications in the synthesis
of Aspirin (acetylsalicylic acid) back in 1898 and Bakelite in 1910 [2]. Following
that trend, Bisphenol A was also scaling up in the productions, which demanded
new approaches to synthesize these phenolic compounds for various applications
[22]. The predominant synthetic route to obtain phenol nowadays is named Hock
process or cumene process, which yields phenol and acetone as a byproduct [39].
This process is used to produce most of the phenol worldwide (~97%). The starting
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Fig. 8 Synthetic route for phenol and acetone through cumene named Hock process or acetone
process [39]

material for this process is synthesized by reacting benzene and propylene, which
is then oxidized in air yielding cumene hydroperoxide (CHP). A strong inorganic
acid is then used as a catalyst to decompose cumene hydroperoxide into phenol and
acetone. The mechanism of this process is shown in Fig. 8 [39].

Several different approaches were developed along the time. During the 1960s,
Dow and California Research Corp simultaneously developed a commercial process
to synthesize phenol from toluene [22]. In another approach, benzene was used as a
starting material for the synthesis of phenol [22, 40]. In this process, benzene was
oxidized and catalyzed by N2O and zeolite (ZSM-5), respectively, at high tempera-
tures (300–450 °C) to produce a large quantity of phenol [22, 40]. This process was
developed by the Boreskov Institute of Catalysis and later commercialized by Solutia
Industries [22, 40]. Another method uses chlorobenzene as the starting material that
goes through hydrolysis to synthesis phenol. In another approach, ammonia was used
to convert benzene into phenol, however, due to relatively low conversion efficiency,
these methods have not been applied to the industry [40].

Although the production of phenol using petrochemical sources is a well-
established process, the fluctuating price of petrochemicals and thus phenolic
compounds and growing concerns for the environment encourage scientists and
researchers to find alternative sources for commercial production of phenol. There
are some materials from bio-sources such as lignin, oil from cashew nutshell, etc.,
which can be used as alternative sources for phenol compounds. Lignin, a natural
phenolic compound widely found in most plants in large amounts, is mostly used for
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Fig. 9 Phenolic derivatives
from lignin sources.
“Adapted with permission
[50]. Copyright (2008)
Elsevier.”

the production of phenols. The main feedstocks for lignin are woods [41, 42], forest
[43], agricultural [44, 45], and pulp industry residues [46–49]. The most relevant
points that reinforce the use of lignin for industrial applications are the abundance
and competitive price. However, the quality of some bio-renewable phenolic foams
and resins still has some disparity in properties compared with the foams derived
using petrochemicals alongwith the difficult separation process to obtain pure phenol
[41]. Hence, they can be used to complement the formulation of final products to
reduce cost and keep satisfactory properties [50]. Asmentioned, lignin is a polymeric
structuremostly considered as amacromolecule, thus to obtain phenol andoligomeric
derivatives from lignin, a depolymerization process is required. The fast pyrolysis
process to obtain phenol-based compounds from lignin is the mostly used method
that takes place through pyrolysis of lignin between 400 and 600 °C at a fast heating
rate along with quick condensation of the liquids that are formed. This process yields
around 75wt.% of phenolic compounds that can be used for the synthesis of phenolic
foams and resins [51, 52]. The extraction of phenol through lignin also generates
other substances such as syringol, guaiacol, sinapyl, and coniferyl alcohol as shown
in Fig. 9 [50]. Their chemistry is highly related to their substituent groups in a way
that oxygen atoms adjacent to the hydroxyl groups may increase the polarization by
increasing the reactivity [53].

Since the use of phenol as a starting monomer for phenolic-formaldehyde resins
and plastics, it has made a huge impact in the industries. In addition to its appli-
cations in phenolic-formaldehyde resins and plastics industries, it got quick atten-
tion to polyurethane industries. Phenol-based polyols for polyurethane industries
providemany possible variations yielding end productswith superiormechanical and
flame retardant properties. The popularity of phenol-based compounds as polyols for
polyurethanes is due to the high reactivity of phenolic -OH groups toward isocyanate.
Other materials such as catalysts, surfactants, and blowing agents are also very
important for the foaming industries [54]. The phase separation between the less
dense and polar polyols and the denser and non-polar isocyanate is believed to slow
down the reaction rate, therefore, it becomes necessary to implement catalysts and
surfactants [54, 55]. The most used catalysts are usually tertiary amines such as
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Fig. 10 Chemical structure of some common catalysts for phenolic foams

1,4-diazabicyclo[2.2.2] octane (DABCO) and triethylamine (TEA) [56]. Another
type of catalyst often used is organometallic compounds such as dibutyltindilaurate
(DBTDL) and stannous octoate.Organic acids like p-toluene sulfonic acid and phenol
sulfonic acid are used alongwith inorganic acids in the phenolic foams. The chemical
structure of some common catalysts is shown in Fig. 10. The role of these catalysts
is to polarize the bonds from both isocyanate and phenol/polyols creating an inter-
mediate that rearranges to form the urethane linkage [57–59]. The catalyst enhances
their reactivity allowing the reaction to occur faster and at room temperature. Their
mechanism is described in Fig. 11 [57, 60–62].

The polarization effect of tin-based catalysts is more pronounced in aromatic
isocyanates such as diphenylmethanediisocyanate (MDI) or toluene diisocyanate
(TDI) compared with aliphatic ones such as hexamethylenediisocyanate (HDI)
or isophoronediisocyanate (IPDI). However, for the zirconium-based catalyst, the
observed reactivity was the same regardless of the type of isocyanate used [55]. A
novel type of catalyst that has been employed in the formulation of polyurethanes
is the CuCo2O4/graphitic carbon nitride, which diminishes the production of CO
and imparts flame-retardant properties, which can add a synergy effect for phenolic
foams that inherently present this property [63].

Other important components for foam formulation are the surfactants that are
responsible for improving the superficial area between the reactants allowing them
to mix properly, working in pairs with the catalyst. Along with that they also
grant stable formation of the foam by controlling the pore size to obtain a regular
cellular morphology. This factor highly influences the mechanical properties of the
foams and their interactions with fillers [55]. Surfactants are mostly silicon-based
compounds such as silicone oils, nonylphenolethoxylates, polydimethylsiloxane-
polyoxyalkylene along with some organic compounds. The non-ionic surfactants are
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Fig. 11 Mechanism of bond polarization through the use of a and b organo-metallic and c and
d tertiary amine catalysts. “Adapted with permission [60]. Copyright (2007) Elsevier”

known to improve the superficial area and are easier to include in the formulation due
to their fixed value of critical micelle concentration [64]. In general, a low concentra-
tion (0.5–5wt%) of surfactants is required in phenolic foams. An appropriate amount
of surfactants is required to maintain the cellular structure of the foams. Low concen-
tration may destabilize the structure while a higher concentration of the surfactants
may increase the chance of collapsing the cellular structure along with an increase in
the cost of production. A study developed an approach that does not require the use
of surfactant because in some cases, they present low molecular weight, an increase
in delamination, and corrosion can be observed [65, 66].

Blowing agents like surfactants also play an important role in controlling the
morphology and cell structure of the foam.They can reactwith the isocyanate forming
a urea function and liberating carbon dioxide that gets entrapped within the structure
of the cell while increasing the overall volume of the foam. Carbon dioxide acts
as in-situ blowing agents, especially for resol-based phenolic foams. Before the
international regulations, many types of chlorofluorocarbons (CFCs) were used as
blowing agents; however, the depletion of the ozone layer due to their exaggerated
use forced the international regulation to restrict their distribution. After that, H2O
appeared as a suitable and environmentally friendly chemical blowing agent for
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Fig. 12 Common blowing agents used in phenolic foams

the foaming process. Hydrocarbon-based blowing agents such as cyclopentane, n-
pentane, iso-pentane, iso-butane, hexane, etc. can also be employed in phenolic foams
due to their low boiling points [67]. Figure 12 shows the structure of some common
blowing agents used in phenolic foams. The structure of a phenolic foam largely
depends on the type of blowing agent used during the foaming process. For example,
highly volatile blowing agentswill produce open-celled foams.Curing agents are also
used during the curing process of the foam to provide cross-linking in the structure.
Organic acids such as toluene sulfonic acid, benzene sulfonic acid, xylene sulfonic
acid, phenol sulfonic acid, and inorganic acids such as hydrochloric acid, sulfuric
acid, phosphoric acid are commonly used as a curing agent in phenolic foams.

Other components such as plasticizers can be also added into a polyurethane
formulation that reduces the hardness of the materials. The decrease of brittleness
in foam can be acquired by implementing a bulky and flexible group in the chain
in one of the reagents, usually the polyol or through the physical blend. The large
and flexible group may allow the polymeric chains to decrease the brittleness of the
polymer [68, 69], along with pigments for implementing color and aesthetics [70],
fillers to reduce cost and improve the desired properties [71], flame retardants, and
smoke suppressants [72, 73]. As discussed earlier, phenols are aromatic rings with
a hydroxyl group that presents versatile chemistry. Mannich’s reaction is one of the
most studied procedures in phenol chemistry. In basic terms, it consists of a phenol
dissolved in a solutionof formaldehyde andwater alongwith the additionof an amine-
based compound such as diethanolamine that chemically attaches to the aromatic ring
through the formation of a methylene bridge. The scientific community still exploits
the parameters that influence this reaction such as the amount of formaldehyde/amine
ratio, pH, temperature, and kinetics [74–76]. Cardanol oil has been reported in many
studies as a renewable and viable option for epoxy and phenol–formaldehyde resins
as well as phenolic polyurethanes [77]. Cardanol is obtained from cashew nut shell
liquid and the main constituents of cashew nut shell liquid are cardanol, cardol, and
2-methylcardol as shown in Fig. 13 [78]. Cardanol is composed of several aromatic
oils that present a phenol group with variations of aliphatic chains in the m position
with degrees of unsaturation [79].
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Fig. 13 The main component of cashew nutshell liquid [78]

Mannich’s reactionwas performed to convert cardanol oil into a polyol formaking
polymeric foams. The procedure consisted of three synthetic steps. First, the reac-
tion between para-formaldehyde and diethanolamine was carried out to synthesize
N-(2-hydroxyethyl)-1,3-oxazolidine, also mentioned as intermediate of Mannich’s
reaction. The second step was the reaction of this intermediate compound with the
aromatic ring in the cardanol oil, performing an electrophilic substitution at ortho
and para positions. In the third step, the cardanol-based polyol was further function-
alized with propylene oxide to increase the functionality of the polyol from 3 to 5.
The synthetic route is described in Fig. 14 [79]. This approach presents some advan-
tages such as increase the functionality of the polyol without an excessive increase
of viscosity. This is due to the formation of the intermediate, N-(2-hydroxyethyl)-
1,3-oxazolidine, that prevents the condensation reaction between formaldehyde and
phenol, while still acting as a Mannich base due to the presence of an iminium
cation and alternating state between cyclic and open structure, hence, facilitating the
processing to obtain the foams (Fig. 15) [75, 77, 79]. The foams obtained through
this method provide biodegradability, flame retardancy, and satisfactory mechanical
properties compared with petrochemical-based foams.

Another interesting approach utilized cardanol oil modified with a phosphorus-
based compound, named 10-(2,5-dihydroxyphenyl)-9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO), to improve the inherent flame-retardant
properties of the phenolic foams [80]. Also, a silicon-based segment originated
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Fig. 14 Synthetic route for cardanol-based polyol. “Adapted with permission [79]. Copyright
(2012) Springer”

Fig. 15 Alternating structures of N-(2-hydroxyethyl)-1,3-oxazolidine for open and cyclic form.
“Adapted with permission [79]. Copyright (2012) Springer.”

from polydimethylsiloxane was attached to improve the mechanical properties by
reducing the brittleness that usually accompanies the phenolic foams. A relevant
factor that cardanol-based foams impart is the plasticizer effect on mechanical
properties that reduces brittleness. This phenomenon occurs due to the presence of
the 15 carbon aliphatic unsaturated chain attached to the aromatic ring. It allows
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the polymeric chains to slip pass each other while increasing the free volume of the
foams [81]. The procedure to obtain the cardanol polyol functionalized with DOPO
consisted of an epoxidation of the unsaturation of the aliphatic chain of cardanol
oil followed by ring-opening with DOPO. Along with that, the phenolic hydroxyl
reacted with epichlorohydrin followed by hydrolysis, hence, making the polyol
inherent flame-retardant [82]. As previously discussed, the viscosity is an important
parameter that has to be controlled to allow a proper mixing between the components
of the foams. In this case, the isocyanate, hexamethylenediisocyanate (HDI) was
added in excess to react with polyethylene glycol. This approach increased the
linearity and flexibility of the chains, which is reflected as ease processing and
more flexibility for the phenolic foam, by reducing the natural brittleness and
pulverization.

The general trend for research nowadays is leaning toward a greener and environ-
mentally friendly approach. In that line,many researchers are finding amiddle ground
by partially replacing petrochemical compoundswith environmentally friendly fillers
into industrial phenolic foams to improve their property. As an example, a facile
procedure to improve the mechanical properties of phenolic resol resin by blending
it with around 2 wt.% of cellulose fibers was reported [83]. It demonstrated an effec-
tive increase in the modulus and compressive strength of the foam even surpassing
other well-known mechanical reinforce composites of aramids and glass fibers [13,
84]. The previous procedure is often described as physical toughening, which is
the blending of the filler with the foaming components without chemical reaction
as a means to enhance the mechanical properties. Compounds such as fibers and
rubbers can be employed for this end [84–86]. It has some advantages such as ease
processing, facile procedures, and usually lower cost. However, the distribution of
the filler is usually not regular throughout the foam, which may cause inner defects.
Besides, the effects of the toughening may decrease over time since the filler tends to
migrate, which creates irregularities that may deteriorate other properties. A different
approach that can be used to counter this situation is the chemical toughening. In
this case, the toughening agent is chemically bonded to the structure of the foam. It
brings the positive points of longer term efficiency and proper dispersion through the
foam, avoiding irregularities [87]. A novel phosphorus-based phenolic polyol was
synthesized by using phenyl dichlorophosphate (PDCP) as the toughening agent.
The PDCP reacted with trimethylamine at 0 °C to form a good leaving group for the
further reaction with polyethylene glycol to obtain the polyol that was mixed with
industrial phenol resin. The synthesis can be described in Fig. 16 [88].

A concern that usually comes with both physical and chemical fillers is the dete-
rioration of other properties that were not targeted. For example, some toughening
agents may cause an increase in the flammability of the foam. As a way to avoid
this scenario, this approach yielded a polyol that increased both mechanical as well
as the flame retardant properties of the foam [88]. A follow-up procedure imple-
mented silicon at the polymeric chain of the polyol, as a means to improve compres-
sive strength, friability, and thermal stability [89]. Following the same trend, another
seldom approach includes the use of boron as a toughening and flame retardant agent.
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Fig. 16 Synthesis of phosphorus-based polyol for the enhancement of mechanical and flame
retardant properties. “Adapted with permission [88]. Copyright (2012) Springer”

A report described a procedure that used boric acid (BA) to react with polyethy-
lene glycol (PEG) at 110–150 °C dissolved in xylene to form a branched polyol
(PEG-BA). This material was then cured with a phenolic resin to obtain an inherent
flame-retardant and toughened foam after the reaction with isocyanate. The reac-
tion is described in Fig. 17 [87]. Finally, it is notable that the synthesis of phenolic
foams allowsmany possibilities, including the source of startingmaterials that can be
petrochemicals, mostly resol and novolacs resins, or renewable, mostly cardanol oil
and lignin. The factors like low cost, abundance, inherent flame-retardant properties,
and ease modification of synthetic procedures prompt its use as a viable polymeric
material for large-scale applications.

1,3-dihydroxybenzene know as resorcinol is a derivative of phenol that has a huge
commercial application in phenolic foams. Its condensate formwith formaldehyde is
used to improve the adhesion on rubber and tires and allows curing at room temper-
ature [90]. The main synthetic route to obtain resorcinol consists of the sulfonation
process of benzene with sulfur trioxide at 150 °C in the presence of sulfuric acid as
a catalyst [90]. The obtained product is epsilon and meta substituted aromatic ring
with sulfonate groups more precisely, benzene-1,3-disulfonate. This compound is
then placed to react with sodium hydroxide at 350 °C. The product obtained at the
end of this reaction is extracted for the organic phase with diisopropylether. Finally,
it is distilled to obtain the purified resorcinol. The points that limit the use of resor-
cinol are related to the cost of production and safety concerns. Despite that, previous
studies have obtained a copolymer based on lignin–resorcinol–glyoxal. The synthesis
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Fig. 17 Synthesis of a boron-based branched polyol with further curing process with phenolic
resin. “Adapted with permission [87]. Copyright (2015) American Chemical Society”

was performed under mild alkali media with stirring of the three monomers (Fig. 18)
[91].

As previously described, the Mannich’s reaction is an extremely valuable tool
when it comes to the synthesis of phenolic resins. The chemical attachment of amino
alcohol through the methylene bridge, usually in the ortho position of the phenol,
increases the functionality of the polyol making it suitable for foaming reactions
[77]. A general procedure of this reaction can be performed with the mixture of the
phenol and the amine-functionalized reagent such as alcohol. Then a formaldehyde
or paraformaldehyde solution can be added with a concentration of around 25–37%.
The temperature should be maintained around 50–70 °C and digesting for around
2 h. After the completion of the reaction, both water as a byproduct of the reaction
as well as formaldehyde is removed through vacuum distillation around 90–120 °C.
It is important to mention that the lower temperature range reduces the tendency of
condensation to form oligomers. This condensate is nothing but an oligomer of two
or three phenolic groups; however, it causes an increase in the viscosity, which may
harden the processing. Previous studies on this reaction established that it occurs in a
two-step process, inwhich an ammonium cation is formed between the formaldehyde
and the amine reaction (primary or secondary). The ammonium cation then reacts
with the phenolate anions at ortho and/or para positions following a mechanism
based on SN1 [92, 93]. Another type of mechanism that follows the SN2 is also
possible. In this scenario, there is a coupling of formaldehyde with two molecules of
the alkylamine compound, leading to a neutral molecule. Then, the phenolate anion
attacks the methylene group, which is under an electron-withdrawing effect of the
two amine groups. SN1 is prompt to happenwhen the reactionmixture is under acidic
media, hence forming amine salts. Oppositely, SN2 can occur under basic or neutral
media.
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Fig. 18 Facile synthesis for lignin–resorcinol–glyoxal copolymer resin for further implementation
in the polymeric matrix. “Adapted with permission [91]. Copyright (2020) Elsevier”

The functionalization of phenol through Mannich’s reaction is a valid strategy
because it allows the introduction of primary hydroxyl groups as the R groups,
which are known to be more reactive toward isocyanate. This not only improves the
reaction rate for the formation of the foam but also increases the functionality of
the starting material. Hence, a variety of different structures can be obtained. On
top of that, the addition of a tertiary amine to the structure acts as a self-catalyst by
increasing the foaming process [77, 94]. As an example of this approach, a previous
study reported the synthesis of a novel Mannich polyol in three steps. In the first step,
a Friedel–Crafts alkylation was performed between phenol and limonene (Fig. 19).
Oxazolidines were synthesized by the reaction of formaldehyde and alkanolamines
in the second step of this process (Fig. 20). The third and final step consisted of the
synthesis of Mannich polyol through the reaction with propylene oxide to increase
the functionality of the Mannich polyol [94]. The obtained polyols were suitable to
make rigid foams with satisfying mechanical, thermal, and physical properties.
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Fig. 19 Friedel–Crafts reaction between phenol and limonene. “Adapted with permission [94].
Copyright (2015) Springer”

Finally, it is notable that the synthesis of phenolic foams allowsmany possibilities,
including the source of starting materials that can be petrochemicals, mostly resol
and novolacs resins, or renewable, mostly cardanol oil and lignin. The factors like
low cost, abundance, inherent flame-retardant properties, and ease modification of
synthetic procedures prompt their use as viable polymeric materials for large-scale
applications.

3 Chemistry-Based Applications of Phenolic Foams

The properties of phenolic foams such as inherent flame retardancy, rigidity, low
thermal conductivity, high thermal stability, and low emission of toxic smoke allow
their use as thermal insulators andfire protectionmaterials for buildings and construc-
tions.On top of that, it can also be applied as adhesives, sealants, coatings, elastomers,
binders, and foams [23, 95]. The property–structure relation is crucial to understand
how these materials fit for certain applications along with the versatility of phenolic
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Fig. 20 Variations of Mannich bases. “Adapted with permission [94]. Copyright (2015) Springer”

foam’s chemistry that broadens the range of experiments that can be designed. Thus,
the following session discusses the main parameters to obtain the desired properties
based on the chemical structure of the starting materials, more specifically into how
the functionalization of phenolic groups influences their properties.
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The functionalization of the phenolic polyol highly influences the properties of the
foams. Accompanied to that, most of the phenolic starting materials are functional-
ized resins such as resoles and novolacs as previously discussed. Thus, it is important
to understand what are the parameters that influence their properties, when it comes
to design a procedure. One of the starting points is the formaldehyde/phenol ratio
(F/P). A study found that under excess of formaldehyde catalyzed by alkaline media,
less base was required to carry out the reaction [26]. It was also observed that for
an F/P ratio of around 2.5, the polymerization happened to a lower degree [26]. For
this scenario, the extra amount of formaldehyde was volatilized, which increased
the porosity and shrinkage of the phenolic foam. Hence, it may hurt the mechan-
ical properties and increase friability. Therefore, the proper control of F/P plays an
important role in the properties of the phenolic foams [96]. Accompanied to that
study, it was found that catalysts also might prompt a type of chemical structure.
The influence of triethanolamine as a catalyst in the reaction between formaldehyde
and phenol to obtain phenolic resins was studied [26]. It was observed that besides
the obvious influence at the rate of reaction and condensation time, the catalyst had
a slight influence in the structure. The higher population of transition state inter-
mediates seemed to be prompted the aromatic ring substitution to occur more at
ortho position rather than para. This difference in structure may impart changes on
the mechanical properties, since ortho-ortho substitution may increase the size of
dandling groups if compared with ortho-para substitution due to lesser bulky groups
hanging on the polymeric structure [77].

The chemistry of phenolicmaterials is highly related to its reactive sites. In an ideal
condition, a phenol compound may present functionality of three, those being the
phenolic hydroxyl, ortho and para positions for nucleophilic substitution. This condi-
tion allows cross-linking to take place. This is often desired to enhance the mechan-
ical and thermal properties of materials, which can turn them into thermosets if the
crosslinking degree is high enough. The rigidity and thermal stability of phenolic
foams are in part due to their inherent cross-linking capability. Previous studies have
demonstrated that in a real scenario, the functionality of a phenol would be around
2.38–2.7 [27, 97, 98]. Thus, from an experimental perspective, an increase of the F/P
ratio of at least 1.3 is required to prompt the cross-linking reaction. A previous study
reported that cross-linking reactions occur mostly at para-para positions [27].

Even though the cross-link of phenolic foams is one of their signature features
for a rigid structure with high compressive strength, it is also what makes it brittle
and friable. To solve that issue, the synthesis of composites of phenolic foams is a
viable option to obtain materials that can absorb mechanical stress without breaking.
For that, multi-walled carbon nanotubes have been employed. Their large struc-
ture and many reactive sites lead to covalent bonds that diminish the stress during
compression [99]. Also, the high friability is an undesirable property that comes
with phenolic foams. One approach that can prevent this phenomenon is the addition
of aramid compounds [99]. Another recent approach involves self-healing foams,
smart devices, and recyclable composites, which are based on the concept of cova-
lent adaptable networks or also named dynamic cross-linked chains. Polymer can be
synthesized to present the reversibility of bonds. This feature shifts the properties



3 Materials and Chemistry of Phenolic Foams 57

of the material making it able to be reprocessed and acquire self-healing properties,
which are not possible for highly cross-linked materials with permanent covalent
bonds [100]. The reversible break and formation of these bonds can happen through
Diels–Alder [101–104], transesterification [105–107], phenol-urethanes [108, 109],
and in many otherways [108, 110–113]. To design an experiment with these proper-
ties, some well-known monomers are employed, such as bisphenols. They consist of
two phenolic rings linked by a chemical group between them such as isopropylene,
hexafluoroisopropylene, and sulfone. From the first to latter, higher is the electron-
withdrawing effect. The higher this effect, the easier to disrupt and change the chem-
ical bonds of the structure, also lower the temperature for that phenomenon to take
place [114].

Another possible option that has been highlighted around the scientific community
is the chemical functionalization with the attachment of a flexible segment into the
structure of the phenolic resin. The reactivity of the phenolic ring allowsmany chem-
ical modifications, which are greatly responsible for imparting the desired properties
into the phenolic foams. The presence of an aliphatic chain could decrease the rigidity
of the molecular structure. Hence, allowing the final polymer to become tougher
instead of brittle. Fortunately, cardanol oil, as previously demonstrated, is a starting
material that already presents an unsaturated alkyl chain at the meta position [115].
This feature promotes two aspects of the material. First, it decreases the brittleness
improving themechanical properties. Second, it provides an extra reactive site, which
is the double bonds at the aliphatic chain, allowing further chemical modifications
[115]. The low rigidity is an important factor for applications that require mechan-
ical energy absorption. Another important feature of chemical functionalization is
the increase of reactivity that fastens both the foaming and curing process. It highly
affects the application of the phenolic polyurethanes since it adds a profitable aspect
for large-scale applications such as thermal insulation for buildings and construc-
tions. As previously discussed, theMannich’s reaction in phenolic compounds imple-
ments a methylene bridge along with a secondary or tertiary alkyl amine segment.
The presence of these amine groups creates a self-catalyzed process for the resins,
hence, notably increases the foaming reaction between hydroxyl and isocyanates
groups [94]. This quick reaction allows it to be used in a “spray” foaming process.
However, along with a fast reaction rate, proper control of viscosity is also important.
Because, in one hand, low viscosity allows easy flow and a mixture of components,
hence, a more homogenous structure of foaming. On the other hand, higher viscosity
provides better control of cellular structure and may avoid coalescence during the
foaming process [22, 116, 117].

External components that do not directly participate in the foaming reaction also
have a strong impact on the properties of foams. The formulation of the compo-
nents to manufacture foam is one of the key factors that allow the same material to
acquire different properties. For the case of phenolic foams, the implementation of
blowing agents and/or volatile solvents can influence the size of the pores, which
bears great importance for applications such as decontamination of radioisotopes
and water contaminated with heavy metals [118, 119]. The blowing agents also have
a direct effect on the density of the foam, which enables them to obtain materials
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that are light as well as rigid [3]. The final cell structure is also relevant for the range
of applications of the foam. For example, open cells are used for the soundproof
environment while closed ones tend to have higher thermal insulation and better
flame retardancy [120]. Finally, this session presented the main factors that influence
the properties of phenolic foams regarding their chemical structure and the possible
approaches to tune the features of the final material according to the experimental
goal.

4 Conclusion and Future Lookout

Throughout this chapter, the importance of phenolic foams and derivate materials in
terms of their chemistry and properties were discussed. Phenolic foams are known
for their high compressive strength, thermal stability, and flame retardancy properties
accompanied by low emission of toxic smoke. The starting materials for phenolic
resins can be obtained from petrochemical sources such as phenol, bisphenols, m-
cresols, and other variations. However, renewable sources such as cardanol, castor
oil, and lignin that are promising materials with satisfactory products and tunable
properties. Their greatest concern goes around their brittleness and friability, which
demanded efforts from the scientific community to develop new synthetic approaches
and alternativematerials to nullify these drawbacks. Someof these techniques include
chemical modificationwith flexible segments, blendingwith other materials to create
composites, and changes in formulation for proper control of properties. This is all
possible due to the chemical versatility of phenolic compounds. Still, there are many
undiscovered possibilities for phenolic materials, since the chemistry of phenolic
ring allows many possibilities. However, phenolic foams are already responsible for
a good part of the market related to thermal insulation for household applications due
to their easy source and high reactivity. As research progresses new applications for
phenolic foams were found, for example, the capture of radioisotopes and removal
of heavy metals from water, which will bear great importance for future scenarios.
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Chapter 4
Hybrid Composite Foam: Effect
of Hybrid Fillers on the Mechanical
Properties of Phenolic Foams

Zunaida Zakaria and Nor Azura Abdul Rahim

1 Introduction

Recently, matrix reinforcement by incorporating two or more hybrid fillers has led
to the development of hybrid composites with a wide variety of material properties.
Hybrid reinforcement is achieved by using more than one type of material (organic,
inorganic, synthetic, and natural), shape (flakes, powder, fibers), size (aspect ratio),
and orientation of fillers [1]. In recent years, hybrid composites have been developed
using several fibers to modify the final properties of the composites with synergistic
properties.

Hybrid polymer composites also offer a broad range of properties that could not be
obtainedwith a single type of reinforcement. Furthermore, hybrid reinforcementwith
decent fiber selection enables to generate excellent properties with low density and
meets the design criteria for the desired applications. Another benefit of hybridization
is that high-priced reinforcement can be easily substituted or combined with cheaper
materials.

Hybrid foam composites have gained their popularity nowadays due to the supe-
rior foam properties contributed by the combination of two types of filler rein-
forcements in the matrix. Therefore, the hybrid composite phenolic foam has been
used as potential material in various applications, such as civil construction, chem-
ical industry, marine, and aerospace [1–4]. In recent years, many researchers have
conducted numerous studies on the reinforcement of phenolic foam composites to
extend their applications [5]. Phenolic foam (PF) itself has excellent properties such
as fire resistance, non-drip lowcombustibility, low toxicity, high thermal stability, and
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good chemical resistance [6, 7]. However, PF is limited in brittleness and therefore
restricts their performance in various applications that require special strength.

There are two methods which had been utilized in the past few decades to over-
come this issuewhich include chemicalmodification and inter-filler [8]. For chemical
modification, the easiest way is to blend phenolic resin with polymeric toughening
agent such as rubber [9, 10], epoxy resin [11], polyethylene glycol [12], and polyvinyl
alcohol [13]. However, blending with a polymeric toughening agent will deteriorate
the excellent fire retardancy of phenolic foams as these materials are flammable
[11]. Therefore, it is desirable to improve their toughness properties while main-
taining their excellent flame retardancy properties by selecting suitable materials
and methods. Yang and his group [14] prepared phosphorus-containing polymeric
modifiers, for example, phosphorus-containing polyethers. They found that themodi-
fier could enhance both the toughness and flame resistance of PF foam. The idea to
produce composite foams using inter-filler, such as graphene oxide [15], multiwalled
carbon nanotubes [16], and clay [17], has resulted in uniform cell structure distri-
bution, while increasing the viscosity of the resin before foaming and making PF
foams denser. However, some researchers have chosen to use chopped fiber as rein-
forcers, such as glass fiber, aramid fiber [18], and natural fiber [19] to make PF
foam stronger and tougher. Although this fiber reinforcement is distinctly effec-
tive in enhancing the mechanical properties of PF foam, it affects the mixing and
foaming process, resulting in increased density and poor surface quality [16]. Hence,
the hybrid composite foam has recently been introduced by combining two types
of fillers (particulates) or fibers, or a combination that could boost both mechan-
ical strength and flame-retardant properties. This is in agreement with Li et al. [6]
who stated that silica nanospheres/graphene oxide hybrids have also improved the
mechanical strength and flame-retardant properties of phenolic foam composites.
In another study, Li et al. [20] reported that α-zirconium phosphate/graphene oxide
hybrid synthesized had improved both flammability and mechanical strength. Desai
and co-workers reported that hybrid composite phenolic foams reinforced with glass
and aramid fibers have a much lower flammability and the compressive stiffness
of hybrid foams can be maintained even after aging [3]. The hybrid fillers studied
have displayed substantial potential for improvement in mechanical performance as
well as maintaining their fire-retardant properties.Withmore exploration in this area,
hybrid composite foamwill exhibit greater potential for use in advanced applications.

2 Fillers in Hybrid Composite Foam

Phenolic foam (PF) was first introduced in the early 1940s, yet the material has not
been entirely commercialized due to its brittleness and friability. Later in the early
twentieth century, with the emergence of industrial revolution, rigid thermosetting
foam has gained its attention due to the growing demand for cheap foam thermal
insulation materials. Closed-cell PF is suitable for thermal insulation applications,
while the open-cell foam was common for sound insulation applications. Since then,
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an effort has been made by researchers to tailor PF cell size, shape, and distribu-
tion for various purposes. To reconstruct pure PF according to the desired proper-
ties, numerous approaches have been conducted, namely, chemical modification on
phenolic resin, physical blending between phenolic and other polymer resins, altering
formulation and ingredients, and addition of filler in the open- and closed-cell PF
system [7, 21].

Fillers are well known to comprehensively alter themechanical strength and phys-
ical properties of polymer composites. In the past decade, many have described the
use of a single type filler loading in PF. It has been proven that single component fiber
system has enabled a significant improvement in the strength and thermal properties
of PF. Regardless of the improvement, sometimes the use of a single filler could not
overcome the limitation of producing PF with preferred properties. By recognizing
the challenges of producing PF with multiple functions, the use of more than one
type of filler or the fabrication of a chemically bonded hybrid particle is necessary
to meet the needs. In the past decade, there have been a number of articles related to
hybrid filler system in PF. To properly view the subject, we categorize hybrid fillers
in PF into hybrid fiber system and hybrid particulate filler system [7, 22].

2.1 Hybrid Fiber

To date, polymer foam has been used as a core material for advanced engineering
applications, such as inmarine, building, automotive, and aerospace industries. Sand-
wich composites with the configuration of polymeric foam core have become an
ideal material due to their superior strength, high specific bending stiffness, and
ultra-lightweight criteria for large panels. Based on previous successful reports on
sandwich structure made of polyurethane, epoxy and polystyrene foam as core mate-
rials, Kim et al. [23] proposed a new method to produce a sandwich panel using
PF-filled honeycomb as core material and with aramid/glass hybrid mat as a face
material. The use of hybridmat and fiber arrangementwas developed according to the
criteria needed for a sandwich panel. In an effort to replace the conventional metallic
honeycomb sandwich structure, the core material was filled with glass fiber/phenolic
composites with PF to achieve the requirement for strength and thermal insulation
properties. The fabric mat was treated with silane coupling agent to enhance the
bonding strength between the matrix and the fiber, and then the face was bonded to
the PF-filled honeycomb. Both aramid glass fiber mat and glass fiber mat were staked
and coated with carbonized phenolic resin on the honeycomb surface to function as
a protective layer targeted to improve the post-fire properties. The addition of PF has
lowered the thermal conductivity for the entire core layer to 0.042W/m.K indicating
the ability of PF to block fire from further propagation [24].

In the fire exposure experiments, the thermal conductivity of the hybrid composite
appeared to be 0.26 W/m.K through the 38 mm core thickness direction. In terms of
strength, the hybrid honeycomb post-fire flexural strength decreased by 16% from
20.5 to 3.4MPa and the stiffness decreased by 49% from 226 to 110 Pa.m4 after 1 h of
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exposure to fire. This was also indicated by the hybrid composite PF flexural strength
as it decreased by 54% of the original strength caused by core shear failure. Interest-
ingly, the PF hybrid composite core sandwich structure produced with carbonized
phenolic aramid/glass hybrid composite face was able to retain about 50% of the
original strength after post-fire exposure which concluded that the hybrid composite
mat sandwich with PF has the ability to replace epoxy, vinyl ester, or polyester
resin. The failure mode for the entire honeycomb hybrid system was derived from
delamination and cracking between the composite face and core on the fire-exposed
side.

In addition, the idea of combining chopped fiber in PF has been driven by the
superior properties of the resulting composite foams. The amplified properties are
obtained through a synergistic effect accomplished using two types of fillers. This
can also replace expensive filler reinforcement with cheaper materials to reduce cost
or weight for the entire hybrid fiber composite foam system. Typically, these types
of fibers can be categorized into man-made inorganic, organic fiber, and natural fiber
made of mainly cellulose, and each of these fillers behave differently in PF. Previ-
ously, single-filled short stiff glass fiber reinforcement was employed to increase the
strength and dimensional stability of the phenolic foams [18]. The same method was
also used on PU foamwhere it produced high compression strength with the addition
of glass fiber mat [23]. The glass fiber is capable of blocking further crack propaga-
tion and then diverted the cracks along the fiber length and finally dissipates energy
in the process. Thus, fiber reinforcement allows the alteration of crack growth mode
and results in high fracture toughness. Previous studies have also demonstrated that
at 5%glass fiber loading in a closed-cell foam system, a few open cells were observed
due to the cell wall fracture caused by frictions between the bubbles and the glass
fiber. Another type of flexible short fiber is aramid fiber. Although aramid-reinforced
foam produces strength and modulus similar to unreinforced PF, it consumes almost
twice as much energy during fracture.

To summarize the effect between these two fillers, Shen et al. [25] compared
the use of both glass and aramid fiber in the peeling test. They found a significant
improvement in the peel strength and toughness to reinforce phenolic foam with
aramid fibers. The addition of a small amount of 3 wt% short aramid fibers produced
a sixfold of the unreinforced foamwhile adding 5%byweight resulting in a sevenfold
increase compared to short glass fiber and unreinforced PF [25]. Careful inspection
revealed that the aramid-reinforced foam had a rougher fracture surface than the
glass-reinforced foam. This could be due to the formation of tiny fibrils of micro-
peeling (peel of aramid stem) from the microscope due to good bonding strength
before failure with phenolic resin. The study also revealed that the viscosity of the
fiber/phenolic resin mixture increased significantly when fiber was added in the
resin even in a small amount. Therefore, a limit of 5 wt% of 6.4 mm aramid fiber
was selected to maintain the desirable foam quality. The anisotropy indicated that the
glass fibers tend to align in the foaming direction. In contrast, the aramid-reinforced
foam did not show significant anisotropy effect [25, 26].

By taking advantage on the inherited properties of glass fiber and aramid fiber, an
experiment was conducted to determine the hybrid short fiber mechanical properties
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with different fiber potion in the PF open-cell system. The properties of the hybrid
composite foams were assessed to determine its effects. As a result, the compressive
strength increased by 275% after adding 5wt% of glass fiber and by 36% after adding
the sameamount of aramidfiber. Indeed, stiff glass fiberswere highly orientated along
the foaming direction inducing a significant enhancement in mechanical properties
in the foaming direction, whereas almost no evolution was observed in the perpen-
dicular direction [22]. In comparison, aramid fibers were distributed randomly, and
thus favored the isotropic characteristics of the foam. The hybrid exhibited marked
increases in shear modulus and shear strength but portion-dependent. The contribu-
tion of both types of fibers is critical for the shear performance of phenolic foams.
Moreover, the success of hybrid is contributed by fiber compatibility and strong
bonding between the matrix. The failure of the PF hybrid composites is originated
from the fiber pull out at the interface. Aramid indicates unusually strong cohesive
strength that forces a combination of interface and matrix failure [3, 22].

Furthermore, research involving natural fibers in PF has been actively progressed
aiming to produce foams with environmentally sustainable properties [21]. Natural
fibers have a lot of potential to be reinforcing fillers as they are able to move along
anisotropic alignment toward foaming direction during the foaming process. Apart
from being economical and easily available, natural fibers exhibit a number of attrac-
tive features such as low density, good insulation, thermal properties, high specific
strength, and minimum energy consumption during mixing. Recently, Tang et al.
[27] have utilized bamboo fiber to improve the compression strength of PF. They
stated that the addition of 2.5 wt% bamboo fiber promote the highest compression
strength and improved the foam friability. The strength was achieved by the bamboo
fiber in the foaming direction [27]. Currently, natural fibers (such as sisal fiber, jute
fiber, ramie fiber, and straw fiber, among others) have been shown to enhance the
mechanical properties of rigid polyurethane foam [23]. In a polymer matrix system,
the use of a hybrid natural fiber system has induced better polymer composite perfor-
mance. Although research related to the use of hybrid natural fibers in PF has not
been carried out, looking at current trends, we see that future work on PF will head
in the direction mentioned above [27, 28].

2.2 Hybrid Particulates

The tailor-made properties of particulate hybrid composite foams allow the produc-
tion of foams with distinct properties. The rule for developing uniform and regular
cells in PF is by homogeneously dispersing particulate fillers in phenolic resin. The
inclusion of filler in the PF formulation may stabilize the emulsion by Pickering.
These fillers also act as nucleating agents in creating more bubble nuclei when
exceeding the free critical nucleating energy. In comparison to the filled fiber, the
addition of particle filler can severely increase the viscosity of the filled phenolic
resin. However, it is insignificant to compare with fiber systems due to its isotropic
properties.Higher viscosity results in better cell uniformity and generates smaller cell
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size during foam expansion but on the downside it constructs a higher foam density.
If the viscosity is too high, the foamwill be completely inhibited from further expan-
sion. There are a number of single filler systems frommicrons to nano-sized particles
added in PF, such as clay, glass beads, and gypsum. These fillers come in various
sizes, shapes, surface chemistry, and specific surface areas which may impart an
outstanding performance on foam stiffness, compressive strength, flexural strength,
and fire properties. To achieve more than one of these properties, hybrid particulate
fillers have proven to be a promising solution [21].

Mineral fillers have been proven to alter the physical and mechanical strength of
PF composites and function as non-flammable particles. With respect to the hybrid
filler filled foam approach, the use of mineral filler components is to cater specific
well-defined functions allowing for better control in inducing better cell formations.
Colombo et al. [29] reported uniaxial compression behavior at low strain rate using
PF with various amounts of hybrid inert minerals (gypsum, graphite, carbon) on
open-cell system foam with a control cell size. Although the discussion has focused
on the testing and design experiments rather than materials, this indicates that the
mineral-phenolic foam examined is almost strain rate independent in the range of
strain rate considered [29].

Zhou et al. [30] demonstrated thermomechanical analysis of phenolic foam rein-
forced with 10% glass fiber mat (100 g/m2, average diameter of 10 μm) prepared
by impregnation process and then made comparison on samples with and without
the inclusion of 1% CaCO3 powder. The results showed that the tensile strength,
compression strength, and impact toughness were remarkably enhanced when both
glass fiber mat and CaCO3 powder were combined. The most significant amplifica-
tion value was obtained by the tensile strength of the PF composites which increased
to 112.5%when using only glass fiber mat and then increased by 215.6%when using
both glass fiber mat and nucleating agents with respect to pure PF. Moreover, the
hybrid composites imposed a lower thermal coefficient expansion at a temperature
less than 170 °C and increased the DMA storage modulus from 212 to 332 MPa in
contrast to the unfilled PF. Further examination of cell structure, PF with nucleating
agent had smaller bubble size than the unfilled phenolic foams. The bubbles were
initiated by heterogeneous nucleation as a result of lower free energy barrier when
CaCO3 was added to the resin [30].

At the nano-scale level, Hu and colleagues studied a hybrid system for mont-
morillonite nanoclay together with glass fiber loading in phenol–urea–formalde-
hyde (PUF) foam. Nanoclay has many advantages, such as toughening, flame-
retardant properties, enhanced dimensional stability, excellent charring effect, low
smoke, difficult to ignite, migration resistance, and low density. A similar trend in
improving the compressive strength was observed when nanoclay was added where
it increased the foam density and reduced the pulverization rate. The foam exhibited
an increase in impact strength, oxygen index, and thermal stability, lowering the
heat release rate and reducing the total smoke rate. Agglomerates can easily occur
when nanoclay is added beyond the critical limit and these agglomerate nanoparti-
cles hinder the crosslinking reactions of themacromolecular chains in phenolic resin,
thus further weakening the mechanical properties of the foam. In short, the addition
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of optimum nanoclay loading helps to boost mechanical properties and increase the
flame resistance of the foam [31].

To ensure that the filler functions as a reinforcer, the compatibility between the
fillers and phenolic resin is crucial. Guo and co-workers [32] have prepared homoge-
neous nano-SiO2 particleswhichwere later inserted into the lignin-modified phenolic
foam. Nanofillers were prepared by hydrolyzing tetraethyl orthosilicate (TEOS) and
reacting with formaldehyde. The chemically modified surface nano-SiO2 in phenol
is more reactive than in pure phenol [32]. In response to the successful chemical
assembly, the compressive strength of PF-modified lignin increased dramatically
by 153% by adding only 0.1 wt% of nano-SiO2. Interactions between particles and
phenolic resins are associated with the effect of cell size on friability. The inclusion
of silica causes a reduction in the friability of PF due to the formation of crosslinking
structure from the reaction between silanols on silica surface and methyloxy groups
in phenolic resins [20]. Similar experiments were carried out by other researchers
for the hybridization of poly(n-butyl-acrylate) with silica core–shell nanocomposite
particles where it was weakly crosslinked via aqueous emulsion polymerization. As
a result, the shell of nanosilica particles equipped with hydroxyl groups is able to
react with the hydroxyl groups of phenolic resins and provide good compatibility
with phenolic resins [33].

Recently, the incorporation of carbon-based fillers in PF composites has received
a noteworthy attention. Due to the filled carbon unique shape, structure, and ability
to conduct electricity, graphene nano-platelet, graphite, and CNT have become the
next target fillers for hybridization to further expand its applications in various fields
[16, 34]. Studies have shown the use of multiwall carbon nanotubes (MWCNT) in
chemically modified PF reduced the cell size. Other work has compared the effect of
MWCNT and graphene. The addition of 0.5 wt%MWCNT has reduced the foam cell
size by 56%, while the results were more pronounced with a decrease in cell size by
73%with the addition of 1 wt% of graphene [35]. In the carbon-filled hybrid system,
theLi group [10] emphasized that grapheneoxidewithα-zirconiumphosphate (ZGO)
hybridized on its surface could enhance the friability of the foam up to 17% at 4 phr
loading. Their group also conducted similar research on silica nanospheres/graphene
oxide hybrid (SGO) prepared using the same method and found that the friability
improved by 23% for silica nanospheres/graphene oxide hybrid with 0.5 phr loading.
Meanwhile, heat flux test related to flame-retardant properties indicated that both
nanoparticles produced a dense charred layer during combustion which concluded
that the nanoparticles could protect the foam from thermal decomposition at higher
temperatures. Both studies revealed that the peak heat release rate (pHRR) decreased
with increasing amount of graphene oxide which summarized the effectiveness of
graphene oxide in enhancing the fire-retardant behavior of the foam. Similar results
are shown by Liu et al. [5] and Wang et al. [8] in their work for modified graphene
oxide hybrid particles.

Inspired by previous work on hybrid carbon-based fillers for application in heat,
electricity, and magnetism, Zeng et al. [36] extended their research using the three-
dimensional structure of graphene oxide/SiO2 (GO/SiO2) hybrid nanomaterials in PF
to cater the EMI shielding performance. The configuration of the effectiveness of the
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foam electromagnetic shield was connected to the foam cellular structure. The pres-
ence of 1 wt% GO/SiO2 nanomaterials clearly enhanced the cell structure, narrowed
the range of cell distribution, and reduced the density of the foam which in turn
assisted an efficient conductive network. The build-up porous structure of the carbon
foam was identified to create a number of interfaces which simultaneously enhanced
multiple reflections and absorptions of electromagnetic waves. The penetrating elec-
tromagnetic waves were then reflected in the matrix and propagated over a greater
distance in random direction electromagnetic waves. They also discovered that the
EMI SE of the carbon foam increased higher than ∼40 dB when a small amount
of GO/SiO2 was added. The value increased up to ∼50 dB as the concentration of
GO/SiO2 was added up to 1.5 wt% [36].

The other class of filler is natural filler and the subject has gained a lot of research
interest aimed at renewable, low-density, and cost-effective foam. The use of natural
filler, such as lignin, wood floor particles, and cellulose, has been recognized to
improve the fire-resistant properties, reduce friabilitywith slight drawback in thermal
stability andmoisture absorptivity. Saz-Orozco et al. [37] explored and compared the
mechanical properties and morphology of lignin particle-phenolic foams (LRPFs)
and wood flour-reinforced phenolic foams (WRPFs) filled individually in PF and
its effect on friability, thermal stability, and hygrothermal aging. The dispersion of
filler and agglomeration at high filler loading is still the main issue that need to be
resolved. It was concluded that at 8.5 wt.% LRPF and 1.5 wt.% WRPF indicating
notable features in terms of friability, thermal stability and compressive strength to be
compared with existing commercial PF [37]. Although the work did not relate to the
use of hybrid filler components, the study provided significant insights in identifying
the function and capabilities of each natural filler used in PF. Similar to natural fiber
system, we believe that the topic of natural hybrid fillers could be the next research
topic.

3 Mechanical Properties of Hybrid Composite Phenolic
Foam

Recently, various industries have focused on phenolic foam (PF) due to its excellent
fire resistance, low density, low water absorption, and good thermal insulation [2].
Nevertheless, the drawbacks of PF foam are its high brittleness and low mechan-
ical strength which limit its applications in some areas which require high mechan-
ical properties. Generally, PF exhibits lower mechanical strength and brittleness
compared to other commodity plastic foams [21]. Therefore, increased mechanical
strength and reduced friability are crucial to highlight its potential in various appli-
cations. The mechanical strength of PF depends on the interaction of filler with the
matrix, type of filler, shape of filler, and size of filler. Moreover, by using hybrid
fillers, the compatibility between the fillers, mixed ratio, or weight fraction and filler
dispersion could have a significant effect on the final properties of the composite
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foam. For example, Luo et al. [4] reported that the compressive strength of graphene
oxide/SiO2 (GO/SiO2)-modified phenolic foam was better for SiO2 with a diameter
of 80 nm compared to 170 nm and 250 nm. Small particles with higher surface area
could provide heterogeneous nucleation sites, thus producing PF with a uniform cell
structure. In the same study, the compressive strength of PF increased from 0.3 wt%
up to 1 wt% GO/SiO2 and decreased by 1.5 wt%. Desai et al. [3] also reported that
the PF reinforced with glass and aramid fiber at a ratio of 3:1 has higher compressive
strength than 1:3 ratio.

In addition, Hu et al. [2] reported that the toughness and compressive strength
of PF could be increased through hybridization of glass fiber and nanoclay in the
foam by setting the glass fiber content (5%) and varying the nanoclay content (2, 3,
4%). The results showed that the compressive strength of the PF increased compared
to glass fiber in the same quantity but without nanoclay (G4). The combination of
glass fiber and nanoclay has shown synergistic enhancement in the compressive
strength of the PF. Furthermore, the ratio of 5%:3% (G-N-2) indicated maximum
compressive strength of 0.22 MPa which was slightly higher than that of PF with a
ratio of 5%:4% (G-N-3). The addition of nanoclay in hybrid composite foam also
serves as nucleating agent to construct homogenous fine cellular structures with
high-density foam. In addition, clay could act as a good constraining force against
the expansion of foaming resin [38]. This results in smaller cell structure of foam
that could withstand high compressive strength. In the same study, it was found
that the impact strength of the PF increased with increasing nanoclay content up
to 4%. This has shown that both reinforcements have good synergistic effects on
hybrid composite PF. In another study, Desai et al. [1] used the combination of two
fibers as reinforcement, namely, chopped glass and aramid fibers. In their study,
the shear and compressive properties of hybrid composite foams with different fiber
proportions were compared with the properties of foams reinforced with only aramid
and glass fibers. Hybrid phenolic composite foam with a ratio of 1:1 exhibited high
resistance to breakage and was stronger than glass fiber-reinforced phenolic foams
and aramid fiber-reinforced phenolic foam. They also found that the mechanical
strength of the hybrid phenolic composite foam produced was comparable to the
commercial polyurethane foam at equivalent densities. The application of this foam
can be extended by combining two or more reinforcements. As previously reported,
aramid fibers are flammable, and it is challenging to increase the mechanical strength
by reducing their proportion. Therefore, Desai and group [3] in other study have
investigated glass fiber treated with silane coupling agent. They found that the hybrid
foam containing high volume fraction of glass fiber (glass/aramid, 3:1) had high
compressive strength. Increased glass fiber loading in the hybrid foam increased the
crosslinking between inorganic glass fiber and organic PF could severely improve the
mechanical properties. Shen and Nutt [18] revealed that PF reinforced with aramid
fiber has improved friability properties, resistance to cracking, and more isotropic
behavior. Meanwhile, PF reinforced with glass fiber showed remarkable stiffening
and strengthening effects, especially in the direction of foam rising. Therefore, with
the hybridization of these fibers, the friability problem could be solved, and the
mechanical strength of the PF could be increased.
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Graphene has been widely used in various polymer composites over the last few
years due to its outstanding properties.Althoughgraphene exhibits excellentmechan-
ical strength, good thermal properties, and flame resistance, it has lowflame-retardant
performance and is easily burned at high temperatures. Zhou et al. [15] reported that
graphene oxide is capable of preventing the separation of small particles from the
phenolic foam matrix compared to graphene. Hydroxyl –OH and carbonyl –COOH
groups in graphene oxide also have higher probability of reacting with the attached
functional groups in PF [39]. Furthermore, the percentage of weight loss for PF
reinforced with graphene was reported to be higher than that of PF reinforced with
graphene oxide [14]. This indicates that graphene oxide has better thermal stability
compared to graphene. Therefore, studies on PF reinforced with graphene oxide
have been increasing. Luo et al. [4] investigated the morphological and compressive
strength of PF reinforced with graphene oxide/SiO2. It was found that the compres-
sive strength of the hybrid foam decreased with increasing diameter size of SiO2

from 80 to 250 nm. By increasing the particle size, the specific surface area of the
hybrid materials decreased, thus fewer nucleation sites were provided. In addition, a
lesser number of cells in the same per unit area were produced (i.e., fine large cells
and low density) compared to small particle size that generated more number of cells
(i.e., small cell and high density). Large cells with thinner cell walls are usually not
resistant to high compressive strength and are easily deformed at low compressive
strength. In addition, the effect of the percentage weight of GO/SiO2 particles (0.3
wt%, 1.0 wt%, and 1.5 wt%) on the compressive strength performance of PF was
also investigated in the same study. It was found that the PF with 1.0 wt% GO/SiO2

particles showed the highest compressive strength of 0.18 MPa and compressive
modulus was 3.22 MPa. In contrast, PF with 1.5 wt% GO/SiO2 particles showed the
lowest compressive strength due to the agglomeration of a large number of particles
resulted in a non-uniform cell size distribution. The agglomeration exerts several
negative effects on the structure by introducing cavities and cell deformations in the
composite foam.

Many functionalized graphene has also been synthesized to enhance their flame-
retardant activity in polymeric materials.Wang and co-worker [8] synthesized CoAl-
layered double hydroxide/graphene oxide (CoAl-LDH/GO) nanohybrid and incorpo-
rated it into thePF.They found that themechanical strength ofPFhad improved,while
their brittleness and friability reduced. By increasing the CoAl-LDH/GO nanohybrid
content (0.3–1.5 phr) into PF, it increased the compressive and flexural strength. The
study concluded that the heterogeneous nucleation with immobilization of inorganic
CoAl-LDH on the GO surface should increase cell density and produce small cells
which could resist the cell deformation. In addition, the movement of molecular
chain segment in PF has been restricted due to the hardened cell walls provided
by CoAl-LDH/GO nanohybrid content. Moreover, good interaction between CoAl-
LDH/GOnanohybrid and phenolic foams through the reaction of the carbonyl groups
of CoAl-LDH/GOwith the hydroxyl groups of the resin has improved themechanical
properties [14].

Li et al. [20] synthesized nanofillers using silica (SiO2) nanospheres and graphene
oxide (GO) sheet to produce silica nanospheres/graphene oxide (SGO) hybrid in PF.
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Fig. 1 Flexural and
compressive strength of pure
and reinforced phenolic
foam [20]

The flexural and compressive strengths of the composite foam became better with
the addition of SGO compared to unfilled PF foam. It can be seen from Fig. 1 that
hybrid phenolic composite foam showed higher flexural strength and compressive
strength compared to unfilled and single filler reinforced PF [20]. This could be due
to the distribution of nanofillers at the cell walls of the foam which improved the
strength of the cell walls. The added nanofillers also acted as nucleating agent, thus
producing foams with more small cells with uniform size and better cell density.

Moreover, it was reported that good dispersion and interaction between SGO and
PFmatrix through the formation of linkages between the residual carbonyl groups (–
COOH) on graphene oxide in SGO and hydroxyl (–OH) groups on resole in PF resins
hindered segmental mobility of the PF chain. In addition, the hydrophobic modifica-
tion of SiO2 on the surface of GO sheet has resulted in heterogeneous nucleation of
SGO nanofillers which produced more small cells withstanding external force and
improving the mechanical properties [20]. In a similar study, flexural and compres-
sive strengths increased up to 1.5 phr loading of SGO and started to decrease at
higher filler loading (2 phr SGO). At higher filler loading of SGO nanofillers, the
possibility of fillers to agglomerates is higher. As a result, non-uniform cell size will
be produced due to poor dispersion of SGO in the PF resin and eventually it could
not withstand the external force.

In another study, Li et al. [6] stated that the flexural and compressive strength
of hybrid phenolic composite foam using α-zirconium phosphate/graphene oxide
(ZGO) hybrid were improved compared to phenolic composite foam graphene oxide
alone. It can be seen from Fig. 2 that both flexural and compressive strengths of
4ZGO/PF were higher than 4GO/PF and 4Zrp/PF. This may be due to the ZGO
sheet-like structure being able to react as a reinforcing filler in the foam and thus
constrained the segmental mobility of the PF chain [40]. Zhou et al. [15] reported
that this could also be contributed by good dispersion and interaction between ZGO
and PF matrix through the formation of linkages between residual carbonyl groups
(–COOH) on graphene oxide in ZGO and hydroxyl groups (–OH) on resole in PF
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Fig. 2 Flexural and
compressive strength of pure
and reinforced phenolic
foam [8]

resins.Nevertheless, Zrp showed poor dispersion in the PFby producing non-uniform
cell structures, thus damaging themechanical strength of 4ZrP/PF and 2ZrP/2GO/PF
as shown in Fig. 2.

Furthermore, it was observed in the same study that both flexural and compressive
strengths increased and reached a maximum content of 4 phr ZGO. This may be due
to smaller cell size with uniform structure and sheet-like ZGO-toughened thick cell
wall produced at 4 phr ZGO can withstand high external loading. The higher the
ZGO phr, the tendency of the ZGO particles to agglomerate is also higher, so that
both mechanical strengths became 5 phr ZGO.

Yu et al. [40] fabricated graphene oxide/Fe3O4 (rGO/Fe3O4) hybrid-modified
phenolic foams for better EMI shielding and good mechanical strength. From the
results, the compressive strength and compressive modulus of PF were reported to
be improved with the addition of GO or rGO/Fe3O4. However, the compressive
strength of PF containing rGO/Fe3O4 hybrid was higher than that of GO-reinforced
PF. This was due to the hybrid filler itself in the three-dimensional structure, which
helped to improve rigidity and improved mechanical strength compared to two-
dimensional structure GO. They also reported that the phenolic composite foam had
smaller and more uniform cell sizes by adding rGO/Fe3O4 hybrid filler in the PF.
This consequently contributed to its higher compressive strength where the small
cell size could withstand high external loading. At the same per unit area, foam
with smaller cell size contains more volume fraction of solid phase than gas phase
compared to foamwith larger cell size. These larger cellswithmore gas-phase volume
fraction could not withstand high external force applied, resulting in low compressive
strength. In the same work, the hybrid filler weight fractions were varied in the range
of 0.5 wt%, 1 wt%, and 1.5 wt% to further investigate their effect on the properties of
the PF. The results demonstrated that the compressive strength of PF decreased with
increasing weight fraction of hybrid fillers. This may be due to the agglomeration
of high-concentration nano-sized rGO/Fe3O4 hybrid as discussed in other research
work. In summary, the mechanical properties of the hybrid phenolic composite foam
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can be improved and tailored to specific requirements of particular applications by
varying the filler parameters such as size, specific surface area, shape, type, and
weight fraction.

4 Conclusion

Hybrid composite foam has been developed to satisfy the growing needs of various
applications today. By utilizing hybrid fillers, the properties of PF can be modi-
fied for various end-use applications with excellent fire resistance and improvement
in brittleness and mechanical strength. Hybrid composite foam provides multiple
advantages with superior properties over composite foam materials with conven-
tional reinforcements. In this chapter, an overview of hybrid composite foams using
chemical modification and inter-fillers is discussed in general with detailed examples
from scientific journals. Hybrid phenolic composite foam with advantages, such as
excellent flame resistance, high mechanical strength, lightweight, less toxicity, good
thermal stability, and low combustibility, can be successfully produced. However,
there are several reinforcement parameters that could be modified to suit the desired
final properties of PF, such as type, size, and shape of the reinforcement as discussed
in this chapter. In addition, the compatibility between filler and filler matrix, weight
fraction, and filler distribution are other important parameters that could promise the
outstanding final properties of hybrid composite foam. Due to its excellent proper-
ties, the hybrid composite foam is capable of advanced and wide-ranging applica-
tions. Nevertheless, there is also a need for future studies to extend filler hybridiza-
tion to further improve the mechanical strength, flammability, and toughness of PF,
which may replace the available polymeric foam in future, such as polyurethane and
polystyrene.
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Chapter 5
Toughened Phenolic Foams

Tiejun Ge, Kaihong Tang, and Ailing Zhang

1 Introduction

Phenolic foam is a newgeneration of flame retardant and thermal insulationmaterials,
with high dimensional stability and low thermal conductivity [1]. British Petrochem-
ical (BP) Company had already started to develop phenolic foam materials in the
1980s under the trade name “Cellobond” [2]. However, traditional phenolic foam
materials generally have shortcomings such as high brittleness and easy pulveriza-
tion, which limit the application of phenolic foams. The density of the rigid group
(benzene ring) of phenolic resin to be large, the packing is tight, and the cross-
linking density is high resulting in low elongation and high brittleness of the phenolic
foam. Therefore, to more fully exploit the desirable properties of phenolic foam, the
toughness must be improved.

In materials science, toughness is defined as the ability to resist fracture by
absorbing energy, and it is usually expressed as the work done to form a fracture
surface per unit area. Enabling a larger number of materials to participate in energy
absorption is a basic challenge for toughening rigid polymers. Phenolic foam cannot
give satisfactory fracture resistance no matter under standard test conditions or daily
application. Over the past few decades, different approaches have been developed
by researchers to toughen phenolic foams [3].
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The physical performance of polymer foams was determined by their cell density
and cell uniformity. The toughness of phenolic foam materials was also mainly
determined by the apparent density and cell structure of the foam. The viscosity
and viscoelasticity of the foamable matrix, the foaming process, the type and weight
fraction of the reinforcing particles all have a certain influence on the cell structure of
the final phenolic foam. This chapter summarizes the factors affecting the toughness
of phenolic foam, meanwhile classifies and discusses the methods of toughening
phenolic foam.

2 Foam Molding

Phenolic foam molding generally needs to go through three stages: cell nucleation,
cell growth, and foam stabilization. Each stage has its own control requirements
due to the different functions. The ideal cell formation process is shown in Fig. 1.
Figure 1a is a polymer-gas saturated solution mixed with resin matrix and foaming
agent.

Figure 1b shows the cell nucleation, which is the foaming process.When the resin
addedwith the foaming agent becomes a supersaturated solutionof gas due to changes
in temperature, pressure, and gas content, the gas can escape from the solution to
form original microbubbles and then growth. The cell nucleus refers to the original
microbubble, which is the place where gas molecules initially gather in the foamable
matrix. The microstructure of the foam affects the toughness of the foam, and one
of the key factors affecting the microstructure is cell nucleation [4]. The formation
stage of cell nucleus plays a decisive role in the cell density and distribution. The
number of cell nucleation determines cell density and can also affect cell diameter.
The increase in the number of cell nucleation can lead to a gradual decrease in cell
diameter. The cell nucleation rate is closely related to the concentration of foaming
gas dissolved in the phenolic resin.

The open and closed cell, cell diameter, cell shape, and distribution of phenolic
foam are mainly determined by the cell growth stage, as shown in Fig. 1c. When
the external pressure of the foamable matrix decreases, the cells expand and the
internal pressure decreases. Due to the effect of inertia, the cell still has a tendency to

(a) (b) (c) (d)

Fig. 1 Schematic diagram of the ideal cell formation process
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expand after the internal pressure and the surrounding fluid reach a force balance, and
the surrounding fluid is continuously pushed to flow radially outward until the cell
reaches the maximum diameter. At this time, the internal pressure is lower than the
fluid pressure, causing the surrounding fluid to begin to compress the cell toward the
center of the cell. Then the internal pressure gradually increases, the internal pressure
is higher than the fluid pressure again and the next expansion–compression vibration
cycle begins. This cycle goes back and forth until the energy of the cell vibration
system is exhausted and then stops the vibration. Some researchers have studied the
cell vibration mechanism in the cell growth stage during the foam molding process.
The results show that the vibration field is beneficial to improve the uniformity of
cell, and the physical and mechanical properties of the foam. The factors that affect
cell vibration and generation are the thermodynamic properties of the gas in the cell,
the viscoelasticity of the resin, the gas–liquid interface tension, the external pressure,
and initial conditions of the system.

During the curing process of phenolic resin to form foam, the liquid phase
viscoelasticity gradually increases until it loses fluidity and cures, which proceeds
simultaneously with the polycondensation reaction. The polycondensation reaction
causes the molecular chain to grow and gradually become networked, the viscoelas-
ticity of the resin is correspondingly improved, and the foam is stable after the reaction
is completed. In the stage of foam stabilization, inhibiting the merging of cells to
ensure cell density and preventing excessive loss of gas are two main issues. Only by
effectively preventing the escape of gas can the cells be prevented from collapsing,
and then a foam material with a better appearance can be obtained. Figure 1d shows
the idealized cell structure. The more uniform the cell distribution and diameter,
the better properties the phenolic foam gets. During the foam stabilization stage, a
reasonable cooling rate also has an important impact on the density and properties
of the final product. The faster the cooling rate, the greater the shrinkage rate of the
cell wall. The gas in the cell has no time to cool and diffuse to the cell wall, which
may cause the cell wall to rupture.

3 Toughness of Phenolic Foam

The toughness of phenolic foam is reflected in two aspects.
One aspect is that when the phenolic foam is under stress, the gas in the cells is

compressed to produce gas trapping, and the cells and the resinmatrix around the cells
are deformed to absorb energy. Compression, rebound, and gas trapping phenomena
can consume the energy of impact loads. In addition, the foam can also gradually
terminate the impact load with a small negative acceleration, thus showing excellent
shock absorption and buffering capacity. The foam has uneven cross-sections under
force. This deformation process needs to absorb a lot of deformationwork. Therefore,
the higher the strength of the cell wall, the lower the possibility of cell rupture, the
higher the energy consumed during the rebound process of the cell, and the better
the toughness of the foam.
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Fig. 2 Schematic diagram
of crack extension

Another aspect is that the existence of cells can blunt the stress concentration at the
crack tip, induce secondary cracks, and change the direction and path of crack exten-
sion. Macroscopically, it is manifested as an increase in crack extension resistance.
As shown in Fig. 2, when the foam is under stress, there are three transformations
in which the crack encounters the cell during the extension process: The main crack
directly penetrates the cell and continues to extend forward, the secondary crack
changes its original expansion direction and continues to extend forward, and the
tertiary cracks turn into tiny cracks and do not continue to extend forward. There-
fore, the rapid extension of cracks can consume more energy during the process of
cell rupture. The better the toughness of the foam, the greater the crack extension
resistance in the tough state, and the crack can be stopped after a certain distance of
crack extension.

The cell geometry mainly depends on the process conditions in the cell growth
stage. The faster the cell expands or the greater the shrinkage of the material, the
greater the possibility of an open-cell structure. If there is external stress (tensile
or shear) during the expansion of the cell, the cell may extend in the direction of
the external force and obtain an anisotropic structure. To improve the toughness of
phenolic foam, it is necessary to make the foam cell distribution and cell diameter as
uniform as possible, so that the foam is evenly stressed. At the same time, in order
to improve the deformation capability of the cells, it is also necessary to enhance the
strength of the cell walls and the viscoelasticity of the resin matrix.

After the traditional phenolic foam material fractures, the crack source generated
on the cross-section is relatively flat, and the crack spreads radially from the fracture
source area to the surrounding, and the radiation is basically straight. It shows that
the crack does not produce high elastic deformation during the extension process.
When the foam is impacted, there is almost no resistance to the crack tip, which
mainly reflects the characteristics of brittle fracture. Thus, in order to toughen the
phenolic foam, it is necessary to increase the crack extension resistance of the foam
material under stress. The phenolic foam can also be toughened by rapidly changing
the crack extension direction to consume more stress load energy.
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4 Cell Nucleus and Phenolic Foam Toughness

Phenolic foam generally chooses the physical foaming method. The foaming agent
(inert gas or low boiling point liquid) and the phenolic resinmatrix are directlymixed,
and a large number of uniform and dense cell nucleus can be formed by dissolving
and compressing the gas in polymer or by decomposition of the foaming agent. Then
the cell nucleus expands into a phenolic foam with foam structure requirements.
The cell nucleation stage is the main factor affecting the density and distribution of
phenolic foam cells. Classical nucleation theory believes that there are three modes
of cell nucleation: homogeneous nucleation, heterogeneous nucleation, and mixed
mode. The formation of the cell nucleus is carried out in a metastable state. Homoge-
neous nucleation involves the nucleation of cells in the continuous phase (the gas or
solvent dispersed phase) of the polymer matrix. Heterogeneous nucleation involves
the nucleation of cells at the interface of two phases.

The cell structure of phenolic foam is shown in Fig. 3. The cell struts and walls
determine the mechanical strength of the foam. Generally, microporous cell foam
has higher strength than macroporous cell foam, because microporous cell foam has
more struts and walls, which can beat more load, especially when the cell shape is
uniform [5]. During the foaming process of phenolic foam, the resin with foaming
gas moves along the molding wall, and the phenolic foam exhibits an anisotropic
structure. The free energy required for heterogeneous nucleation is much lower than
homogeneous nucleation, adding an appropriate amount of nucleating agent to the
resin matrix can greatly promote the generation of cell nucleus.

When the system contains insoluble solid particles, cell nucleation will pref-
erentially occur on the surface of these particles. Therefore, when using particles
to reinforce phenolic foam, it is very important to determine the optimal foaming
point to obtain excellent tough foams. Compared with pure phenolic foam, particle-
reinforced phenolic foam has a completely round cell structure, smaller cell size and
higher cell density [6]. The density and porosity of the particle-reinforced phenolic
foams were lower than those of the pure phenolic foam due to the high cell density.
The nucleating agent has an important influence on the cell density, size, and distribu-
tion of phenolic foam. Therefore, many researchers have chosen to toughen phenolic
foam by adding nucleating agents in the preparation process.

Fig. 3 Phenolic foam cell structure
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4.1 Nucleating Agent

The common nucleating agents for toughening phenolic foam include hollow glass
microspheres and nanoparticles.

The phenolic foam added with hollow glass microspheres is also called composite
foam, and its cell formation method is different from traditional foaming. Hollow
glass microspheres with a diameter of 20–250 µm and a wall thickness of 2 to 3 µm
are added to a foamable phenolic resin matrix containing a curing agent, mixed
uniformly, and pressurized and heated to cure into a phenolic foam. The addition
of hollow glass microspheres can form voids in the resin matrix, similar to the
micropores of traditional foam materials. The cell nuclei are hollow microspheres
instead of gas, and then the resin matrix is foamed to obtain a combined foam,
which is a filled-in composite. When there is an external force, the rigid hollow glass
microspheres do not show elastic deformation but can change the crack direction.
The main crack branches so that the cell structure will not develop into destructive
cracks. Note that the amount of hollow glass beads added should not be too large.
When the added amount exceeds the critical value of 67% (volume), the fluidity of
the resin becomes poor, and cavitation is likely to occur between the hollow balls,
which affects the cell structure.

Nanoparticle toughened phenolic foam is mainly achieved by affecting the two
processes of cell nucleation and cell growth. The blending of nanoparticles and
phenolic resin matrix expands the range of foaming temperature, which reduces the
difficulty of processing to a certain extent. The reason is that a new interface is created
after blending, and the nucleation energy barrier at the new interface is low, which is
conducive to cell nucleation and can promote the formation ofmicroporous structure.
In addition to providing a large number of interfaces in the system, nanoparticles also
have a certain barrier effect on gas, which can effectively prevent gas from escaping.
In this way, the cell growth process is affected, and a phenolic foam with high cell
density and small cell diameter is prepared.

Nanoparticles used to toughen phenolic foam are generally inorganic particles,
such as nano-CaCO3, nano-SiO2, and nano-montmorillonite (nano-MMT), and also
include multi-walled carbon nanotubes and graphene oxide, which are currently
hot researched. These several common nanoadditives can affect the cell structure of
phenolic foammaterials, and the smaller the size, the better the formation of excellent
cell structure. However, this also brings about the problem of nanoparticle dispersion,
and uneven dispersion has a negative impact on the cell structure. Seung et al. found
that the nanoparticles that have a high aspect ratio easily form entangled networks
of bundles or ropes due to strong van der Waals interactions [7]. These networks can
cause the higher viscosity of the resin and a poor dispersion state of the particles. In
the foaming process, extremely high viscosity and poor dispersion of the particles
lead to a high foam density and poor mechanical properties of the foam. Therefore,
the focus of research involves solving the problem of dispersion of nanoparticles in
the resin matrix. The higher the uniformity of the resin matrix network, the better the
bending performance of the composite material. The addition of nanoparticles can
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enhance the thickness of the cell wall from the morphology, so the foam strength and
toughness are improved. In addition to the above-mentioned common nanoparticles,
Liu J et al. chose to grind red mud into fine particles to toughen phenolic foam, and
the impact strength of modified foam increased by 82.3% [8].

4.2 Nucleation Density

The number and density of cell nucleation should be controlled within a reasonable
range. When the amount of cells in the foam increases, the proportion of cells per
unit volume increases, and the actual effective bearing area of the material against
external loads after foamingwill gradually decrease. The load that phenolic foam can
bear is closely related to the effective bearing area of the foam.When the contribution
of the cells to the strength of the foam can compensate for the strength loss caused
by the reduction of the effective bearing area, the toughness of the phenolic foam
material will be improved. When the cells cannot compensate for this part of the
loss, the toughness of the phenolic foam material will decrease. Some researchers
believe that fiber-toughened phenolic foam is achieved through the bridging effect
of fibers [9]. The addition of fiber can increase the effective bearing surface area of
the foam and help to toughen the phenolic foam [10].

Chopped glass fiber is an inorganic material and is easy to mix with phenolic resin
evenly. The glass fiber treated with coupling agent is blended with phenolic resin
and then foamed to prepare phenolic foam. The researchers tested and discussed the
toughness of phenolic foammaterials under different fiber reinforcement effects and
found that as the content of chopped glass fiber increases, the bulk density increases
and the brittleness decreases of the phenolic foam.The toughness of the choppedglass
fiber toughened phenolic foam prepared by J. Zhou et al. increased by 48.1%, and
the toughness of the phenolic foam modified by glass fiber and nucleating agent was
increased by 85.2% [11]. Note that as the amount of chopped glass fiber increases,
the viscosity of the blend increases, and the foaming process is difficult to control,
so the amount of chopped glass fiber is generally controlled below 10%.

In order to save costs and prepare environmentally friendly materials, some
researchers have begun to use natural fibers to toughen phenolic foam. Natural fiber
toughened phenolic foam has low health hazard during processing, but polar fiber
usually has poor compatibility with non-polar polymer matrix. In the process of
preparing foam, natural fibers are usually modified to improve the fiber’s water resis-
tance and interface compatibility with polymers. For example, alkaline solution can
change the chemical composition of the fiber andmake the surface of the fiber rough,
thereby improving the interface adhesion between the fiber and the resin. Natural
fibers that are commonly used include wood fiber and acetylated fiber. The cells of
natural fiber toughened phenolic foam are uniform and dense, and the toughness can
be increased by at least 30% [12, 13].

There is a velocity gradient inside the foamable matrix in the shear flow field,
which leads to the molecular orientation of the polymer. This orientation changes
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the distribution of voids in the foamable matrix, which in turn affects the cell nucle-
ation process. Some researchers have found that the foamablematrix can form a large
number of uniformly distributed nucleation points through the effect of the shear flow
field on the molecular orientation. The greater the degree of polymer orientation, the
higher the cell density. If the blowing agent is dispersed into the resin simply by
high-speed stirring, the dispersion system is extremely unstable and easily damaged.
Surfactants can reduce the interfacial tension and make the dispersion system ther-
modynamically stable. The surfactant acts as an emulsifier or foam stabilizer in it.
Therefore, some researchers choose to toughen phenolic foam by adding different
types of surfactants. In addition, as the number of cells increases, the number of
macroporous cells increases, which increases the probability of cell merging and
collapse. After the cell structure is destroyed, the phenolic foam is prone to stress
concentration, causing the foam’s toughness to decrease with the increase of the cell
number. Therefore, the cell number and diameter of the foam should be maintained
within a reasonable range when toughening the phenolic foam.

5 Cell Wall and Phenolic Foam Toughness

Phenolic foam is a porous plastic product with a phenolic resin matrix and a large
number of cells inside. Since foam is composed of a large number of cells filled with
gas, according to the cell structure, it can be divided into open-cell and closed-cell.
When the gas diffuses and gathers near the cell nucleus, the cell gradually expands
and becomes larger. When the cells grow to a certain extent, the ligament structure
between the cells and the thickness of the cell wall mainly depend on the cell density.

There are two types of defects in the cell wall of phenolic foam with low closed-
cell ratio. One is the pinhole-like opening as shown in Fig. 4a, which is caused by
the rapid volatilization of the water droplets attached to the wall of the cell due to
the heat released during the foaming process. The other is the crack-like opening as
shown in Fig. 4b, which is due to the low strength of the cell wall during the foaming
process, which cannot withstand the wall stretching caused by the increase in gas
pressure in the cell. As shown in Fig. 4c, the foam with high closed-cell ratio has

Fig. 4 Different phenolic foam cell wall structures: a pinhole-like opening, b crack-like opening,
c closed-cell
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a complete cell structure with no pinholes, cracks, or only a few cracks on the cell
wall.

The higher the closed-cell ratio of phenolic foam, the more cells that can be used
to bear the load, and the better the foam toughness. The cell wall and the strut of
the closed-cell phenolic foam can bear the load together, and the rupture of the cell
wall will not cause damage to the strut between cells. Therefore, the load that the
closed-cell phenolic foam can bear is higher than that of the open-cell phenolic foam
under the same conditions. The rupture of the cell wall of the open-cell foam will
accelerate the destruction of the strut between cells. In order to prevent the rupture
of the cell, it is necessary to limit the process of cell growth. Otherwise, the foam
will become unstable, which may cause the cell wall to crack and the cell density
to decrease sharply. Increasing the closed-cell ratio of the foam can start from two
aspects: improving the expansion resistance of the foamable matrix and controlling
the expansion speed of cell (which needs to match the time required for the stress
relaxation of the cell wall).

5.1 Expansion Resistance of Foamable Matrix

Increasing the expansion resistance of the foamable matrix is to increase the strength
and elasticity of the cell walls so that the cells are not easy to break during the growth
stage. The expansion resistance of cell comes from the viscoelastic effect and surface
tension of the phenolic resin matrix. Higher viscoelasticity and surface tension will
over-resist the expansion of the cell, and too low will cause the gas to break through
the cell wall and even cause the cell to collapse. When the cell grows, the surface
area of the cell increases and the cell wall becomes thinner, and the foam becomes
unstable. There are three methods to stabilize the foam:

1. Using a surfactant to reduce the surface tension of the resin matrix so that cells
can grow uniformly, while reducing gas diffusion to stabilize the foam;

2. Controlling the viscosity and water content of the phenolic resin matrix to
prevent further thinning of the cell wall to stabilize the foam; and

3. Improving the original rigid structure of the phenolic resin matrix, such as
introducing flexible chains or elastomers into the resin matrix to increase the
elastic load that the cell wall can bear during the expansion process.

5.1.1 Surfactant

The phenolic resin is mixed with the foaming agent and the curing agent under high-
speed stirring, undergoes condensation reaction and then cured to obtain phenolic
foam. The large amount of reaction heat released by the resin during the reaction
vaporizes the foaming agent droplets, and the foaming matrix rapidly increases in
volumewhile thickening. The foam in this state is unstable, and the cellsmay continue
to expand or merge, collapse or burst. When the surfactant is added to the matrix,
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there is a balance between surface molecules, dissolved molecules, and molecules in
the resin [14]. Surfactant molecular film obstructs and slows down fluid flow, thereby
stabilizing the foam.

Denslow K R et al. studied the effect of the type and amount of surfactant on
the properties of phenolic foam [15]. Experimental results show that surfactants can
significantly reduce the surface tension of the phenolic resin matrix and can effec-
tively control the foaming speed stability. The prepared phenolic foam has uniform
cell diameter and distribution, which makes the foam stable.

Due to the poor compatibility between the components of the foamable matrix,
the emulsifying performance of surfactants should be considered. The better the
emulsification performance, the more uniform the mixing of the components, which
is conducive to the formation of a uniform and microporous cell structure. It can
speed up the reaction process and shorten the curing time. In addition, the surfactant
must remain stable in the face of the strong acidity of the curing agent. Although
there are many types of surfactants that can be used in phenolic foam, non-ionic
surfactants are the best. Surfactants that are commonly used include fatty alcohol
polyoxyethylene, polyoxypropylene ethers, alkylphenol polyoxyethylene ethers, and
block copolymers of polysiloxane, polyoxyethylene, and polyoxypropylene. These
surfactants not only have good foam stability but also have a strong emulsification.

5.1.2 Viscosity

The viscosity of phenolic resin is one of the most important performance indica-
tors, the level of viscosity affects foaming conditions and foam properties. The high
viscosity of the phenolic resin matrix will cause difficulties in uniform mixing of
components, poor fluidity, and difficulty in filling the mold. Too high viscosity may
also cause a lower initial speed of cell expansion and a smaller cell diameter. The
low viscosity of the phenolic resin matrix may make it difficult for the resin to cure
and foam at the same time, the blowing agent is easy to escape and macroporous
cells appear, which is not conducive to the formation of a uniform and microporous
cell structure. Therefore, the rheological properties of phenolic resin are a key factor
affecting the nucleation and growth of cells, and it is an important basis for speci-
fying foam molding processes and formulations. The main influencing factor in the
late stage of cell growth is the diffusion rate, at which time the effect of the resin
matrix viscosity is weakened. Material cooling or curing and cross-linking can help
to increase the viscosity of the resin. The higher the degree of cross-linking, the
higher the viscosity of the resin.

During the foaming and curing process, the cells may rupture due to the evapo-
ration of water, and higher water content can increase the open-cell rate. Although
lower water content can increase the viscosity of the resin and improve the cell
structure; however, it may cause difficulty in the foaming process. And even if the
water content is low, the open-cell structure may still appear when the temperature
of the foam is too high due to the exotherm of the reaction. At high temperatures, the
remaining water will generate a lot of steam. The cell ruptures when the total vapor
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Fig. 5 Schematic diagram
of phenolic resin
cross-linked structure

pressure of water and blowing agent exceeds the cracking strength of the cell wall. In
traditional foam preparation, the presence of water in the resin matrix acts as a heat
sink to prevent the release of high heat. Rickle G K et al. studied the effect of water
content on the closed-cell ratio and thermal conductivity of phenolic foam [16]. The
research results show that when the water content is less than 7%, the phenolic foam
has a higher closed-cell ratio, moderate apparent density, high compressive strength,
and low thermal conductivity.

5.1.3 Toughened Resin Matrix

The physical interaction force between the macromolecular chains in the polymer
comes fromvan derWaals force (also known as “intermolecular force”) and hydrogen
bonds. Themagnitude of the force is related to themolecular structure of the polymer.
This force imparts a certain strength to the polymer and also affects its processing
properties. The foamable phenolic resin structure contains a large number of benzene
rings connected only by methylene groups, and the resin forms a uniform and rela-
tively stable three-dimensional network structure as shown in Fig. 5.5. This structure
causes the density of the rigid group (benzene ring) to be large. The packing is tight
and the degree of freedom of link rotation is small, resulting in high brittleness of the
traditional phenolic foam. The cross-linking reaction of linear or branched polymer
molecules into network structure or physical configuration can change the phys-
ical and mechanical properties of the polymer and the rheological properties of the
polymer. The toughened resin matrix can bear more elastic load when the cells are
expanded, and a phenolic foamwith high closed-cell ratio, cell diameter and uniform
distribution can be prepared.

When preparing phenolic resins, the common toughening method involves
replacing phenol with alkylphenols with flexible chain, and reacting with formalde-
hyde to prepare phenolic resin. The most common alkylphenols are nonylphenol,
pentadecylphenol (cardanol), tert-butylphenol, and bisphenol A. Alkylphenols that
can completely replace phenol include nonylphenol and tert-butylphenol. Cardanol
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Fig. 6 Reaction process of tung oil-modified phenol

is widely used to replace phenol and react with formaldehyde to prepare resin with
an excellent toughness due to its renewable and biodegradable properties [17]. They
play the role of phenol in the synthesis process, and the resin can be prepared directly
by basic synthesis process of phenolic resin. When alkylphenols replace phenol, it
is necessary to avoid agglomeration of the resin during the preparation process.

Etherified-phenolic resin is a modified resin prepared by the etherification reac-
tion between the modifier and the phenolic hydroxyl group. In addition to directly
replacing phenol, some researchers choose to modify phenol first. They introduce
flexible long chain on the phenol ring and themodified phenol reactedwith formalde-
hyde to prepare flexible phenolic resin. The flexible alkyl chain links the brittle
phenolic molecular chains, which effectively improves the brittleness of the phenolic
foam. The most representative modifier is vegetable oil, as shown in Fig. 6 [18]. The
conjugated bond of the long carbon chain undergoes a cationic alkylation reaction
with phenol under acid catalysis, and the probability of the residual double bond
participating in the reaction due to steric hindrance is small. The reaction product
further reacts with formaldehyde under alkali catalysis to prepare resoles phenolic
resin. According to this method of introducing long carbon chains into the resin
structure, researchers have also introduced long chains of unsaturated fatty acids
[19] and long chains of polyether [20] into the resin structure. The electrophilic
substitution reaction is used to prepare flexible phenol, which is then polycondensed
with formaldehyde to synthesize modified phenolic resin. The cell structure of the
modified phenolic foam is obviously more uniform and dense than the traditional
phenolic foam, and the foam has better toughness.

As aflexible group, ether bonds are often introduced into themolecular structure of
phenolic resins to toughen phenolic foam. Polyurethane formed by polymerization of
isocyanate compounds and polyether polyols contains very reactive—NCO groups.
Some researchers introduced this group into themolecular structure of phenolic resin
to improve the toughness of phenolic foam [21]. No matter what method is used to
prepare polyurethane-modified phenolic foam, the reaction mechanism is the same.
There are two main reactions: The hydroxyl group in the phenolic resin structure and
the isocyanate group undergo a cross-linking or chain extension reaction, and the
methylol group in the resole resin and the isocyanate group undergo a cross-linking
reaction [22]. The introduction of flexible segments into the molecular structure of
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phenolic resin fundamentally changes the rigid structure of phenolic resin, thereby
improving the toughness of foam products. At the same time, the characteristics of
polyurethane are introduced into phenolic foam, such as high closed-cell ratio and
low water absorption, which also speeds up the curing reaction and improves the
strength of the product.

Some researchers choose small molecule ethylene glycol to toughen phenolic
foam. According to the difference of infrared spectra of unmodified phenolic foam
and ethylene glycol-modified phenolic foam (ethylene glycol content is 15%phenol),
it is speculated that ethylene glycol may partially or completely generate glycerol
derivatives under acid catalysis and participate in the main reaction to toughen
phenolic foam. Lignin, urea, dicyandiamide, and tannin are also gradually introduced
into the molecular structure of phenolic resin to toughen phenolic foam [23].

In addition to directly modifying the molecular structure of the phenolic resin to
toughen the foamable matrix, adding a toughening agent or elastomer to the resin
matrix to enhance the elasticity of the cell wall is also an effective method to toughen
the phenolic foam. As a typical toughening material, elastomer can significantly
improve the toughness of phenolic foam.The elastic body can deformwhen subjected
to stress and absorb a large amount of load energy.

Elastomer toughened phenolic resin involves a blending process of toughened
polymer and phenolic resin. In order to ensure the compatibility and uniformity
of the mixture, the phenolic resin needs to be fully mechanically blended with the
toughened polymer at a certain temperature to generate thermal and mechanochem-
ical reaction [24]. Therefore, the phenolic resin is required to have no or little curing
and cross-linking reaction during the blending process. The resin and toughening
system must have a certain degree of miscibility in order to improve toughness
and compressive properties. The miscibility between organic compounds can be
predicted based on solubility parameters. Generally speaking, when the solubility
parameters of two polymers differ by 0.5, they will not be miscible in any ratio.
However, when preparing polymer blends with excellent properties, it is not desir-
able to have complete miscibility between the polymers but a certain degree of
miscibility. In many cases, thermodynamic miscibility is the main driving force for
uniform mixing between polymers. With the better miscibility of the two polymers,
they are more likely diffuse each other to achieve a uniform mixing. The wider the
transition zone, the more blurred the phase interface, the smaller the phase domain,
and the greater the binding force between the two phases.

The commonlyused toughening elastomer is rubber,whichhas good compatibility
with phenolic resin. Mix the phenolic resin with an appropriate amount of liquid
rubber to make the rubber phase uniformly dispersed in the phenolic resin by tiny
particles. There are chemical bonds between the plastic phase and the rubber phase in
the “sea-island” structure formed by the curing of rubber and resin. Rubber toughened
phenolic foam is a physical blending modification, but the elastomer usually has
active end groups (such as carboxyl, hydroxyl) and double bonds, they can undergo
different degrees of grafting or block copolymerization with the methylol groups
in the resole resin. Therefore, the toughening effect of rubber-toughened phenolic
foam is better, and the heat resistance is also improved. Rubbers used to toughen
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phenolic foam, which commonly include nitrile rubber, styrene-butadiene rubber,
natural rubber, and other rubbers containing reactive groups. The toughening effect
is also related to the blending ratio. Too low rubber content cannot achieve the
toughening effect, and high rubber content can affect the compatibility between the
resin and the rubber. The amount of rubber added should generally be controlled
between 5 and 20% [25].

Thermoplastic resins can also act as elastomers to toughen phenolic foams, such
as epoxy resins and polyethylene glycols.

Polyethylene glycol (polyoxyethylene ether) main chain contains a large number
of flexible ether bonds, and the chain ends are hydroxyl groups. The hydroxyl group
of polyethylene glycol has affinitywith themethylol group in the phenolic resin struc-
ture, which is beneficial to the compatibility of the two. Ge D et al. used polyethylene
glycols of different molecular weights to toughen foams and found that polyethy-
lene glycol-modified foams with molecular weights of 1000 and 800 have the best
toughness [26]. When the molecular weight is 1000, the polyether flexible chain
introduced into the foamable matrix is longer, which is beneficial to increase the
tensile strength and elongation at break of cell walls. Since the added polyethylene
glycol is quantitative, when the molecular weight is greater than 1000, the propor-
tion of the hydroxyl groups at both ends of the molecular chain decreases and the
probability of the hydroxyl group reacting with the methylol group of the phenolic
resin structure is reduced. The introduction of polyethylene glycol can also be used
to replicate the heat dissipation characteristics of water and reduce pinholes in the
cell walls caused by water evaporation. When polyethylene glycol reacts with the
terminal hydroxyl groups of a diisocyanate compound (such as toluene diisocyanate),
the polyethylene glycol is changed to isocyanate-terminated polyoxyethylene ether.
The terminal-NCO of its structure can react with the methylol of the molecular struc-
ture of the phenolic resin to chemically combine polyethylene glycol into the network
structure of the phenolic resin, and the toughening effect will be better.

Usually, bisphenol-A epoxy resin is used to toughen phenolic foam, and the tough-
ened foam also has excellent heat resistance. When epoxy resins are blended with
phenolic resins, a ring cleavage etherification reaction between the epoxy groups and
the phenolic hydroxyl groups or methylol groups in the molecular structure of the
phenolic resins to form a highly cross-linked foamable matrix. The greater the cross-
linking density, the higher the strength of the foamable matrix, the higher the load
that the cell wall can bear, and the less possibility to break. Therefore, the toughness
and strength of phenolic foam increase. In order to ensure that the epoxy group can
react completely, it must be fully contacted with the phenolic resin matrix and mixed
as evenly as possible.

5.2 Control the Rate of Cell Growth

In addition to the above methods of toughening phenolic foam, it is also necessary
to control the expansion speed of cell and match the time required for the stress
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relaxation of the cell wall to obtain a phenolic foam with a higher closed-cell ratio.
In order to stabilize the foam structure that has reached the expansion multiple, the
appropriate curing timing and higher curing speed are also very important.

Shutovt FA found that phenolic foam usually has a bimodal cell structure [27,
28]. Observation of the foam material by scanning electron microscope shows that
these foams contain macroporous cells with a cell diameter of 100–1000 µm and a
wide distribution, as well as a large number of small cells with a cell diameter of less
than 1 µm and a very narrow distribution. There are two peaks on the cell diameter
distribution curve. The research results show that the strength of the bimodal cell
structure foam can reach twice that of the unimodal cell structure foam of the same
type and density. However, in the process of cell growth, the greater the difference
in diameter between adjacent cells, the higher the possibility of cell merger. The
expansion degree of the merged cells is likely to exceed the load-bearing capacity
of the cell walls, causing the cells to rupture and collapse. The greater the difference
in cell size, the greater the internal pressure difference of the cells, and the more
unstable the cells. Reducing the surface tension of the cells can reduce the internal
pressure difference, thereby slowing down the merging speed between the large and
small cells. Attention should also be paid to the heating and cooling rate in the process
of curing the phenolic foam. Fast heating and cooling rates may cause the cells to
rupture due to the pressure difference between the inside and outside.

The rate of cell expansion is also related to the temperature during foaming.During
the foaming process, a slower heating rate may cause the cell walls to gradually
become thinner with the increase in the amount of pyrolysis gas generated. When
the viscoelasticity of the cell wall matrix is not sufficient to suppress the expansion
of the cells, the cells rupture to form a crack-like open-cell structure. Too fast a
heating rate leads to rapid accumulation of pyrolysis gas, which may directly cause
the foam to have an open-cell structure. Singh D et al. explored the synthesis process
of phenolic resin and found that the control of the foaming temperature helped to
form a uniform and microporous foam with excellent strength [29].

Some researchers have found that the cell structure of phenolic foam prepared
by the microwave foaming method is more uniform [30]. Since the phenolic resin
is a polar molecule, microwaves are applicable for its heating. The electromagnetic
microwaves can increase the temperature of the resin uniformly and quickly, making
it possible for a uniform foam structure to be obtained. The preparation process
is shown in Fig. 7. Put the resin matrix mixed with the blowing agent and curing
agent into the microwave device, and phenolic foam can be obtained after about
3–20 s. During the curing process, the escape of gas through the cell walls reduces
the amount of gas that makes the cells grow. Therefore, if the cells do not solidify in
time, the cells may tend to collapse or a large number of shrink, which may result
in the prepared foam with macroporous cell structure instead of microporouscell
structure. The microwave foaming process can cure the foam in time and reduce the
appearance of macroporous cells.
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Fig. 7 Microwave foaming process

6 Testing and Characterization of Phenolic Foam
Toughness

Brittle fracture is the fracture that occurs before yielding, and ductile fracture is
the fracture that occurs after yielding. The elongation at brittle fracture is very low,
while the elongation at ductile fracture is higher. Both brittle and ductile failure
can be distinguished from the two aspects of failure energy and failure surface.
Brittle fracture has lower failure energy, smoother fracture surface, and no plastic
deformation. The ductile fracture has higher damage energy, rougher fracture surface,
and plastic deformation of thematerial below the surface. The toughening of phenolic
foam is to change the fracture mode of the foam from brittle fracture to ductile
fracture, so that the foam has a higher elongation at break when it is stretched or
impacted. The toughened foam is not easy to break when it is impacted, and it can
also absorb more fracture energy once it is broken.

Therefore, mechanical performance testing (especially impact strength and
bending strength) can be used as a measure of the toughness of phenolic foam. The
higher the strength of the foam, the better the toughness, and vice versa. Through the
mechanical performance test, the stress–strain curve of the material under various
load conditions can be obtained. Compared with the strength data, the stress–strain
curve can more accurately reflect the characteristics of the mechanical behavior of
phenolic foam, and it is an important method to research the toughness of phenolic
foam.

As shown in Fig. 8, the slope of the linear portion of the curve is Young’s modulus,
which corresponds to the elastic bending of the cell strut.When the stress exceeds the
critical stress value of thematerial, the defect rapidly expandswith long and branched
cracks, and then obvious brittle fracture causes the stress to drop rapidly. The breaking
point corresponds to the strain and strength of the stress fracture, respectively. When
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Fig. 8 Stress–strain curve of phenolic foam

the foam has one or two brittle fractures, a large number of cracks appear, which
makes the foam enter the plastic yield platform. The platform area corresponds to
the yield of the cell strut or the bending of the cell wall, and the stress of the platform
area is also called elastic collapse stress. The foam is quite brittle in the mechanical
performance test, and macroscopic yielding rarely occurs before fracture.

In the bending strength test of phenolic foam, bending deflection (bending
displacement) can also be used as a measure of foam toughness [31]. Bending deflec-
tion refers to the distance of the specimen that deviates from the original position of
the top or bottom surface of the span center during the bending test. As shown in
Fig. 9, the displacement in the normal plane of the axis at the stress point on the foam
axis is used to measure the bending deflection of the foam toughness. The greater
the bending deflection, the greater the deformation that the foam bears, which means
that it can bear higher strength, the better the toughness of the foam, and vice versa.

The fracture toughness of the foam can be measured at room temperature based
on the ASTM (American Society of Testing Materials) standards [32]. The shape of

Fig. 9 Schematic diagram of bending deflection
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Fig. 10 Schematic diagram
of phenolic foam fracture
toughness testing

the test sample is shown in Fig. 10. The tensile load was eccentrically applied to the
single-edge-notch (SEN) sample. The length of the pre-crack a was 12 mm, which
was generated by the tapping method using a razor blade [33]. The critical stress
intensity factor (KIC) was calculated as follows:

KIC = PQ

B
√
W

f (a/W ) (5.1)

f (a/W ) =
√
a/W (1.4 + a/W )

(1 − a/W )3

[
3.97 − 10.88(a/W ) + 26.25(a/W )2

]

−38.9(a/W )3 + 30.15(a/W )4 − 9.27(a/W )5
(5.2)

where PQ is the critical fracture load, a is the length of the pre-crack, B is the
thickness, W is the width of the sample, and f(a/W) is the geometric factor. The
resulting fracture toughness (KIC) unit is Kpa·m1/2. The higher the KIC value, the
better the toughness of the foam. This test result can be compared and analyzed with
the tensile strength test result, and the conclusions obtained are more convincing.

The toughness of phenolic foam has a great relationship with the cell structure.
The more uniform the cell distribution, the smaller the cell diameter, and the higher
the closed-cell ratio, the better the foam’s toughness [34]. Therefore, observing the
microstructure of phenolic foam is also one of the effective methods to characterize
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foam toughness. The scanning electron microscope (SEM) objective lens magnifi-
cation can be 10 times more than 300,000 times, which can be used to observe very
small cell structures, such as structural defects that damage the sample foam, compare
the cell microstructure of the toughened phenolic foam with that of the untoughened
phenolic foam, and use the image analysis software to calculate the cell distribution
and cell diameter range. The smaller and more uniform the cell diameter, the higher
the stress load that the phenolic foam can bear. In addition, the cell walls and struts of
the closed-cell phenolic foam can bear the load together to improve foam toughness.

The failure surface of the foam after the impact strength test can also be a lateral
characterization of foam toughness. The cracks of the cell wall on the failure surface
of the foam reflect whether the cell wall can quickly change the direction of crack
extension to consume more load energy when the foam is impacted. If there are a
large number of cracks and changes in the extension path, as well as the deformation
of the cells and surrounding matrix resin, it may be that the foam consumes a lot of
energy when subjected to impact, so the toughness of the foam is improved.

7 Conclusion

This chapter summarizes and analyzes the factors that affect the toughness of phenolic
foam and discusses the influence of foam cell structure and cell wall strength on
foam toughness. The energy consumed during the rebound process of the cell and
the resistance of crack extension are the two main factors affecting the toughness of
the phenolic foam. The toughness of phenolic foam can be increased by improving
the uniformity of cell distribution and cell diameter and enhancing the deformation
capability of the cells (which is the strength of the cell walls and the viscoelas-
ticity of the resin matrix). Adding a nucleating agent during the foaming process,
increasing the effective bearing area of the foam and controlling the shear rate help
to improve the uniformity of cell distribution and cell diameter. Adding a nucleating
agent during the foaming process, increasing the effective bearing area of the foam
and controlling the shear flow field help to improve the uniformity of cell distri-
bution and cell diameter. Improving the deformation ability of the foam cells can
start from two aspects: improving the expansion resistance of the foamable matrix
and controlling the expansion speed of cell (which needs to match the time required
for the stress relaxation of the cell wall). As new techniques and methods emerge
for toughening phenolic foams, we anticipate that researchers will develop phenolic
foams with excellent toughness to be applied in a wider range of new fields.
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Chapter 6
Shape Memory Phenolic Foams

Umesh R. Mahajan and S. T. Mhaske

1 Introduction

The modernization of the world seeks attention to develop smart polymeric material
with tailor-made propertieswith high-end applications. In consonancewith this shape
memory foam (SMF) gains a special place in the territory of new material develop-
ment and technology related to it. Shape memory foam is a unique material that can
be responding to external stimuli, such as heat, light, magnetic field, solvent, water,
etc., and regains its shape when the external stimuli are removed. Foam composition
and morphology together with polymer processing are the main causes of the shape
memory effect. As far as the polymeric foam is concerned, transition temperature
plays an important role in the shape memory effect along with polymeric configu-
rations. Below a glass transition temperature (Tg) polymer exhibits a glassy state
which can be considered as an elastic state. Above Tg, polymers show a rubbery
state which is deformable. The shape recovery process happens in order, fabrication
consists of material of choice for shape memory effect, heating the material above
Tg to deform the material into a new configuration, cooling the material below Tg
to maintain the constrain, and finally removal of it.

Phenolic resins are usedworldwide. Resol is themost abundant phenol–formalde-
hyde resin used for foam formation. The unequivocal properties of phenolic foam
demand exploitation in some highly special applications like the manufacturing of
space shuttles. Despite the way that both phenolic resin and the phenolic foam itself
have long accounts, more up-to-date applications have gone through a moderate turn
of events. They are known for their high thermal stability, thermal insulation, fire
resistance with no dripping behavior, and less toxic gas production while combus-
tion. But they show pulverization tendency and are physically brittle. These obstacles
can be hurdled by either changing the base components for foam formulation or by
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reinforcing the polymeric foam with the material for tailor-made properties. Other
than constantly improving the exhibition of the current materials, the advancement
of new materials should suit the necessities of genuine applications to accomplish
maintainability over the long haul. Stimuli-responsive foams materials have a high
potential for applications in an insignificantly obtrusive medical procedure. Degrad-
able inserts could be embedded into the human body in a compacted shape through
a little cut where they acquire their shape important for the particular application
in the wake of warming up to internal heat level. After a characterized timeframe
the foam is degraded. In this case ensuing medical procedures to eliminate the foam
isn’t important. For applications in biomedicine, it is important to have customized
shape memory polymers whose warm, mechanical, or debasement properties can be
changed over a wide go. These are groups of polymers in which naturally visible
properties can be constrained by a specific variety of sub-atomic boundaries.

2 Need and Purpose of Shape Memory Phenolic Foam

Shape memory phenolic foam shows a concatenation of switch properties. These
kinds of systems improved the performance of foam material along with various
property enhancements. These SMFs allow the integration of the properties of foam
with stimuli responses. They have potentially changed their shape according to the
way of stimuli implemented and thus impart multiple properties in the primary struc-
ture of the foam. They have the potential to impart any features such as magnetic,
thermal, mechanical stress, and response to that material. The development of such
switchable material enables us to prepare utterly new SMFmaterials that have better
properties than that of conventional SMF materials.

3 Properties of Shape Memory Phenolic Foam (SMPF)
and Approaches to Enhance Shape Memory Effect

The SMPF material governs shape change properties against a stimuli response.
Generally, this behavior can bemeasured by proving heat as a stimulus, then themate-
rial is subjected to compression to form a mechanically compact shape. Again the
material is heated to gain its original form followed by cooling. The SMPF material
exhibits a combination of explained properties with lower flexural and compressive
strength which makes this material more friable than others. The mechanical-based
properties included the observance of high strength values in diverse temperature
and environmental conditions. Also, it is well-known for its excellent fire-retardant
properties. Their unique chemical structure offers excellent fire-retardant behavior.
Once exposed to a flame, these resins release very low amounts of smoke and toxic
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fumes and are well-known for their natural tendency to form a porous carbona-
ceous substance that provides a barrier effect. Another category of properties defines
the inherent strength properties of the material with its excellent thermal stability.
This class comprises those materials which have excellent thermal stability and low
thermal conductivity. Low densities make it possible to manufacture light structures
with rigid components. Low thermal conductivity ensures reliable and economical
insulations. Low rigidity makes foams attractive for energy-absorbing applications.

3.1 Mechanical Properties

SMPF shows low values for compression and flexural modulus which increases the
breakdown tendency of material under a smaller value of the load. As a consequence,
many researchers have reported their work based on the improvement of these prop-
erties with an increase in compression value and flexural modulus which ultimately
decreases the friability of material [1]. The two approaches that are widely used in
the polymeric sectors worldwide to improve the performance of polymeric material
in the specific application are as follows:

• Chemical modification in phenol–formaldehyde resin;
• Addition of filler (fibers, a particle with specific geometry as a reinforcement).

As a rigid foam SMPF is anxious by the variation in compressive stress vs strain
according to the density of the material. It is worth perceiving the fact that the
compressive strength and Young’s modulus increase with an increase in the density
of the material. Regarding chemical modification, the foams are generally cured at
80 °C. There are exemptions for those that are cured at 70 °C and utilized an acid
for curing. It is impossible to establish the stoichiometric relation between the OH
functions of the phenolic resin and the reactive functions of the modifier because
the amount of OH function is not quantified. Nevertheless, the modifier content is
usually between 0 and 10 wt.%. Moreover, the filler parameters such as size, shape,
geometry, surface energy, and loading percentage could change the final properties
of SMPF.

3.2 Influence of Cell Size

The microstructure is often a reason for the better mechanical properties of foam
material. The origin of this dependence may come from the cell density, a different
distribution of the cell size, the solid fraction content, or heterogeneity across the
structure. One approach for mechanical improvement includes keeping all parame-
ters constant and produce smaller cell size foam. Moreover, various studies report
the mechanical properties as a function of cell size. By changing the thickness of the
polycaprolactam-based foam, the diverse size of the cell has been accomplished in
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the scope of 80–170 µm. An increase in the cell wall thickness and cell wall density
increases the compressivemodulus of the foam [2].A0.5–4.2mmthick open cellwith
constant density crosslinked glassy carbon foam showed the independency of cell
size on Young’s modulus, but it is inversely proportional to flexural and compressive
strength. This happens due to the decrease in the strut strengthwhich increases the cell
size [3]. The impact of cell size on the semi-static pressure mechanical conduct and
the deformation behavior of plastic shut cell aluminum foams have been inspected.
The result on the compressive property is surprising. Young’smodulus increases with
cell size. However, the cell wall thickness increases with cell size [4]. The brittle Mg
alloy foam of fixed density and uniform structure has been subjected to compression
property evaluation. This foam shows better deformation stability when being tested.
Also, the load has been shared with the neighboring cell structure as the cell size
decreased. Strain densification remains as it is [5]. A closed-cell styrene-acrylonitrile
foam of density 0.15 lb/ft3 showed the affection of cell size enhancement, which ulti-
mately reduces the compressive strength and Young’s modulus. It has occurred that
there is no relation between moduli and relative density [6]. A linear and nonlinear
compression behavior of polystyrene foam with different cell sizes has been inves-
tigated. Above 18% solid fraction, the compressive strength and Young’s modulus
increase with cell size.

Fillers as a reinforcement play a major role in the structural designing of cells in
phenolic foams. The solubility of fillers determines the properties of the final foam
product. As long as the system is homogenous, numerous and regular size cells are
produced. They followed three mechanisms.

• Fillers act as a nucleating agent during foam formation.
• They increase the system viscosity that limits the growth and coalescence of cells.
• They act as a stabilizer during the mixing step and before the foaming stage.

All the above mechanisms combinedly promote the formation of a small size
uniform cell structure. Reinforcement can be added in the form of fiber, particle,
nanoparticle, hollow glass beads, and core–shell particles.

Concerning particles, mean cell diameter decreases with an increase in particle
size due to a reduction in the surface area which ultimately results in higher compres-
sive strength.Amultiwalled carbonnanotube andgraphene-reinforced phenolic foam
have been investigated for their controlled morphology. It was found that the curing
reaction happens at low temperature as early as reinforcement act as a catalyst. The
density and porosity of reinforced foam were lower than standard phenolic foam due
to high cell density. Compressive strength has increased from 71 to 157% [7].

Graphene-oxide-reinforced phenolic foam shows an increase in impact tough-
ness with an increase in graphene oxide content. It showed a drastic increase in
impact toughness after 0.5% addition of reinforcement [8]. Titanium nitride (TiN)
nanoparticle-reinforced phenolic foams have shown an enhancement in compressive
strength and tensile strength. At the point when the dose of TiN nanoparticle was
1%, compressive and tensile strength showed a 10% increment as compared to virgin
phenolic foam [9]. Glass-bead-reinforced phenolic foam composite was evaluated
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for its mechanical properties. Results showed that a 10% addition of reinforcement
gives higher compressive strength over nonreinforced phenolic foam [9].

Cellulosefiber-reinforcedphenolic foamwas fabricated and tested for its compres-
sive strength. Results showed that there was a 13% decrease in cell size when a 2%
addition of reinforcement is done. Also, reinforced phenolic foam showed the incre-
ment in compression modulus and strength by 21% and 18% at 2 wt.% loadings of
cellulose fiber [10].

The activated carbon-reinforced microcellular phenolic foamwas established and
tested for its mechanical properties. It was found that the cell size and thickness
decrease with an increase in activated charcoal content. The average compressive
strength was found to be increased by 9% with only 1% addition [11]. Cloisite
clay nanoparticle-infused phenolic foam was developed. The mean cell size was
decreased to 50µmwhen 2% of Cloisite clay was added. The reinforcement showed
a 160% increase in compressive strength and 182% in compression modulus [12].
Lignin particle and wood floor-reinforced phenolic foam have been produced. At
8.5% expansion, the mean cell size was diminished by around 31%. Then again, a
1.5% expansion of the wood floor diminished the cell size less significantly just by
9% to 81 µm [13].

Another approach to enhance mechanical properties is the chemical modification
of phenolic resin. Many polymeric species were found to be incorporated in phenolic
resin to modify its compression and flexural strength with a decrease in friability.
Most often, polyurethanes and polyethylene glycols (PEGs) have been utilized. The
fusion of 3–7% castor-based polyurethane prepolymer in phenolic resin brought
about an expansion in cell size by 18–59% [14]. PEG modified with boric acid to
form a PEG borate was used as a toughening agent in phenolic foam. The mean cell
sizewas decreased by 56%, 17%, and 17%on the addition of 4.5%of boron-modified
PEG 200, 400, and 600 [15].

Regarding SMPFmany approaches could be compared to enhance its mechanical
properties. Various techniques that improve mechanical execution by modifying cell
size are as per the following:

1. Surface stabilization of phenolic resin duringmixing step through the surfactants
adsorbs at phenolic–droplet resin interface and reduce coalescence of droplets.

2. Filler with surface modification may act as a stabilizer in emulsion by the
Pickering phenomenon.

3. Utilization of a high boiling point foaming agent increases the cell diameter.
4. Process parameters such as time and speed of mixing influence the size and

number of cells.

3.3 Compressive Strength

Compressive strength is the limit of a material or structure to withstand loads tending
to decrease the size, rather thanwhichwithstands loads tending to extend. Ultimately,
compressive quality restricts a material from being pushed together. It is one of
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the prominent properties in the application of shock absorption. The compressive
strength of foam relies on the foam density as well as the toughness of the cell wall.
There are three main categories to improve the compressive strength of phenolic
foam by modifying the density.

1. Fiber reinforcement;
2. Addition of inert particle;
3. Chemical modification of the phenolic resin.

The first challenge to improve the compressive strength is the uniform dispersion
of reinforcement in the phenolic resin matrix during foam production. The addition
of reinforcement increases the density of the foam. As the external phase is included,
it expands the thickness of the phenolic pitch and brings about issues during the
foaming process. The enhancement in compressive strength by fiber reinforcement
is based on the properties of fiber, such as stiffness, loading percentage, orientation in
foam, and compatibility with phenolic resin. Fiber stiffness plays an important role
in foam reinforcement. The compressive strength of phenolic foam was increased
by 275% after adding 5% of glass fiber and by 36% after the addition of the same
amount of aramidfiber [16]. Fiber orientation in the direction of foaming significantly
enhances the compressive strength due to the isotropic nature of the foam.

Another significant factor of support liable for compressive property upgrades
is the similarity between the phenolic resin and fortified strands. Alkali-treated
aramid fiber increases the polar function of the surface and interacts more vigor-
ously with phenolic resin. This improved the interfacial adhesion between the fiber
and phenolic resinmatrix. After the addition of 6wt.% in phenolic resin, the compres-
sive strengthwas increased by 67%as comparedwith unmodified fibers [17]. Besides
this, an appropriate amount of fiber reinforcement into the phenolic resin needs to be
promised for better mechanical properties. The addition of 2 wt.% of cellulose fibers
in phenolic foam increases the compressive strength by 18%, while at 8 wt.% the
loading is reduced by 19%. Bamboo strands of various lengths (<1 mm, 1–3 mm)
have been fused into the phenolic foam to improve their mechanical properties. The
strands with 1–3 mm length at 2.5 wt.% upgrade the compressive quality from 0.103
MPa to 0.130 MPa by 26.21% [18]. Among fibers, glass fibers are the best material
to enhance the compressive property of foam due to inherent stiffness [10].

Numerous types of nano/micro/macroparticles are also used as reinforcement
to improve the mechanical properties of phenolic foams. Particle reinforcement is
based on the same mechanism as for fibers, i.e., their stiffness, loading percentage,
and orientation in foam. While foam formation particle also acts as a nucleating
agent by providing a heterogenous surface for growth which increases foam density,
clay as reinforcement has gained so much attention related to the enhancement in
mechanical properties. A 17% increase in compressive strength after the addition
of attapulgite modified with hexadecyl trimethyl ammonium bromide (HTAB-ATP)
has been reported [19]. Fortification of 0.8 wt.% of expandable graphene oxide
with silica nanosphere has indicated the improvement in compressive quality by 70–
80%[20]. Another fruitful endeavor has been made by the utilization of zirconium
phosphate-graphene oxide hybrid to improve compressive quality. Results indicated
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Fig. 1 The reaction of PEG–boric acid while curing of phenolic foam [15]

that compressive strength has been increased by 38% when the blended hybrid was
used [21].

Chemical modification has been gaining attention since long back. It is typi-
cally based on the introduction of a flexible chain segment in the rigid phenolic
backbone which decreases the crosslinking density of the phenolic foam and yield
high strength. Mostly polyurethane, PEG urethane ether, dicyanamide, and epoxy
long-chain components are used to modify phenolic resin.

A reaction of modified boric acid and PEGwas performed to obtain a moiety with
three functionalities which later crosslinked with methylol groups of phenolic resin,
as shown in Fig. 1. Virgin PEG and boric acid-modified PEGwere added in phenolic
resin at a measure of 4 wt.%. Compared to pure PF foam, the compression strength of
PEG400-toughened PF foam increases by 30.0%, whereas the compression strength
of boric acid-modified PEG toughened foam increases by 80%, respectively. In both
cases, compressive strength was found to increase, whereas in PEG-modified boric
acid efficiency of improvement is higher. The reason for this is an increase in flexible
chain length to a certain extent decreases crosslinking density, and the material can
achieve high strength [15].

A new approach to introduce phosphorus and nitrogen-containing polyurethane
backbone in phenolic resin has been studied as shown in Fig. 2. A 3% addition of
polyurethane block improves the compression strength by 19%, whereas the advan-
tage of polyurethane in phenolic resin lies in the chain length of the polyurethane
segment [22].

A novel phosphorous and silicon base polyurethane prepolymer was used in
phenolic resin to enhance compressive strength, as shown in Fig. 3. At 3% loading,
the compressive strength was increased by 136%. It was also noticed that the density
of the prepolymer-modified phenolic foam is higher than the unmodified phenolic
foam [23].

Another endeavor has been to use dicyanamide to adjust the phenolic foam prop-
erties. The adjustment improves the compressive quality by 180%with the expansion
of 8% dicyanamide to the phenolic resin [24].

An epoxy-modified phenol–formaldehyde resin is shown in Fig. 4. An improve-
ment in the compressive strength of phenol–formaldehyde resin from 0.57 MPa to
108.20 MPa corresponds to the increase in the foam density. It is surprising that the
increase in compressive strength is around 19,000%. Hence the results seem to be
incongruous [25].
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Fig. 2 Phosphorous and nitrogen-containing polyurethane segment [22]

Fig. 3 Phosphorous and silicon-based polyurethane prepolymer [23]

Fig. 4 Epoxy-modified resol resin synthesis process [25]

A phosphorus-containing tung oil-based siloxane-hardened phenolic foam has
been set up to improve its mechanical properties. It was discovered that the compres-
sive quality of the bio-based phenolic foam has expanded from 0.20 MPa to 0.31
MPa by 79.6% where the density of the material is unaffected [26]. As of late,
another detailing has been created by utilizing kraft lignin as a greener feedstock for
bio-based phenol–formaldehyde sap for foam creation. At 20% phenol replacement
proportion, the compressive quality was discovered to be 1.012 MPa [27]. A novel
solid acid catalytic phenolation measure has been embraced for hydrolysis of lignin,
and thus the modified lignin has been utilized in lightweight phenolic foam fabrica-
tion. The compressive strength was found to decrease from 0.37 MPa to 0.27 MPa
at 50% phenol substitution [28].
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Among the entirety of the abovewhich drew closer examination, fiber fortification
gives the best improvement in compressive quality because of the characteristic
properties like fiber solidness and direction propensity toward foaming. Also, it
hampers the isotopic nature of the foam. Enhancement can be increased further by
modifying the fiber surface to get better fiber–resin compatibility. Like fiber, particle–
resin interaction also can play an important role in the enhancement of compressive
strength. A bonding between the particle and the resin allows decreasing the density
of the foam and also allows the dissipation of stress-generated dusting compression
of foam. The chemical modification allows covalent bonding between added species
and the phenolic resin. The chain length and flexibility of the chain contribute to
increase in the ability of the foam to be compact.

3.4 Flexural Strength

The resistance to flexion or bending is called the flexural strength of the material. It
represents the stress-bearing capacity of the material before yields in the flexion test.
Flexural strength is mainly improved by using particles. It is based on the stiffness
of the filler, their aspect ratio (Area/thickness), covalent bonding with a phenolic
resin matrix, and the uniformity in structure. Flexural strength can be improved by
using poly (butyl acrylate)-silica core–shell particle incorporation in phenolic resin,
as shown in Fig. 5. It was found that 35% of flexural strength was increased due
to the covalent bond formation between the hydroxymethyl group of phenolic resin
and the silanol group of particles [29]. Likewise, the function of delicate particles is
more mind-boggling brought by altering the foam lattice structure and improves cell
size consistently.

The use of clay instead of pentane as a blowing agentwas found to increase flexural
strength. A 6 phr of clay into foam was found to increase the flexural strength by
61%.

The pathways for improvement in flexural strength are similar to those which are
explained in compressive strength. Moreover, the interaction between the particle
and phenolic resin interaction is the defining factor to improve flexural strength.

Initiator

Silica SOL Crosslinked polymeric particle 

Fig. 5 Synthesis of poly (butyl acrylate)-silica core–shell particle by emulsion polymerization [29]
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4 Fire-Resistant (FR) Properties

Phenolic foams are well known for their FR properties, such as low smoke density,
low flammability, and lesser generation of toxic gases during the burning process.
They are considered an excellent nondripping material. These properties of phenolic
foams are governed by a structural component such as a benzene ring. It is well
known that the molecular structure containing benzene ring and halogen atom shows
superior fire resistance behavior over the others. The foam density plays a major role
in flame resistance. Increasing the density may increase the number of closed cells
which modify the surface in contact with flame. This results in a decrease in oxygen
ratio for combustion and ultimately reduces the flammability of phenolic foam. Fire
behavior can be described by three parameters, ignition source, a contributor to flame
spread, and heat release. Two main tests are used to evaluate the flame-retardant
behavior of foam material.

1. Limiting oxygen index (LOI);
2. Cone calorimeter test.

Limiting oxygen index is defined as the minimum concentration of oxygen in the
mixture of oxygen and nitrogen that supports the ignition of the material. Hence a
higher value of LOI denotes higher flame retardancy. Phenolic foam shows excellent
flame retardancy with LOI ranging from 27 to 58%. It is very challenging to improve
the initial value without hampering the mechanical properties of the foam. Flame
retardancy in the phenolic foam is imparted by three routes:

• Introduction of nonflammable particles;
• Making the system fire retardant;
• Chemical modification in structure by introducing phosphorous, boron, or

nitrogen.

Improvement in FR properties of phenolic foam depends on the reduction in
oxygen permeability after the addition of filler and reduction in barrier properties due
to the formation of a compact charred layer on the surface.Modifiedmontmorillonite
clay is used in the fabrication of phenolic foam. This clay exfoliates and disperses
well in the phenolic matrix due to the hydrogen bonding which prevents oxygen
permeability and improves the fire resistance [30]. A synergistic effect of zinc oxide,
pentaerythritol, and ammonium polyphosphate to impart FR properties in phenolic
foam was evaluated. Results were unbelievable on the addition of 1 wt.% of zinc
oxide, which improves the LOI value by 80%. But its flexural and compressive
strength was found to decrease by 27% [31]. Another attempt has been made by the
use of silica-graphene oxide and alpha zirconium-graphene oxide hybrid system to
improve FR properties. A slight increase in LOI of phenolic foam from 1 to 5% with
an increase in graphene oxide content was observed. The LOI value further increased
by increasing the amount of hybrid content [20].

The most common class of flame retardant is compounds containing phospho-
rous. When heat is applied, they act by generating phosphorous acid which captures
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Fig. 6 Scheme for phosphorous containing PEG synthesis [32]

radicles while burning and accelerates the charring process. Along with phospho-
rous, Si and N are need to be added to compensate for the mechanical properties of
phenolic foams. Most commonly, they are added by the reaction of modified PEG
or polyurethane with phenolic resin. PEG is a flammable material due to long-chain
molecules. Two different phosphorous-containing PEGs were synthesized. It was
found that the LOI was reduced to 21% and 12% by adding 10 wt.% of synthesized
compounds [22]. The introduction of phosphate-modified PEG (200, 400, and 600)
led to an increase in the LOI by 36%, 28%, and 14%, respectively. The chain length
of PEG 200 is smaller as well because the amount of phosphorous bearing is higher
in PEG 200, which is the main cause of LOI increment [32]. The reaction scheme
for the synthesis of modified PEG is shown in Fig. 6.

A novel phosphorous-based compound methyl-DOPO(9,10-dihydro-9-oxa-
methylphosphaphenthrene-10-oxide) was synthesized to enhance the FR properties
of phenolic foam. The resultant product acts as a scavenger by diluting the burnable
gas in the vapor phase. When burned it forms PO, PO2, and CH3PO, which act as a
radical scavenger [33]. A phosphorous and nitrogen-containing polyurethane frame-
work was created. A noteworthiness improvement in LOI by 21% has been seen
when 10 wt.% of the polyurethane system is added to the phenolic resin. This syner-
gistic enhancement is attributed to the nature of nitrogen that acts as a gas source
and produces nonflammable gas. These gases dilute the concentration of flammable
gases and retard the decomposition of phenolic foam [34]. Recently, a magnesium
amino tris-reduced graphene oxide half breed material has been arranged and used
in phenolic foams for fire-resistant conduct. The LOI of the foam was expanded to
41.5% at 4 phr when contrasted with the unmodified one. It likewise diminished
all-out-smoke discharge by 52.5% [35].

Besides their enhancement in mechanical properties, polyurethane and PEG
system are not suitable to enhance the FRproperties of phenolic foams. Phosphorous-
based compounds are themost efficient way to enhance the FR properties of phenolic
foams, especially in combination with nitrogen.
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5 Shape Memory Properties

The shape memory behavior of foam has been broadly explored in the last decade.
The core of their research relied on the fabrication, characterization, and possible
application of shape memory foam. The shape memory behavior of phenolic foam
can be augmented due to the higher compression even if the stiffness and strength
values are reduced. Additional advantages of foam materials are lighter in weight
and high recovery force.

The fundamentalmechanismof shapememory behavior lies in the dual segment of
the polymer. One segment serves as the elastic domain and the other is the transitional
domain. At room temperature or even at low temperature both the domains are hard
and the polymeric material is stiff. Upon heating, the polymer above Tg makes the
transitional domain soft and deformable. The versatile area likewise goes through
distortion by retaining the vitality and put away it as flexible vitality. As we chill
off, the material progress area goes through the freezing of chain development and
solidified the momentary space. If the deformed shape is held during cooling (a
compressed form of the foam), it will stay in the same shape even after the removal
of compressive force. This happens because the transition domain gets harden below
Tg which prevents the recovery of the elastic domain. After heating above Tg, the
transitional domain loses its ability to hold the elastic domain due to the absorption
of energy in chain movement and the polymer regains its original form due to the
release of elastic energy.

Two factors are the basis for the shape memory effect in SMPF. Glass modulus
of foam material is responsible for shape fixity and the rubbery modulus for shape
recovery. These factors decide the shape memory properties of phenolic foams. The
glass transition temperature of phenolic resin plays an important role in the shape
memory effect. Phenolic foam has a high crosslinking density; their Tg would be on
the higher side. As far as the mechanical properties are concerned, higher thickness
material has higher rigidity. As the molecular weight increases with an increase
in crosslinking density, glass modulus would be shifted to the higher side, which
ultimately increases the Tg. The shape memory effect in phenolic foams can be
implemented by the use of

• long-chain phenol substitute;
• polyurethane pre-polymer in phenolic foam fabrication;
• long-chain epoxy polymeric backbone for phenolic foam formation.

A 20% relative density epoxy shape memory foamwas synthesized and evaluated
for their shape memory behavior. These foams were subjected to different conditions
of stress, strain, and temperature to measure the change in properties. Tensile strain
to a material failure is generally associated with the maximum recovery limit of the
foam. These foams were compressed to 80% of their original volume, and multiple
recovery cycles were performed. It was found that the packing temperature doesn’t
affect the overall recovery strain level. Also, the temperature and maximum strain
levels have a significant effect on the reversibility of foam shape [36]. The effect
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of long storage shape-holding capacity was investigated in polyurethane foam. The
foam was strained at 80–90% strained above their glass transition temperature and
then cooled to room temperature. After two months, it is reheated to gain its original
length under different constant loads. It was found that the maximum stress wields at
a fixed length depending on the amount of pre-strain. An expansion rate from 380 to
1273% has been accomplished from the hibernating size of grains against 1 N load
[37]. This is a very important characteristic of a material used in space applications.

Amagnetic susceptor filler particlewas incorporated in the thermoset foammatrix
to thermally activate the shape memory behavior. Results demonstrated that as the
number of filler particles increased to 10 wt.%, the heating performance of foam
increasedwithout any deterioration of thermomechanical properties [39]. A net set of
thermosetting foams were produced by solid-state foaming. This technique involves
the direct overheating of a solid tablet of uncured resin. Composite foam can be
produced from compression of fillers with uncured resin powder. Montmorillonite
clay incorporated epoxy foam showed improvement in shape memory behavior. At 5
wt.% of filler content, the shape recovery property of foam is optimum without any
damage. It was worth noting that the height of recovery of these foams was never
lower than 97% [38].

A new ortho grid structure-based shape memory syntactic foamwas designed and
tested for healing impact damage repeatedly. The results implicated that the healing
efficiency was 100% for all impact healing cycles. However, three-dimensional
geometry recovery is confined to higher residual strength than two-dimensional
recovery, and as the impact energy increases, healing efficiency slightly goes down
[39]. An integral model based on the thermodynamics of foam formation has been
investigated for its thermomechanical behavior. This study involves the insertion of
a glass micro balloon into the shape memory polymeric matrix while fabrication of
foam. Owing to the high-volume fraction of the glass balloon and the stiffness, it
provides strength to the foam and increases the recovery stress. Also, it dictates that as
the external confinement stress increases, the external recovered strain is reduced but
the internal deformation increases. This led to better self-healing and shape recovery
of the material [42].

Recent studies have focused on the applications of shape memory foams in
biomedical devices. In particular, they are used to treat intracranial aneurysms. This
condition is also known as a brain aneurysm. It involves weakness in the blood
vessels, which results in balloon formation. To treat this condition shape memory
foam may be a better material to fill that balloon with less stress generation in
blood vessels. An attempt has been made by using hexamethylene diisocyanate-
based polyurethane shape memory foam to treat an aneurysm. It has been predicted
that 1.5 times oversized foam can be deployed bearing the capacity of 65 kPa circum-
ferential stress, which is lesser than the minimum blood vessel wall breaking stress
(700 kPa) [40]. The radio-opacity of a network polyurethane shape memory foam
is enhanced by adding a small amount of tungsten. At 4 wt.% loading opacity has
been found to increase without affecting its mechanical properties [41]. A novel
sterilization method was implemented to determine the effect of sterilization on
both thermochemical and shape recovery behavior. Both morphology and chemical
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structure have been affected by sterilization methods which will have an impact on
shape memory behavior. The shape recovery test showed that 98% of the shape has
been regained after the sterilization [42]. A polyurethane hydroxyapatite-based shape
memory foam had been engineered to use as a scaffold to expedite tissue regenera-
tion. Results were satisfying as the self-fitting performance in rabbits passes all the
in vitro studies. Shape memory foam could expand in 60 s and fill the bone defect
by the heat-triggered mechanism [43].

Various SMP foam from organic to inorganic material comprising inorganic poly
dimethoxy silane (PDMS) and polycaprolactone (PCL) had been investigated for
their shapememory effect. PCL block serves as a switching segment in foamwhereas
the compressive properties are based on the PDMS segment. Shape recovery was
found to be decreased as the PDMS chain length increases. PDMS segment has
low Tg which is caused by a decrease in compression modulus accompanied by a
decrease in PCL crystalline domain [44].

6 New Trends in Shape Memory Phenolic Foam

Nowadays, increasing cost, the anticipated future need for petrochemical, and viable
developmental concerns brace for an eco-friendly and renewable bio-based material.
The probable replacement of petroleum-based phenol and formaldehyde is reported
in regards to their application. The lignocellulosic biomasses such as bark and wood
are being considered as capable alternatives. Lignin is the most richly found mate-
rial on the earth and stands second in the rundown of biopolymers. Lignin contains
some phenolic functionality that could be used as reinstatement for phenol in the
synthesis of SMPF. Another promising way is to modify resol resin by oxidative
degradation of lignosulfonate. However, phenolated lignosulfonate-based resin bids
a better perspective than oxidative degraded lignosulfonate-based resin. Among the
chemical and thermal techniques established in the past few decades, liquefication of
biomass use of water or organic solvents like alcohol or supercritical extraction has
been advised for high biomass conversion into a phenolic resin. Many attempts have
been made to modify the phenolic resin with bio-based materials such as bamboo
and walnut shell. It is easier to liquify walnut shells than wood at low temperatures.
Cardanol, a versatile and renewable source of meta substituted phenol, would be
a partial substitute for phenol. The development of bio-based phenol PF requires
the investigation of green routes and techniques while keeping global environment
protection of prime importance. The exploration concerning shape memory foam
proceeds with its quick development, with present endeavors, separated between
empowering innovations (materials, cycles, and methods) and application and proto-
typing. On the empowering front, there is an expanding number of reports finding
novel recuperation trigger mechanisms other than outside warming, which includes
photoresponsive, magnetic responsive, and humidity responsive foams. Aside from
alternative triggeringmechanisms, there is also an emerging interest in shapememory
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polymers capable of memorizing two ormore temporary shapes. At different temper-
ature stages, this kind of polymers can recover in a tandem manner from one shape
to another and finally to its original shape. The interest for flower foam is expanding
step by step in the floristry business, dinners, wreaths, in containers, and tabletop
courses of action. The shape memory effect in those foams can preserve the space
in the field of use. Additionally, a shape memory cushion that we can convey in our
pocket expands into a pillow after warming which will be a superior alternative to
moving explorers or in public transport.

7 Conclusion

This chapter is essentially devoted to a review of the improvement of shape memory
properties, mechanical properties, and the fire-resistant properties of phenolic foams.
The mechanical properties are frequently identified with the cell morphology. In
reality, strands and particles have been demonstrated to lessen the cell size, to expand
the cell thickness, and lastly to improve the cell homogeneity. The MWCNT and
graphene oxide hybrid particles appear to be acceptable possibilities to accomplish
this support for compressive quality and modulus properties. Concerning support,
the presentation of adaptable chains into the inflexible spine of the phenolic pitch that
is covalently connected is by all accounts extremely encouraging if the crosslinking
thickness decrease isn’t critical. Polyurethane and polyethylene glycol family is the
most utilized item, yet dicyandiamide is by all accounts the most productive.

The shape memory properties depend on the dual segment of the polymer. The
Tg of polymer assumes a significant function that fits as a shape memory impact.
A long-chain polyurethane section appears to be encouraging to bestow shape
memory impact in phenolic foam. Likewise, PDMS fills in as another substitute
for polyurethane for development fit as a shape memory impact in phenolic foams.
All things considered, littlework has been completed in the territory of shapememory
properties of phenolic foams.

Concerning flame retardancy properties, phenolic foams have much preferable
fire properties over all other polymer foams. The improvement was credited to the
homogeneous scattering of the particles that assist in diminishing the oxygen pene-
trability and offer a superior division of phenolic framework from the air and the
warmth. Concoction adjustment containing explicit components is the most main-
stream course for improving fire-retardant conduct. To begin with, components,
for example, nitrogen go about as noncombustible gases sources that decline the
combustible gas fixation, subsequently hindering the deterioration of the basic mate-
rial. Second, phosphorous mixes, while decaying, produce phosphorous acids that
quicken the singing cycle of the foams, permitting lowerwarmth andmass exchanges.
The acquired scorch assumes the function of a defensive hindrance. Specialists
attempt to substitute, at any rate mostly, the phenol with sustainable biomass assets.
Biomass-based resol gums from pecan shells, wood, or bamboo powder showed
the chance of substitution of traditional phenolic resol tars by creating foams with
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fulfilling or comparable mechanical properties. Lignin is by and large profoundly
examined and gives the most intriguing outcomes. Phenolated lignin exhibited a high
potential as it expanded the compressive quality and diminished the friability. Subse-
quently, biomass-based phenolic resol saps appear to offer intriguing viewpoints for
the advancement of phenolic tar with higher mechanical properties. By and by, the
durability of these bio-based materials must be considered.
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Chapter 7
Mechanical Properties of Phenolic Foams

Ashutosh Pandey, Ruchi Dubey, Shashank Kumar Srivastava,
Rahul Saxena, Gaurav Kumar Gupta, D. P. Mondal, and Rajeev Kumar

1 Introduction

With the development of technology and the requirement of industries, lightweight
structures are in high demand, especially in the field of sound and thermal insulation
[1], transportation, energy absorption, packaging, vibration isolation, filter assembly,
structure, andmany other applications [2]. Due to this, different foam structures have
great potential as compared to their dense materials by the reduction of their weight.
Foamsare classified according to theirmorphology,matrixmaterial, and applications.
Mainly it is categorized into open cell, closed cell, and partially open and closed cell
foam [3]. So to fulfill the requirements, researchers havedevelopeddifferentmaterials
of porous structures, like metallic foam [4], polymer foam [5], ceramic foam [6], and
many others. Out ofwhich phenolic foamhas attractedmore attention from industries
and researchers, due to its lightweight and high-temperature sustainability properties.
Phenolic resin is a combination of phenol and formaldehyde, which was discovered
by German chemist Sir Adolph von Baeyer in 1872. Later in 1907, it is introduced
into the commercial market by L. H. Baekeland as a phenolic resin, which is also
called a Bakelite. L. H. Baekeland is also known as the father of phenolic resin [7];
later in 1940, the phenolic foam was introduced into the German market which is
mainly used as a wood substitute material. With the introduction of new polymer
foam materials like polystyrene, polyurethane, and polyvinyl chloride which are
more flexible and less brittle [8, 9], this phenolic foam gets suppressed. Phenolic
foams are more brittle and less flexible as compared to other polymeric materials.
Polymeric foams introduced later are not able to sustain at higher temperatures,
whereas phenolic foam has very good fire retardation property.
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Since the last decade, the market demand for phenolic resin has increased, in
terms of volume. The market demand for phenolic resin is approximately 4.7 million
tons, which cost nearly about 10 billion USD in 2014. It is assumed that it is going
to increase to about 14 billion USD in 2020 [10]. Phenolic resin has a unique chem-
ical structure. Due to this, its fire retardation property gets enhanced. And when this
resin is heated, it releases a very low amount of smoke and toxic gases as compared
to another polymer foam [11, 12]. According to the application phenolic resins are
available in different forms, like in powder foam to produce electrical equipment
and in liquid form for different laminated and binder applications. PF has very high
specific properties in terms of strength, fire sustainability, electromagnetic shielding,
and others as compared to solid materials. PF has low density, low thermal conduc-
tivity, porous structure with desire porosity, and low rigidity which make it enable
to make lightweight structures, low-cost thermal insulators, filtration, and energy-
absorbing components. Due to this, it is specifically used for some applications like
decontamination of polluted water, in space shuttle for thermal insulation, and vibra-
tion damping. Owing to less specificweight and thermal insulation property, it is very
demanding in the current market, especially in the space and transportation sector. PF
mainly consists of two phases; one is the gaseous phase which is trapped in the case
of closed-cell foam and untrapped in the case of open-cell foam. The morphological
properties (like open cell, closed cell, size of the cell, and shape) affect the properties
of PF. PFs are generally rigid thermosetting foam, which is highly stable in terms of
their rigidity and thermal stability [13, 14].

As PF has high rigidity, it is very brittle and also shows pulverization properties
which limit the use of PF. Due to this, the mechanical properties of the PF get
degraded and not able to stand at the desired load condition. Therefore, increasing
the mechanical strength of PF without compromising the fire retardation property is
a very difficult task. Nowadays, researchers are mainly focusing on increasing the
mechanical properties of PF using chemical modification in their structure during
formation or byusing different reinforcement. This chaptermainly comprises how the
mechanical property of PF gets increased. It includes a complete review of enhancing
the mechanical properties of PF through different techniques. In the last decade,
researchers are rigorously exploring this field of PF and enhancing its properties.
The data obtained from the web of science while searching “phenolic foam” are
shown in Fig. 1.

From Fig. 1, it has been found that, in the last 10 years, a huge amount of research
work has been carried out in the area of phenolic foams.

2 Synthesis of PF

Different methods were used to manufacture phenolic foams, which mainly
involve mechanical, chemical, and physical methods. These methods are then sub-
categorized into different techniques that are used to producePF. Someof themethods
are [2]:
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Fig. 1 The research article published on phenolic foam and its application

(a) Mechanical agitation—inwhich gaseous product is entrapped in the phenolic
matrix, and the bubble trapped inside the matrix make a porous structure;

(b) Thermal decomposition—in this process the blowing agent is mixed with the
phenolic matrix and when the heat is applied to the system gases evolve and
give porous structure foam;

(c) Volatilization of low boiling solvent—low boiling solvent was mixed with
the matrix and gets heated;

(d) Expansion of dissolve gases—in this process, mainly the gases present inside
the matrix get expanded reducing the external pressure;

(e) Hollow microsphere—in this process, hollow micro balls were incorporated
inside the matrix which create porosity.

(f) Template method—polyurethane foams are used as a template and dip into
the slurry of phenolic resin and then heated for obtaining the carbon foam by
removal of PU foam.

Figure 2 shows the SEM image of PF having different filler constituents at a
different percentage. Along with the phenolic resin and different volatilization and
gas generation source components, some other elements are also used for the manu-
facturing of PF. Emulsifiers, catalysts, and some other additives are also used during
the preparation of PF. During foam formation, two mechanisms work simultane-
ously; that is, expansion of the blowing agent and curing of the resin. These two
mechanisms are mainly dependent on two process parameters, which are viscosity
and reactivity of phenolic resin. The viscosity of the resin controls the pore type,
pore shape, and size of the foam [15, 16], whereas reactivity controls the curing and
foaming time [17]. Emulsifiers are added to control the property and quality of the
PF.
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Fig. 2 SEM image of PF having different constituents in each case of analysis. Reproduced with
permission from [1]

3 Why is the Need for Improving the Mechanical
Properties of PF?

From the previous study, it was found that PF has high rigidity and stability as
compared to other polymer foams. Because of this, they are very brittle in nature
and pure PF also has less mechanical properties like low compressive and flexural
strengths [9, 18, 19]. Due to this, the PF application gets limited, though it is not able
to sustain at higher mechanical loading conditions. For using PF in transportation
and space shuttle, it should have goodmechanical strength so that it can sustain at the
given conditions. Different methods were used to increase the mechanical properties
of PF and are discussed in the later section.

4 How Mechanical Properties of PF Can Be Enhanced?

For increasing themechanical strength of PF, researchers have used differentmethods
and techniques. Mainly two approaches are adapted for increasing the mechanical
strength, that is, chemicalmodification and the addition of filler in the phenolicmatrix
during manufacturing. While discussing the mechanical properties of PF, the density
of the foam frequently comes into the picture. Because the mechanical properties
of PF also depend on the density of the foam, Ashby et al. [20] already mentioned
different models for the compression and flexural behavior of foam under different
loading conditions. Through different models, the importance of foam density on
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Fig. 3 The compressive
stress–strain curve of
lightweight carbon foam
made from a phenolic resin
having different constituents.
Reproduced with permission
from [21]

its mechanical properties was mentioned. The compressive deformation behavior of
PF foam was mainly categorized into three different sections: (1) elastic region, (2)
plastic region, and (3) densification. From Fig. 3, it is analyzed that during compres-
sion of foam initially elastic zone appears, then long plateau region, and after plateau
region densification takes place. With the increase in density or with the addition
of different filler material into foam, the compressive deformation behavior of PF
varies.

5 Effect of Cell Size on the Mechanical Properties of PF

Frompreviouswork, it was found that cell size and orientation also affect themechan-
ical properties of the foam [13, 22]. Small pore size and uniform pore distribution
throughout the component increase the mechanical properties of the foam. Though
different models given by Ashby and Gibson [20] do not confirm the dependency of
Young’s modulus and compressive strength on the cell size of the foam, many of the
researchers have reported the study in which they show the relationship between cell
size and the mechanical strength of the foam. A study on foam showing the depen-
dency of mechanical properties on cell size is mentioned in this section. Yu et al. [23]
examined the compressive deformation behavior of closed-cell aluminum foamunder
quasi-static conditions, in which they analyzed the effect of different cell sizes, that
is, 2.6, 3.2, and 3.8 mm diameter having constant relative density. From these results,
it is concluded that with the increase in cell size of the foam, the maximum stress and
Young’s modulus of foam get increased which are mainly due to an increase in cell
wall thickness. The cell wall thickness of foam gets increased with an increase in cell
size. Liu et al. [24] prepared poly(e-caprolactone) foam through a chemical foaming
method, and they used a scanning electron microscope to study the cell morphology.
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They studied the effect of change in cell morphology and density of the compressive
deformation behavior of foam. From the results, it is concluded that with an increase
in cell wall thickness and cell density, the compressive strength andYoung’s modulus
of the foam get increased. But with the change in cell wall thickness and cell size the
density of the foam also varies, so no exact conclusion has been drawn on the effect of
cell size on themechanical properties of the foam. Chen et al. [25] analyzed the effect
of change in cell wall thickness and the size of closed-cell styrene-acrylonitrile on the
mechanical properties of the foam. Through experiment it has been found that with
the change in cell wall thickness and cell size, Young’s modulus and compressive
strength of the foam also vary. However, the moduli of the foam do not depend on the
density of the foam. Finally, it is concluded that there is no evidence that shows the
dependency of mechanical properties on the cell morphology of the foam. Basically,
two types of communities are there in researchers: those who are working on the
foams. Some are believing that cell morphology affects the mechanical properties of
the foam, while others believe in not. Basically in polymer foam, cell morphology
can be varied using different methods. Some previous research shows that cell size
and shape can be modified with the addition of filler or through chemical modifica-
tion [26–28]. Different methods that are generally used for the modification of cell
wall and cell size are:

• The addition of fillers during the formulation of PF can help in the stabilization of
emulsion and also modifies the viscosity of the solution which helps in enhancing
the nucleation growth of the cells.

• With the use of a foaming agent, the cell morphology of the foam can also be
varied. However, foaming agents having a higher boiling point give a small cell
size [28].

• By changing the speed and mixing time, the cell size and shape can be varied.
• Using surfactants for the stabilization of emulsion during foam formulation also

helps in modifications of cell morphology [29].

5.1 Effect of Fibers and Particles on Cell Morphology of PF

Although the addition of different fillers and particles modifies the mechanical prop-
erties of the foam, it may also affect the cell geometry of the foam. With the addition
of external agents, the viscosity of the phenolic resin mixture gets changed which
affects the cell formulation. In some cases, externally added filler or particles act as
a nucleating site for foam formation, and the uniform distribution of external agents
confirms the uniformity of cell formation and geometry.When an external constituent
is added into the phenolic resin solution and gets uniformly dispersed, three different
mechanisms ensure the formation of small and regular cells inside the foam. First,
the external agent acts as a nucleating site and reduces the nucleating free energy
which helps in increasing the number of nucleation sites. Second, with the addition of
an external agent, the viscosity of the phenolic mixture gets increased. This helps in
limiting the growth of the nucleation, and a large number of small bubbles get a form
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which also helps in increasing the mechanical characteristic of foam. And the third
one is the addition of an agent that also helps in stabilizing the emulsion through the
Pickering process during mixing. Overall with these mechanisms which are mainly
due to external agent addition, small and uniform size cells get formed inside the PF
which helps in increasing the mechanical characteristic. Saz-orozco et al. [30] used
cellulose fibers as a reinforcement in PF. They showed the effect of adding fibers on
cell size, mechanical properties, and thermal stability of the foam. With the incor-
poration of cellulose fibers at different weight percentages, the cell size and the cell
wall thickness of the foam get changed.With a 2% addition of fibers, the compressive
modulus and strength of the foam get increased up to 21% and 18%, whereas the
thermal stability of the foam gets decreased with the increase in the percentage of
filler. From these results, it is found thatwith the addition of cellulose fiber at different
percentages, the cell wall thickness and cell density of foam get increased. Li et al.
[31] have developed PF with high thermal insulation and fire retardation applica-
tion, and they used titanium nitride (TiN) nanoparticles as reinforced material. With
the addition of TiN nanoparticles, they make nanoparticle composite PF known as
nanocomposite PFTNs. Results show that with the addition of nanoparticles the cell
distribution inside the foam gets uniform as compared to base PF. Thermal stability
and the fire retardation property of the PFTNs get also increased as compared to base
PF. Song et al. [12] used multi-wall carbon nanotubes (MWCNTs) and graphene
as a reinforcement to control the cell morphology during the foaming of PF. They
also optimized the proper foaming point for each reinforced particle to enhance
the mechanical and thermal properties of PF. The particle-reinforced PFs have a
lower cell size as compared to base PF, which is due to an increase in cell density
inside the foam. With 0.5% of MWCNT and 1% of graphene addition, the compres-
sive strength of PF gets increased to 71.8% and 157.3%. Li et al. [32] prepared a
composite PF using multi-wall carbon nanotube (MWCNT) through an in situ poly-
merization process. With the help of TEM analysis, it is found that the dispersion of
MWCNTs inside the PF is uniform. Through SEM it is found that due to the addition
of MWCNT in PF the cell size gets decreased, cell wall thickness gets increased, and
cell density also gets enhanced. All these characteristics result in an increase in the
compressive strength of the foam. Yang et al. [33] prepared the composite phenolic
foam using pristine and functionalized MWCNTs for fire resistance material. From
the result, it is concluded that with the addition of MWCNTs the nucleation sites
during foaming get increased which helps in increasing the cell density. An increase
in cell density shows the decrement of cell size, due to which the mechanical prop-
erties of the foam get increased. In addition to this, the thermal stability of the foam
also gets increased with the addition of MWCNTs. Yuan et al. [34] used nanocom-
posite particles of poly(n-butyl acrylate) (PBA)/silica as a reinforcement material
in PF to improve the mechanical properties of PF. Through SEM, it is found that
with the addition of nanocomposite particles the structural homogeneity of the PF
gets enhanced. Through experiment results, it is found that the compressive strength,
flexural strength, and elastic modulus of the PF get significantly enhanced with the
addition of nanocomposite particles.
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5.2 Effect of Chemical Modification on Cell Morphology

The cell morphology of PF can also be modified through chemical modification
during the formulation of foam. With the modification of cell size and cell wall
thickness through chemical modification, the compressive and flexural strengths of
the foam can get increased. Very few researchers have reported the modification of
foam morphology through chemical modification. Liu et al. [35] used polyethylene
glycol borate (PEG-BAE) as a toughening agent in PF. With the addition of this
toughening agent, the compressive and flexural strengths of the PF get increased
and the pulverization ratio gets reduced as compared to pure PEG. The result shows
that with the addition of 4.5 wt% of modified boron PEG200, 400, and 600, the cell
size of the foam gets increased by 66, 17, and 17%, respectively. With the PEG200
and 400 modifications, it shows that the cell size of the PF is more uniform and
has hexagonal shapes that help in strengthening. Whereas, in the case of PEG600
the viscosity of the solution is too high which makes the blowing agent difficult to
disperse uniformly. Due to this no uniformity of the cell inside the foam.

6 Effect of Fiber Reinforcement on Mechanical Properties
of PF

For increasing the mechanical strength of foams, fiber reinforcement is the most
promising reinforcement.When the load is applied to the foam, the fiber reinforced in
foam acts as a barrier that restricts the motion and increases the mechanical strength.
During compression, the most effective parameter of fiber reinforcement is the stiff-
ness of fiber and its concentration inside the foam.With high stiffness fiber reinforce-
ment, the compressive strength of foam gets enhanced. However, during shearing of
foam, the fiber restricts the motion of the shear plane which strengthens the material
and increases the flexural strength of the foam. Also because of the high aspect ratio,
fiber reinforcement restricts the motion of shear planes which increases the bending
stiffness of foam. Due to fiber reinforcement, the enhancement in compressive and
flexural strength of PF is discussed in the following section.

6.1 Compressive Strength

It is defined as the strength of the material or resistance of the material toward
the compressive load acting on foam. Foams that are specifically used for energy
absorption, compressive strength is the main parameter. According to the ASTM
D1621-standard of rigid plastic cellular for compression, the compressive strength
of the material is defined as the maximum stress that occurred before 10% strain.
From previous work, it is observed that the compressive strength of the foam depends
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on the toughness of the cell wall and the density of the foam [36]. Different methods
were adopted to improve the compressive strength of PF, inwhich fiber reinforcement
is one of the promising reinforcements. Fiber-reinforced PF provides high stiffness
as compared to base until the addition of fiber starts agglomerating. If the addition
of fiber percentage increases up to a certain level at which it starts agglomerating,
then the stiffness of the foam starts decreasing. Therefore, during the formulation
of PF reinforced with fiber, uniform distribution of fiber inside the foam is the first
challenge. While adding fibers into the phenolic resin, the viscosity of the mixture
gets increased. This may create problems during the mixing and expansion of gas
inside the PF [9]. Desai et al. [37] used glass and aramid fibers as a reinforcement in
PF at different proportions. In this work, they reinforced the PF with glass fiber and
aramid fiber separately, and then they made a hybrid composite. From the results,
it is found that the hybrid-reinforced composite has higher stiffness and strength as
compared to PF, which has only glass and aramid fibers. Shen et al. [38] with the
addition of aramid and glass fiber as a reinforcement, the mechanical properties of
the PF get increased. With the addition of aramid fibers, the brittleness of the PF
gets decreased, whereas the crack resistance and isotropic behavior property of PF
get enhanced. In the case of glass fibers reinforcement, the stiffness and strength
of the foam also get enhanced, which concludes that with the addition of fibers the
mechanical properties of the PF get enhanced.

During the addition of fibers into the PF, the compatibility between reinforcedfiber
and the phenolic matrix is also very important. If the interfacial bonding or wetta-
bility between the reinforced fiber and matrix is not proper, then despite increasing
the strength of the foam it starts decreasing. Yu et al. [39] modified the surface
of aramid fiber through chemical modification and used it as a reinforcement in
PF. They used sodium hydride and methyl-sulfoxide for chemical treatment. They
compared the characteristics ofmodified and unmodified aramid fiber reinforcement.
Through the experiment, it has been found that the PF reinforced with modified
reinforced fiber shows high compressive strength and modulus, with lower brittle-
ness as compared to unmodified aramid fiber reinforcement. In the case of thermal
conductivity, the presence of oxygen contained in modified aramid fiber decreases
the conductivity of PF. Ma et al. [40] prepared DOPO-g-KH550 treated wood fibers
which are known asDKTWF.With the use ofDKTWF reinforcement, they developed
DKTWF composite PF. The synthesis of DOPO-g-KH550 was first characterized by
SEM, FT-IR, and H-NMR. Compared with the wood fibers, the treated wood fibers
show high crystallinity and thermal stability as compared to the untreated ones. From
the results, it was found that the compressive strength of the DKTWF-composite PF
is less as compared to PF. But with the increase in the percentage of addition of rein-
forcement, it starts increasing. With the addition of DKTWF, the thermal stability of
the PF also gets reduced. Yuan et al. [41] used phosphorus-containing polyurethane
prepolymer (DOPU) as reinforcement in PF. They first synthesize theDOPUand then
it is characterized through NMR and FT-IR. They used DOPU and glass fiber as a
reinforcement in PF, and with the use of this reinforcement compressive and bending
strength, apparent density, and water absorption of the PF get enhanced. Through
results, it is analyzed that with the addition of DOPU in glass-fiber-reinforced PF,



130 A. Pandey et al.

the compressive strength and apparent density of the PF increase irregularly at a
different percentage. With 3% DOPU and 0.5% glass fiber, the thermal stability of
PF gets enhanced, whereas the char yielding also gets increased.

6.2 Flexural Strength

The flexural strength of the material defines the strength of the material when the
transverse load is acting on it. Due to fiber reinforcement, the flexural strength of
the PF gets enhanced significantly, which is mainly due to the high stiffness and
aspect ratio of fibers. Reinforced fiber has covalent bondingwith the phenolic matrix,
which helps in stabilizing the microstructure of PF during formulation, which gives
uniform microstructure and enhanced the flexural property. Li et al. [42] used nitrile
butadiene rubber powder (NBRP) as a filler in PF. They analyzed the effect of the
addition of NBRP on the mechanical and microscopic properties of PF. With the
addition of NBRP, the mechanical properties of PF get varied. With 1–3% addition
of NBRP the properties varied marginally. But with 5% addition, the compressive
strength of foam starts decreasing but at the same time, the bending stiffness of the
PF gets enhanced as compared to base PF. Yuan et al. [41] synthesized phosphorous-
containing polyurethane prepolymer (DOPU) and used it as a reinforcement in PF.
The modified foam having 53.4 kg/m3 shows the greatest specific bending stiffness.

7 Effect of Particle Reinforcement on the Mechanical
Properties of PF

Microscale or nanoscale particles are used as a reinforcement in PF. Themeasurement
of reinforcement particles can be done with the use of SEM and TEM. The previous
work had shown that particle reinforcement also shows the same mechanism of
strengthening as found in fiber reinforcement in PU foam. The strength of the particle
reinforcement also depends on the stiffness of particles, the concentration of particles
in phenolic resin mixture, and wettability in between particle and phenolic resin.
Particles have a low aspect ratio as compared to fibers and because of this, it makes PF
less anisotropic behavior. Same as fiber reinforcement, particles also act as nucleating
sites during foaming and increases the cell density inside the foam. Uniform and finer
cells are obtained through particle reinforcement. Particle reinforcement also affects
the viscosity of the foam, but in comparison to fibers, particle addition does not create
problems during foam as it has a low aspect ratio. With the addition of particles, the
density of the foam gets increased [43].
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7.1 Compressive Strength

Like fiber reinforcement, particle reinforcement also strengthens the compressive
strength of PF.Rangari et al. [43] used a sonochemical technique for the incorporation
of cloister-clay nanoparticles inside the PF. First, the clay particles were added into
the phenolic resin, and then through ultra-sonication, they get dispersed throughout
the mixture. Through microstructural analysis, it has been found that the cell shape
and size are uniform throughout the foam. Result also shows the enhancement of
compressive strength and modulus with the addition of nanoparticles as compared
to neat PF. Zuo et al. [44] prepared phenolic composite foam using hollow glass
beads (HGB) as a reinforcement. They investigate the effect of the addition of this
reinforcement on the thermal and mechanical properties of composite PF. Through
morphological analysis of composite foam, it is found that the average cell size of
composite PF gets reduced with the addition of HGB. However, the compressive
strength of the composite foam also gets significantly improved. The addition of
HGB also improves the thermal stability of the composite foam. In PF thermal
conductivity is less due to porosity. With the addition of nanoparticles the porosity
gets reducedwhich helps in increasing the thermal conductivity of foam. Li et al. [45]
synthesized silica nanosphere/graphene oxide (SGO) hybrid particles and used them
as reinforcement in PF. For the synthesis of hybrid SGO particles, immobilization
of silica particles on the graphene oxide sheet was done and then it is characterized
through FESEM and TEM. Through the results, it has been shown that with the
addition of SGO the compressive strength of PF gets increased up to 36.2% as
compared to base PF. However, the addition of SGO also increases the thermal
stability of the PF. Due to SGO, there is a reduction in heat release rate and total
heat release during the formulation of PF. Luo et al. [46] in their work prepared
SiO2/graphene oxide nanoparticles of different sizes and used them as reinforcement
inPF.Theyvaried the size andvolume fraction of SiO2/GO inside thePFand analyzed
the morphological andmechanical properties of PF. It is found that with SiO2/GO-80
nanoparticles, the compressive strength and cell structure compatibility are more as
compared to other sizes of reinforcement.With SiO2/GO-80, themean cell size of the
PF is nearly about 117 μm and with 1% of this size reinforcement, the compressive
strength and modulus get increased to 80 and 61%, respectively, than the pure PF.
This hybrid composite nanoparticle PF can be formulated according to the application
requirement by changing the size and proportion of components.

7.2 Flexural Strength

With the addition of particles, the flexural strength of the PF also gets varied. The
interaction between the particles and the phenolic matrix plays an important role
during the enhancement of the flexural strength of the PF. Particles with good wetta-
bility show enhancement in a flexural property, whereas improper bonding degrades
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the property. Yuan et al. [34] used poly(n-butyl acrylate)/silica core–shell nanopar-
ticles which enhanced the mechanical properties of PF. With 180 nm side-particle
reinforcement, the flexural strength of the PF gets increased up to 35%. This is
mainly due to the formation of a covalent bond between the hydroxymethyl group
and phenolic resin. But if the addition of nanoparticles is extended beyond a certain
percentage then the viscosity of phenolic resin becomes too high which can create
problems during the formulation of foam and may create some cracks inside the
PF that reduces the flexural strength of the foam. The particles which get easily
deformed and used as reinforcement in PF are more complex to study. Because the
addition of soft particles increases the uniformity of cell shape and size, at the same
time they decrease the rigidity of the PF. Li et al. [42] show that with the addition
of 3 wt% of nitrile butadiene rubber powder, the compressive strength of the PF gets
enhanced and the cell shape and size are more uniform. But the flexural strength of
the foam gets decreased. For the improvement of the flexural strength of PF, some
researchers have reported chemical modification during the formation of PF. With
the use of polyethylene glycol or polyurethane components in a phenolic resin, they
introduced a flexible chain that acts as a backbone to the phenolic resin. Owing to
this backbone, the crosslinking density of the PF gets reduced, due to which the
flexural strength of the foam gets enhanced. Sui et al. [47] used phosphate PEG at
different molar masses to modify the structure of phenolic resin. The modification
of the chemical structure of phenolic resin was carried out in the presence of phos-
phorous pentoxide. The addition of PEG shows that the modification in structure
increases the toughness of foam which enhances the mechanical properties. With the
addition of 6 wt% of PEG200, 400, and 600, the flexural strength of the foam gets
enhanced to 12, 15, and 7%, respectively.

8 Conclusion

Phenolic foam has wide applications in different areas, but due to low mechanical
properties, its application gets limited. So increasing the mechanical strength of PF
itself is a very vast area of research. The mechanical strength of PF mainly relates
to cell morphology and reinforcement like fibers or particles. The cell morphology
can be controlled through different methods like chemical modification, types of
filler used and their proportion, type of particles used, their size, proportion, and
their wettability with the phenolic matrix. The cell size and shape also depend on
the number of nucleating size that is generated during the formulation of PF. Fiber
reinforcement improves the mechanical properties of PF in terms of compression
and flexural strength. The strengthening of PF due to the addition of fibers depends
on the stiffness of fiber, aspect ratio, and wettability with the phenolic resin matrix.
Due to the high aspect ratio, fiber addition makes PF anisotropic, which makes the
foam higher in strength in one direction and a little weaker in another direction.
Fiber addition also affects the formulation of foam as it increases the viscosity of the
mixture. In comparison to fiber addition, particle addition does not provide anisotropy
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inside the foam as it has a low aspect ratio. With particle addition, the mechanical
properties enhancement follows the same kind of mechanism as considered during
fiber reinforcement. The strength of the PF reinforced with particles depends on the
size of the particle, the percentage of the addition of particles, and the wettability
of the particles. The mechanical properties of PF can also be enhanced through
the modification of the chemical structure. The mechanical properties of PF can
be enhanced, by making the cell more flexible without the breakage of cell during
loading. Through chemical modification during formulation, there is an introduction
of a flexible chain in the rigid structure of PF.
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Chapter 8
Thermal Stability of Phenolic Foams

Lakshmipriya Ravindran, M. S. Sreekala, S. Anilkumar, and Sabu Thomas

1 Introduction

The manufacturing of polymeric foams is widely arousing in the world today and
continues to grow exponentially. Being lightweight, excellent insulating capabili-
ties, energy-absorbing behavior, and comfortable for handling are some of the major
reasons for this rapid pace. They have found applications in transporting, goods
packaging, automobiles, insulation, decorative moldings, and also as flame retar-
dants. Phenolic foams are widely used because they are fairly cheap and the most
effective insulationmaterials. These foams have excellent fire properties and remark-
ably have less emission of smoke, and when exposed to heat these do not spill molten
plastic. Phenolic foams are extremely chemical and solvent resistant.

The use of phenolic foams has expanded for insulation applications. In compar-
ison with other polymeric foams, PF foams have some meritorious features. The
use of foaming agents such as chlorofluorocarbon (CFCs) and hydrochlorofluoro-
carbon (HCFCs) has been limited because they can induce loss of ozone and global
warming [1]. During combustion commercial polymer foams produce poisonous
gases, resulting in the search for alternative materials and preparation methods [2, 3].
Previously, several researchers reported the fabrication of PF foams by using various
foaming methods, and homogeneous mixing of phenolic resins with additives [3–7].
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Because PF exhibits poor thermal conductivity [8–12] and good resistance toward
fire [1, 13–15], it can slow the rate of burning [16–18], minimize smoke formation
[19], reduce the evolution of toxic gases, and retard molten droplets from forming
[20].

Compared to expanded polyurethane and polystyrene foams, these characteris-
tics make PF more suitable for fabricating thermal insulating materials [21–23].
Under compression, it exhibits good mechanical properties so that PF is also used
as packaging and cushioning materials [21]. PF also draws much attention in many
areas where fire resistance is needed, such as architectural materials, military, and
civilian aircraft [13]. It is the less expensive polymer foam compared to all other
foams. The low mechanical property of PF has limited its broader applications [24,
25]. Researchers’ quest for new sustainable raw material resources has become an
urgent issue because worldwide industries need more petroleum feedstock [26].
Thermal insulation research has therefore gained high attention by strengthening
and enhancing PF’s mechanical strength. Structural applications of phenolic foam
have, however, been significantly restricted due to the excessive fragility and friability
that creates significant problemswhile using structural sandwich panels [19]. Several
attempts have been made in the past few decades to manufacture tougher phenolic
foams by reinforcing with inert fillers such as carbon black, mica, asbestos, oak,
and cork [27] and, in general, by enhancing the strength and homogeneity of foam
materials, but none of the reinforcements has been able to enhance the hardness
without improving the density [13]. Thermal insulation has wide uses in electronics.
In order to minimize heat loss between a system and its surroundings, the thermal
insulation material plays a crucial role in energy conservation or maintaining the
temperature of the system at a constant value. We may divide thermal insulations
into different types, such as sheet insulation, fibrous insulation, foam insulation, and
vacuum panels.

In general, foam insulation is evolved from plastics or resins. It is divided into
open-cell foams and closed-cell foams. While powder and fibrous insulations do
have good efficiency in insulation but are expensive to produce. Moreover, due to
the absorption of moisture, powders and fibers can agglomerate into larger parti-
cles and therefore reduce the efficiency of the insulation. Because of easiness to
manufacture and maintain foam insulation is gaining more attention in engineering
applications.Due to low thermal conductivity and excellentmechanical performance,
polyurethane (PU) foams are the most popular foam for insulation applications [13].
Moreover, PU foams are chemical resistant too.

Polyethylene (PE) and polystyrene (PS) foams are other famous insulation foams,
where PE foams are good insulators and moisture-resistant. All commercial foams
(PU, PE, and PS) have excellent thermal insulating properties, but these are more
susceptible to burning and are not suitable to be used in hazardous situations. In
contrast, phenolic resins are not easy to burn. They don’t spill except though they
do. These are therefore suitable for use as insulation for household and industrial
applications. In relative to other resins, phenolic foam has superior fire-resistant
properties, less smoke while combustion, and a low coefficient of heat conduction
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[28]. It is also thermally stable over a wide temperature range, from 19 to 200 °C but
it is highly fragile and has less mechanical performance [11, 16, 23, 29].

2 Phenolic Foams

Recently, due to their fabulous potential applications, polymeric foams found to be
used in the fields such as thermal and sound insulation, packaging materials, struc-
tural, and domestic components [30, 31]. The highly specialized applications, such
as decontamination of nuclear and polluted water or space shuttle manufacturing are
the areas where phenolic foam found its application because of its specific proper-
ties. The global phenolic foam market is playing with billions of euros due to their
substantial profit-making (Fig. 1) [32]. Usually the polymeric foam comprised two
or more phases. One is a gaseous phase dispersed as rubbers, elastomers, thermo-
plastics, or thermosets in a solid polymer matrix. According to the rigidity of the
backbone of polymers, the foams can be again classified as flexible, semi-flexible,
semi-rigid, or rigid. Depending on the degree of crystallinity and crosslinking, the
characteristics and chemical composition of the polymer matrix change. Compared
to other dense materials, the physical and mechanical properties of foams differ
greatly. Foams can actually allow a wider range of applications compared to dense
solids [33]. The major features associated with foams are given in the following:

• The fabrication of light structures is possible by combining with rigid components
due to their low densities.

• Authentic, cost-effective insulation due to its low thermal conductivity.
• Because of low rigidity these foams found their applications as energy absorption

materials.

Fig. 1 Global market of phenolic foam in 2023 [32]
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Fig. 2 SEM image of phenolic foams [34]

The final properties of the foam are determined by the structure of the cells (open
or closed, diameter, and shape) (Fig. 2) [34]. For instance, cells that are closed are
used for thermal insulation, and cells with open structures are used for making sound
insulation materials [33]. Because of the excellent thermal stability, superior thermal
insulation, magnificent fire retardance, no dripping behavior, and less emission of
toxic gases during combustion, PF is considered as viable rigid thermosetting foams
than any other commercial foams [35]. The major drawback severely limiting their
applications is the chance of brittleness and pulverization [4]. So researchers are
concentrating on enhancing the gross mechanical properties along with preserving
their outstanding fire-retardant behavior.

The mechanical properties of the foam can be changed via two methods. The
former depends on the composition of the foam. The type and quantity of each part
in the formulation can be modified to maximize the final properties of the foam
for a given phase [3, 36–38]. Moreover, the properties of the foam can be modified
by the addition of other constituents to the reaction mixture. Fibers are used, for
example, to boost the compressive and flexural strengths [39]. C. Mougel et al. [30]
found that polyethylene glycol increases the deformation of cell walls and provides a
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nucleating agent or small particles to improve the density of the cell wall [15, 40–43].
In comparison, the property of fire resistance increased with the inclusion of flame-
retardant materials [44]. The second path goes by the manufacturing method used
for the production of foams. An open mold would prefer a high nonhomogeneous
open cell content, while the use of a closed mold can result in a more homogeneous
density with probably a high closed cell content [3].

3 Thermal Stability of Phenolic Foam Composites

Liu et al. [45] used a simplemethod for simultaneous reduction and functionalizing of
GOwithout any external reduction agent. In relative to unreinforced foam there was a
substantial improvement in mechanical properties by the inclusion of 4 phr Mg-rGO
in PF foam. The reinforced PF foam exhibited a reduction in the pulverization ratio.
Mg-rGO-reinforcedPF foamexhibitedhigher thermal stability. The functionalization
of GOwithMg improved the tortuous path which effectively hindered heat and mass
transfer. The method outlined here offers a potential solution for the production of
Mg-rGO as an efficient and promising flame-retardant.

The chemical composition, morphological analysis, mechanical properties,
friability, thermal stability, and flame retardancy of the rigid phenolic foams (LTPFs)
based on larch tannin and cork powder reinforcements to fabricate LTPFs (CLTPFs)
were analyzed [46]. Thefindings revealed that relative to neat PF, theLTPFsdisplayed
lesser morphology of the cells, compressive strength and thermal stability, high
friability, and high flame retardancy. The limiting oxygen index (LOI) of LTPF10was
47.8%.CLTPFs10 exhibited superior cellmorphology, high compressive and thermal
properties, weak thermal conductivity, and low friability, relative to the unreinforced
LTPFs 10. The compressive strength andmodule of CLTPFs 12 improved by 14.84%
and 16.18%, respectively, at a cork powder concentration of 1wt.%; the pulverization
ratio and thermal conductivity of CLTPFs decreased by 18.4% and 32.29%, respec-
tively. Furthermore, the cork powder reinforcement enhanced the thermal properties
of LTPFs. The LOI values of CLTPFs were significantly smaller than the LTPF
values. With 1 wt% minimum cork powder reinforced, LTPF demonstrated better
features.

MWCNT-PF composite foamswere fabricated by using ultrasonic cavitation with
three different types ofMWCNTs, including pristine, carboxyl, and aminoMWCNT
[41]. It was observed that there was a good increase in thermal stability and flame-
retardant properties of the prepared PF composite foam with the loading of different
MWCNT.At high temperatures, this resulted in high thermal stability andbetter stabi-
lizing action of MWCNTs on phenolic foam. A closed-cell structure was observed
fromSEM results and increased cell diameter due to the higher content ofMWCNTs,
while the diameter of the cell decreased as a result of homogeneous dispersion of
MWCNT.

By minimizing susceptibility to cause a fracture, decreasing the rate of crack
propagation, and preventing the systemic breakdown of cell walls, the addition of



142 L. Ravindran et al.

MWCNTsgreatly influenced the strengthening of phenolic foam’s compressive prop-
erties, including 0.05 wt% MWCNT-COOH enhanced the actual foam strength by
31%. Two types of carbon nanoparticles, amulti-wall carbon nanotube and graphene,
were used to reinforce the phenolic foams to increase the mechanical and thermal
efficiency by means of a short-period microwave foaming process [1]. Compared
with the neat phenolic foam the particle-reinforced phenolic foams show higher
thermal stability at 40–390 °C (Fig. 3). Thanks to the high cell density, particle-
reinforced phenolic foams exhibited low thermal conductivity compared with the
neat phenolic foam. Until the particle-reinforced phenolic foams begin pyrolyzing,
they showed better thermal stability than the unreinforced phenolic foam. Both spec-
imens displayed a significant weight loss of around 450 °C. This was often associated
with the temperature of the phenolic materials on self-ignition (480 °C).

In order to improve the thermal and mechanical properties of phenolic foams,
Li et al. [4] added the nanosilica particles to PF foam via in situ polymerization.
Compared to neat PF foam, reinforced PF foam exhibits higher thermal stability.
The rate of pyrolysis was lower and the residues of the char were higher than the
neat PF. Sample thermal insulation was measured and it was associated with nanor-
einforcement effects and subsequent cell structure. Because the mean size of the
cell (MPF0.5) was smaller and the narrower cell size distribution than that of pure
PF, the thermal conductivity of MPF0.5 decreased by 8.86% primarily. Furthermore,

Fig. 3 TGA analysis of the
phenolic foams: a Relative
weight from 40 °C to 52 °C
and b relative weight from
200 °C to 400 °C [41]
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compared to pure PF foam, the cell distribution of MPF2s is more homogeneous.
Based on the theory of thermal transfer, lower loading of silica sol in MPF0.5 cannot
accelerate vibration of the molecular segment, which disrupts heat transmission. The
results of the friability showed that the pulverization ratio pure PF is higher than that
of MPFs and a significant decline of 58.29%was observed for the sample MPF2 [the
lowest pulverization ratio (1.258%)], compared to pure PF.

By using high-intensity ultrasound technique, the PF nanocomposite foams were
designed by incorporating organically functionalized attapulgite (ATP) (hexadecyl
trimethyl ammonium cations absorbed on ATP) in nanometer scale into PF matrix
to enhance thermal and mechanical properties of the prepared foam [9]. The thermal
stability of PF was enhanced by HTAB-ATP incorporation. There has been an
increment in the initial weight loss temperature of PF/HTAB-ATP nanocompos-
ites at 30 °C, specifically. The introduction of HTAB-ATP drastically increased the
viscosity of phenolic foam, butwith increasing temperature, the gapbetweenphenolic
resin and HTAB-ATP-incorporated phenolic resin decreased. A good compatibility
was observed for HTAB-ATP-modified phenolic resin compared to pure phenolic
resin, and it also exhibited a higher curing degree than neat. Because of the narrow
uniform cells and high cure rate, the compressive properties of PF/HTAB-ATP
nanocomposites increased by 20%; moreover, the friability was also enhanced.

The phenolic (PF) and lignin particle-reinforced phenolic (LRPF) foam and lignin
used as reinforcement (LR) thermal degradation kinetics have been observed [47].
Using a discrete distributed energy activation model (discrete DAEM) and a model-
free kinetic (MFK) approach fromVyazovkin, the activation energies from the degra-
dation processes were derived. The discrete DAEM has been checked by comparing
the expected values to the data obtained at 8 °C/min. The kinetic parameters were
calculated using heating ramps of 6 and 12 °C/min using the model. By comparing
with the findings obtained for the PF, the reinforcement effect on the LRPF kinetics
was observed. The activation energies of the PF ranged from 79.9 to 177.6 kJ/mol for
reactions of non-zero mass fractions, and the activation energy for the LRPF ranged
from 91 to 187 kJ/mol. The values for the activation energy for the LR are lower
than for the foams (150–187 kJ/mol). Due to the use of LR, the LRPF’s degradation
mechanism was modified; therefore the average range of LRPF activation energy
was between the levels for the PF and LR. Using the Vyazovkin method even the
activation energy dependency on conversion was measured and compared with the
findings of DAEM, so there was no compensation effect kinetic parameter observed.

PF has been applied to kaolin powder and glass fiber cloth to boost its thermal
stability and mechanical properties [48]. The addition of kaolin powder resulted in
the formation of uniform small cells of PFwith thicker ribs to thewall, which resulted
in superior mechanical properties. Improvement in thermal stability and mechanical
properties with the addition of the kaolin powder was observed as it was deposited in
PF backbones. However, if a significant proportion of the powder was incorporated
into PF, particles continued to accumulate which produced large cells within the
foam which was counterproductive to the mechanical and thermal characteristics of
foam. On the other side, tension was added to both backbones and fabric by applying
all fabric and powder to PF, resulting in the foam’s innocuous mechanical properties.
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The thermal stability was greatly enhanced since glass fiber fabric prevented the gas
from coming out from PF foam. The IR results showed neither fabric nor kaolin
powder interacts with the matrix.

Zhang et al. [25] successfully formulated phenolic foams reinforced with silicon
whiskers and lignin (LWSPF). They have achieved a homogeneous dispersion of
silicon whiskers and lignin was achieved within the host matrix. The efficiency
of the composite materials was considerably enhanced by the implementation of
silicon whiskers and lignin. This is because the foam cells are more homogeneous
with reduced dimensions. From the TGA results, it was clear that the incorporation
of silicon whisker and lignin material (0.6% and 10%, respectively) increased the
PF’s char yield by 55.6%. The thermal stability and mechanical properties of the
composite were greatly improved due to the development of strong chemical bonds
(Si–O) and the uniform dispersion of silicon whisker. The bending and compression
strengths of the fabricated LWSPF got improved by 80.5% and 81.1%, respectively,
relative to those of the neat PF foam.

In order to enhance the thermal and mechanical properties bamboo fiber was used
as reinforcement for PF by combining phenolic resin and bamboo fiber with the
help of foaming additives [49]. The thermal behavior of the reinforced foam was
investigated from TG results and it showed that the deterioration of composite foams
was high at initial temperatures and then essentially preserved throughout the same
decomposition phase. Moreover, the thermal conductivity of both the pure PF and
the reinforced foams were studied with both forms of fiber and the calculated value
was 0.045 W/(m.K). The findings showed that a good addition of bamboo fibers
to the resin matrix significantly increased the compressive and flexural properties
and decreased its ratio of pulverization. An even homogeneous morphology of cells
for unreinforced PF foams and the reinforced foam exhibiting large wide cells was
observed from SEM analysis. All reinforced foams had higher LOI values (<40%).

Flax fiber mats modified by polyaryl polymethylene isocyanate (PAPI) were used
as a reinforcingmaterial for the preparation of phenolic foam-based composites [50].
The PAPI isocyanate groups interacted well with the phenolic hydroxyl groups of
the phenolic resin, which was proved from findings of the FTIR spectral analysis.
Initial decomposition of the prepared composite was observed from TGA results,
suggesting that urethane groups and excess PR appear to induce degradation at lower
decomposition temperatures. But a higher char residue was found at 700 °C due
to the presence of a large number of benzene rings in PAPI and PR. Compared
to the conventional composites the LOI values were superior for reinforced foams
with higher PAPI loading. From the mechanical performance, they observed that
there was similarity in the internal bonding, flexural strength, and impact strength.
FF-PAPI/PR13 demonstrated the least mechanical performance, with the increasing
content of PAPI mechanical properties improved steadily. At low PAPI content, the
foam exhibited a large number of holes and voids. As long as with growing PAPI
materials, the composites were becoming increasingly thick.

Yuan et al. [7] successfully fabricated a group of PF foams by using toughening
agents. A small rise in heat resistancewas observed from the TGA result showing that
nanocomposite particles are efficient for improving thermal stability. The superior
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flame retardant efficiency of phenolic foam was remained intact after toughening
which was proved from the LOI results. When the filler loading was less than 0.09
phr a homogeneous cell structure was observed from SEM findings. They analyzed
the ideal filler loading was 0.03 phr. With the rise in the loading of nanoparticles,
the flexural and compression strength demonstrate the first improvement and then
depletion. Flexural strength, compressive strength, and elasticmodulewere increased
by 36.0%, 42.9%, and 32.3% relative to neat phenolic foam.

4 Thermal Stability of Toughened Phenolic Foams

Hu et al. [51] designed a new method for the addition of lignosulfonate into resole
foam. A consistent cellular fine structure was observed from the SEM images.
At 897.2 °C a residual carbon of approximately 48.56% was observed from the
TGA analysis which showed the modified phenolic foam had a satisfactorily strong
thermal stability. Two PF foams were fabricated by successful incorporation of
toughening agents containing phosphorus—PPEG400 andPPEG600 [34]. They have
researched the flammability and mechanical properties of phenolic foams modified
by PPEG400 and PPEG600. Due to the early degradation of PPEG and the catal-
ysis of carbonized phenolic foam, modified PF composites exhibited lower initial
degradation temperatures and increased char residues than pure PF.

Improvement in the expansion ratio of the cells was observed by the addition of
5 wt% PPEG600 and it also facilitated uniform cell forming. When the toughening
agents (PPEG) were loaded at 10 wt%, the LOI value of the modified phenolic foam
found decreased and it remained at 40%. Both the modified PF foams showed high
flame retardancy,whichwas revealed from theUL-94 results. Therewas a decrease in
the peak heat release rate (PHRR) and the overall heat release (THR) of the sample
modified with 10 wt% of PPEG600 material by 42% and 35%, respectively. The
addition of 5 wt% PPEG600 and PPEG400 increased the toughness of the PPEG/PF
systems.

Jing et al. [14] prepared phenolic foams modified with cardanol at different load-
ings. FromTGAresults it was clear that the thermal stability of the foamgot improved
by the addition of 5 wt% cardanol (Fig. 4). In relative to the neat PF foam, thermal
stability got reduced when the cardanol loading exceeded 5 wt%. When cardanol
dosagewasmore than 5wt%, it improved prepolymer viscosity. The apparent density
tests showed that the modified foams (5 wt% cardanol loading) produced the lowest
apparent density. From the morphological analysis, they found that the diameter
of some cells got increased with increasing cardanol loading which suggested that
the cure cycle increased via a combination of cells. About the mechanical proper-
ties, the mechanical efficiency was marginally increased for phenolic foams with 5
wt% cardanol loading. Phenolic cardanol-modified foams improved by 22% in flex-
ural strength and 28% in bending modules relative to unmodified phenolic foams,
suggesting that cardanol integration increases the durability of phenolic foams. The
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mechanical efficiency of modified foams decreased when the cardanol loading was
15 wt% maximum.

Yuan et al. [52] synthesized a unique additive [phosphorus-containing prepolymer
polyurethane (DOPU)] and then toughenedPF foamweremanufactured usingDOPU
and glass fiber. The FT-IR spectral findings revealed that DOPU isocyanate groups
interacted fully with the phenolic resin hydroxyl groups. TGA suggested that putting
together 3 wt% DOPU and 0.5 wt% glass fiber improved thermal efficiency along
with increased char residue. Additionally, LOI values marginally decreased with
higher prepolymer polyurethane content but were still higher than standard foam
values.

Combining with 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO), a unique phosphorous-containing cardanol (PCC) derived from cardanol,
which is a safe meta-substituted phenol and toxic by-product of the cashew industry,
was exploited for manufacturing bio-based phenolic foams (PF) [53]. PCC showed
higher thermal resistance. During combustion PO-free radicals are generated and

Fig. 4 a TGA and b DTG
curves of phenolic foams
with different contents of
cardanol at nitrogen
atmosphere [14]
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these trapped free radicals in the gas phase resulted in improved flame retardancy.
However, the phosphaphenanthrene group generated a char residue that hinders
further polymer combustion. Furthermore, these modified PF foam demonstrated
superior mechanical properties than neat PF. With 4% PCC, the compressive and
flexural strength of PF got improved by 79.59% and 20.98%, respectively. As long
as the PCC loading increases the pulverization ratio of bio-based PFs was declined.
The results in this study suggest that PCC could be used as a phenol replacement
to resolve the disadvantages of inherent brittleness and high friability. Based on
cardanol a unique environmentally benign, halogen-free flame retardant (PSNCFR),
containing P, Si, and N on the backbone chain, has been designed and integrated
into PF [54]. The smoke production of PF foam was effectively stopped, improved
flame retardancy, and helped to create a composite char defense against flames.

The thermal stability of integration of PSNCFR was increased by the integration
of P, N, and Si in the system (Fig. 5). Compared to cardanol PSNCFR exhibited
high char residue. PSNCFR implementation increased the flexural properties nearly
by 155% of that of neat PF. A high LOI rating (41.9%) was observed for PSNCFR-
modifiedPFs.Cone calorimetrymeasurements found that the PSNCFR-modifiedPFs
showed higher flame retardancy. In fact, the PSNCFR-modified PFs TSP showed a
reduction of 64.55%, indicating strong inhibition of smoke. By modifying the route
of degradation PSNCFR operated in both the vapor phase and the condensed phase

Fig. 5 a TGA and b DTG curves of cardanol and PSNCFR under N2, c TGA and d DTG curves
of cardanol and PSNCFR under air [54]
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to reduce exothermic reactions and combustion, thus maximizing the production of
chars with the less evolution of volatiles. Thus, PSNCFR can be used in PF planning
to deal with inherent fragility and high flammability disadvantages.

In order to fabricate biomass-based PF foam (TDKPFs), a unique reactive tung
oil-based toughenerwith P and Siwas prepared and inserted into PF’s rigidmolecular
structure [55]. The fabricated TDKPF exhibited excellent thermal insulating prop-
erty due to their low thermal conductivity. These long, bendy chains efficaciously
advanced the compressive and bending strengths, which have been nearly 180% and
198% than that of pristine PF, respectively. The introduction of alkyl radical long
chains decreased the flame retardancy of these TDKPFs with an improved limiting
element index of 41.7%. The higher heat-release rate of the TDKPFs was reduced
by 15.6% which was observed from cone measurement tests. Above all, a supe-
rior smoke suppression was shown by TDKPFs (7.29 m2/m2), thereby indicating a
discount of 75.8% over pure PF (30.2m2/m2). TDKPFs found great potential as insu-
lationmaterials since themechanism analysis discovered that throughout combustion
the compact hybrid barrier inhibited the transfer of warmth, O2, and mass.

In order to prepare toughened closed cell phenolic foams, lignin was isolated
from sugarcane bagasse and used as a partial phenol replacement [56]. Using ther-
mogravimetric (TG) and differential scanning calorimetry (DSC) techniques, the
thermal stability of phenolic and ligno-phenolic foam has been studied under air and
nitrogen atmosphere. From the thermal analysis data, it was clear that the thermal
stability of the modified foam was not affected by partial replacement of phenol with
lignin, rather than compromising its application. Zhou et al. [11] designed phenolic
foam reinforced with fiberglass and glass fiber mats functionalized with nucleating
agents. The properties of phenolic foam reinforcedwith fiberglassmat were analyzed
using thermomechanical analysis (TMA) and dynamic mechanical analysis (DMA)
where the unreinforced phenolic foam was taken as a control sample. Compared to
non-reinforced foam, reinforced phenolic foam with fiberglass mats exhibited the
least coefficient of thermal expansion.

After reinforcement, the glass transition temperature of the phenolic foam matrix
remained unchanged. Analyzing DMA, the reinforced phenolic foam showed better
storage modulus than that of unreinforced foam, and the loss modulus of the rein-
forced PF foam was lesser than that of the latter. Throughout the reinforcement, the
glass transition temperature of the phenolic foammatrix remained the same observed
fromTMAandDMA.The abundance of substances, including the number of phenols
and long-chain alkanes, makes it more likely to replace the whole bio-oil with hard
resin phenols [57]. A large number of flexible functional groups are introduced into
the structure of PF by using bio-oil to partially replace the phenol. Compared to PF
the toughened PF foam showed the least spray ratio, higher compressive strength,
and flexural strength.

The addition of bio-oil also made the cell sizes of the foams smaller and more
uniform. This showed that bio-oil has had a beneficial effect on foam durability.
Similar to other toughening agents, the addition of bio-oil resulted in the degradation
of flame retardancy of the toughened BPF foams due to the decrease in LOI, char
residue at 600 °C (Fig. 6), and the mild rise in thermal conductivity. The bio-oil may
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Fig. 6 Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of PF and BPFs
[57]

Table 1 Degradation data of
PF and BPFs by TG analysis
[57]

Foams T-5% (°C) Tmas (°C) Residue at 600 °C (%)

PF 126 505 70.27

10%BPF 169 495 70.10

20%BPF 156 489 65.22

30%BPF 103 482 59.79

also be used as a green toughening agent since the disadvantages of bio-oil were
mild and the BPFs retained strong flame-retardant properties, thermal insulation,
and thermal stability (Table 1).

Hu et al. [43] fabricated phenolic foams reinforced with glass fiber and nanoclay
for improving their mechanical properties, thermal properties, cell structure, and
flame retardancy. Reduction of fire hazards was observed with the incorporation
of nanoclay by increasing the composite foam’s thermal stability, reducing the
maximum heat release rate, total heat release, and total smoke release of the prepared
foam. Because of the excellent synergistic effects of glass fiber and nanoclay, it
remarkably improved foam’s compression strength, thermal stability, and flame retar-
dance. The average cell aperture was reduced by the addition of nanoclay and glass
fiber. A significant reduction in pulverization rate was observed from the results by
adding glass fibers and nanoclay.With increasing loading of glass fiber and nanoclay,
the compression strength of the composite foam first improved and then falls while
the impact strength of the composite foam increased. From the morphological anal-
ysis, it was clear that the number of open cells increases by excessive addition of
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glass fiber but the cell size can be controlled by an appropriate amount of nanoclay.
The higher loading of clay enhanced the cell wall thickness and number of open
cells.

5 Conclusions

This chapter focuses on the analysis of the enhancement of thermal properties of
phenolic foams either by reinforcements or by toughening. The thermal properties
depend on the morphology of the cell. In truth, the addition of reinforcements and
toughening agents has been shown to minimize the diameter of the cell, enhance
the density of the cell, and eventually boost the homogeneity of the cell. The new
cell formation is promoted by the fillers which can act as nucleating agents. In addi-
tion, reinforcements and toughening agents improve the viscosity which inhibits
cell growth and coalescence. In addition, fillers can also play the role of surfac-
tant, and the particles embedded in the cell wall can enhance the thickness of cell
walls, decreasing cell collapse and merging. Therefore, the parameters of the formu-
lation and procedure need to be optimized for better performance. Finally, thanks to
today’s fantastic sustainability growth, one section of this analysis was devoted to PF
generated from biomass-based resole resin. Researchers have aimed to replace the
phenol with green biomass energy, at least partly. Environmentally benign solvent
resins like cardanol, lignin, walnut shells, wood, or bamboo powder are efficient for
replacing traditional phenolic resins with superior or equivalent thermal properties
by manufacturing foams.
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Chapter 9
Thermal Conductivity of Phenolic Foams

Zhonglei Ma

1 Introduction

Cellular materials composed of numerousmicro- or nanoscale bubbles have attracted
significant commercial and industrial interests in thermal insulation materials [1–4].
Comparedwith the solid polymers, the cellularmaterials exhibit superior comprehen-
sive properties such as reducedmass density, increased specificmechanical properties
(mechanical property to density ratio) [5, 6]. Especially, the introduction of gaseous
phase with a low conductivity significantly decreases the thermal conductivity of
cellular materials and endows them with excellent thermal insulating capacities
[7, 8]. Due to these advantageous superiorities, cellular materials have been widely
applied to many space-related applications for thermal protection systems (TPS)
to effectively protect the aerodynamic surfaces, propulsion systems, and ground
equipment against rigorous heating environments [9]. They also have been used as
inner wall and core material of the sandwich structures for thermal insulation in
building to effectively reduce heat loss and save energy [10]. Therefore, the cellular
materials have wide applications in aerospace, nuclear engineering and building for
conservation of energy, and control of heat transfer [11, 12].

Polymeric foams such as polystyrene (PS) [13, 14], polyurethane (PU) [15, 16],
polyethylene (PE) [17], and polyvinyl chloride (PVC) [18] foams have been commer-
cialized as thermal and acoustic insulating cellular materials for decades. The low
relative density (dr) endows the polymeric foams with sufficiently low thermal
conductivity for thermal insulation (Fig. 1). However, the commercial polymer foams
are usually highly flammable and release pungent smoke and toxic gases during the
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Fig. 1 Range of thermal
conductivities of the foams
and solids [25]

combustion, which will seriously threaten the survival of human beings [19]. More-
over, the foaming agents such as chlorofluorocarbon (CFCs) and hydrochloroflu-
orocarbons (HCFCs) used for the fabrication of these polymeric foams have been
restricted by many countries and organizations due to ozone depletion and global
warming concerns [20]. Some environmentally friendly strategies such as super-
critical fluid foaming, microwave foaming, and mechanically whipping techniques
have been developed for the fabrication of polymeric foams [21–23]. In addition,
mechanical properties, thermal stability, and chemical reagent resistance also should
be taken into consideration for high-tech applications in areas such as aerospace
and nuclear engineering [24]. The PU foams often exhibit relatively poor acid and
alkaline resistance, which greatly limits their practical applications in some special
areas.

Therefore, more efficient insulation materials with reduced environmental
impacts, improved performances, and advanced techniques for thermal insulation
have become important issues.

Phenolic foams (PFs) are known as rigid thermosetting polymeric foams with
low thermal conductivity, outstanding chemical resistance, outstanding thermal and
acoustic insulation performances, especially excellent flame resistance and low
smoke production [25–27]. In the early 1940s, PFs were first introduced in German
industry as aircraft thermal insulation materials. Furthermore, PFs exhibit high
thermal stability over the broad temperature range from –196 to 200 °C and a
high self-ignition temperature of 480 °C [28]. These specific features facilitate the
phenolic foams to be used in some highly specialized applications, particularly as
thermal insulation materials in aerospace, building, shipbuilding, petroleum, and
chemical industry [29–31]. The cell geometry (open/closed, cell size, and density)
has great effects on the final performances of the foams [32]. Foams with closed
cells are preferred for thermal insulation while those with open cells are more suit-
able for sound insulation applications [33, 34]. The closed-cell foams containing high
molecular weight gases possess the lowest thermal conductivity except those filled
with vacuums. In the aviation and aerospace industry, phenolic foams also have been
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widely used as the key technology of spacecraft thermal protection system (TPS) to
protect the aerospace vehicles by minimizing the heat transfer into the interior struc-
tures [9]. They occupy a large economic weight for insulation and have a substantial
global market in the billions of euros. However, PFs present relatively higher thermal
conductivity than the other polymeric foams owing to the high thermal conductivity
(0.4 W/m·K) of the solid phenolic polymer [28]. Therefore, reducing the thermal
conductivity of PF for high insulation capacity by various strategies such as opti-
mizing preparation processes, adding low thermal-conductivity fillers, regulating
foam density and cellular morphologies are of great interests in both academia and
industry.

2 Theories of Thermal Conduction Mechanisms

2.1 Thermal Conductivity in Polymeric Foams

Thermal conductivity k and thermal diffusivity a are two important physical parame-
ters for evaluating the thermal insulating performances. Thermal conductivity refers
to the capacity of a material to conduct heat perpendicular to the heat flow direction
through a unit surface per unit of length and temperature [35]. According to the
Fourier’s law, the thermal conductivity is defined as:

k = −q/∇T (1)

where q is the heat flux (the amount of heat flowing across a unit area per unit time),
▽T is the temperature gradient. The units of k are W/m·K. Equation 1 is suitable
for the problems of steady conduction, for which the temperature profile does not
change with time. For the non-steady conduction, the difference in heat entering and
leaving a small element should be taken into consideration. The difference remains
within the element causing its temperature to change with time τ:

ρCP
∂T

∂τ
= ∂

∂x

(
k
∂T

∂x

)
(2)

where ρ represents the density, the specific heat Cp represents the thermal capacity
per unit volume of the material (the heat required to increase the temperature of a
unit volume by one degree K). Given the ρ,Cp, and k constant values, the non-steady
conduction equation can be expressed as:

∂T

∂τ
= a

∂2T

∂x2
(3)
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where a, the thermal diffusivity of the material is defined as:

a = k/ρCp (4)

The units of a are the same as those for any diffusion coefficient: m2/s.
For polymeric foams, heat transfer takes place by four distinct mechanisms

including conduction via the solid cell walls and struts (ks), conduction via the gas
in the cells (kg), thermal radiation through the cell walls and across the cells (kr) and
thermal convection within the cells (kc). Therefore, the total thermal conductivity
(kt) of polymeric foams can be expressed as [36]:

kt = kg + ks + kr + kc (5)

The conduction of heat represents an autonomous thermal transfer from a high-
temperature region to a low-temperature region without the bulk movements. The
molecules transmit part of their kinetic energy to the adjacent atoms through collision.
The thermal convection can be ignored when the cell diameter is smaller than 3 mm
[36]. Considering that most of the polymeric foams have smaller cell diameters less
than 500 μm, the total thermal conductivity of polymeric foams can be adjusted into
[37]:

kt = kg + ks + kr (6)

In general, the ks mainly depends on the foam density. kg shows inverse relation-
ship with the porosity and cell density, while kr mainly depends on the foam density
and cell diameter [38, 39]. Typically, heat transfer via the gas comprises 40%–50%
of the total heat transfer. The thermal insulation properties of the polymeric foams
are derived from the intrinsic thermal conductivities and thermal diffusivities of the
materials and cell gases, as well as the cellular morphologies such as porosity, cell
size, cell wall and strut content, etc. [40].

2.1.1 Conductivity Via Solid Phase

Various theoretical models have been established to estimate the solid conductivity
ks of the cellular materials. Placido et al. [41] developed a dodecahedral cell model to
calculate ks by introducing the geometric factors of strut diameter, cell diameter, and
cell wall thicknesses. It is noted that this model is more suitable for cellular materials
with uniform cell size but not recommended for polymeric foams with non-uniform
structures. An alternative unit cubic cell model related to the porosity is developed
to estimate ks [42]. If the unit cubic cell consists of struts as shown in Fig. 2a, ks of
the polymeric foams can be expressed as:

ks = kst x
2 + k f

(
1 − x2

) + 2x(1 − x)kst k f

kst (1 − x) + k f x
(7)
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Fig. 2 Unit cubic cells consist of struts (a) and walls (b) [42]

where kst and kf refer to thermal conductivities of the strut and the fluid in the cells,
respectively. χ refers to the relative thickness of the strut as a function of the porosity
ε:

x = 1

2
+ cos

(
1

3
cos−1(2ε − 1) + 4

3
π

)
(8)

If the unit cubic cell consists of walls as shown in Fig. 2b, ks of the polymeric
foams can be expressed as:

ks =
k f ε

2
3 + kw

(
1 − ε

2
3

)

k f

(
ε

2
3 − ε

)
+ kw

(
1 − ε

2
3 + ε

)kw (9)

where kw refers to the thermal conductivity of the wall. Kim et al. [42] reported
that the ks values calculated by Eqs. 7 and 9 corresponding to the struct-cubic and
wall-cubic cell models are 1.26 and 2.42 mW/m·K, respectively.

2.1.2 Conductivity Via Gas Phase

The conductivity via gas kg in a continuum range can be estimated by:

kg = 1

3
ρcυla (10)
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where ρ refers to the foam density, cυ refers to the specific heat at constant volume,
l represents the mean free-path of gaseous molecules, and a is the speed of sound.
However, the gas conduction mechanism is changed when the gas pressure is very
low so that the distance of conduction is same or smaller than the mean free path
of gaseous molecules. Based on the gas conduction theory for rarefied gas region,
Kwon et al. [43] developed an equation of kg at room temperature as follow:

kg = kg0
1 + 0.032

P�

(11)

where kg0 represents the thermal conductivity of gas at a continuum range. P and Φ

refer to the gas pressure (Pa) and cell size of the polymeric foams (m).

2.1.3 Conductivity Via Radiation

Radiative heat transfer contributes significantly to the total thermal conductivitywhen
the environment temperature of the polymeric foams is very high. The conductivity
via radiation kr can be estimated by:

kr = 16σT 3

3ER
(12)

where σ and ER refer to the Stefan–Boltzmann constant and Rosseland extinction
coefficient, respectively, and T represents the average temperature. The Rosseland
extinction coefficient is expressed as

1

ER
= C1C2

4σT 5

∞∫
0

1

Eλ

· 1

λ6

[
exp

(
C2

λT

)
− 1

]−1

dλ (13)

where, C1 = 2πhc2 and C2 = hc/kB, where h represents the Planck constant, c
represents the light speed in vacuum and kB is the Boltzmann constant, and λ is the
wavelength. The spectral extinction coefficient Eλ can be expressed by:

Eλ = − ln(τλ)

L
(14)

where L is the thickness of the material. Therefore, the conductivity via radiation
kr can be estimated by measuring τλ. Kim et al. [42] reported that the average kr
of phenolic foams at 298 K is calculated to be 2.44 mW/m·K, and the ks + kr is
measured as 5 ± 0.25 mW/m·K. Accordingly, the ks value of phenolic foams is
obtained to be 2.56 ± 0.25 mW/m·K, which agrees well with the theoretical result
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(2.42 mW/m·K) of Eq. 9, indicating that the conductivity via solid is much closer to
the wall-cubic cell model than the strut-cubic cell model.

2.1.4 Thermal Conductivity in Syntactic Foams

Phenolic syntactic foamsfilledwith hollowparticles have also attracted great interests
inweight-sensitive applications such as aerospace andmarine structures. To establish
theoretical models for the thermal conductivity, syntactic foams are equivalent to
three-phase microstructures consisting of the matrix polymer, hollow particle shell,
and gas within the hollow particles. Theoretical models such as Liang model, Felske
model, Porfiri model, and Park model have been established to predict the thermal
conductivity of syntactic foams [44]. The effective thermal conductivity of syntactic
foams canbe estimatedby considering thematerial parameters such as hollowparticle
volume fraction and wall thickness. For the Liang model [45], a unit cell-based
model (Fig. 3) containing a single hollow particle embedded in the matrix polymer
is proposed to estimate the thermal conductivity of syntactic foams. The average
thermal conductivity of two polymer regions (Zone 1) is expressed as:

k1 = kp (15)

where kp refers to the thermal conductivity of the matrix polymer. The average
thermal conductivity of Zone 2, where matrix polymer, particle shell, and gas are
coexisted, is expressed as:

k2 = 1

h2S

(
kpVp + khVh + kgasVgas

)
(16)

Fig. 3 Unit cell-based
model with single hollow
particle [44]
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where V p, V h, and V gas refer to the volumes of the polymer matrix, hollow particle
shell, and gas cell, respectively. S represents the surface area of the entire cross-
section. kp, kh, and kgas refer to the thermal conductivities of the polymer matrix,
hollow particle shell material, and gas phase, respectively. Based on the rule of
mixtures, the effective thermal conductivity keff of syntactic foams can be obtained
using the thermal conductivities for Zones 1 and 2:

keff =
⎡
⎢⎣ 1

kp

⎛
⎝1 −

(
6�

π

) 1
3

⎞
⎠ + 2

⎛
⎝kp

(
4π

3�

) 1
3 + π

(
2�

9π

) 1
3

(
kh

(
ρs − ρgas

ρh − ρgas

)
+ kgas

(
ρh − ρs

ρh − ρgas

)
− kp

)⎞
⎠

−1
⎤
⎥⎦

−1

(17)

where ρh, ρgas, and ρs refer to the effective densities of the hollow particle shell,
gas phase, and hollow particle, respectively. The unit cell-based model with single
hollow particle is suitable for polymeric syntactic foams with the particle volume
fraction lower than 0.52.

For the Felske model [46], it is assumed that two concentric particles including
the hollow particle shell and gas cell are embedded in the matrix polymer (Fig. 4).
The effective thermal conductivity keff of the syntactic foams can be defined as the
ratio of the average flux to the average temperature gradient in the unit cell and is
expressed as:

kef f =
(
1 + 2��

1 − ��

)
kp (18)

Fig. 4 Three-phase
microstructures of the
polymeric syntactic foams
[44]
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where kp refers to the thermal conductivity of the matrix polymer. Parameter Ω is
defined as Ω = (γ – 1)/(γ + 2), and γ is defined as:

γ = 2

(
kh
kp

)(
1 − η3

2 + η3

)
(19)

where η refers to the radius ratio calculated by the ratio of internal (ri) to outer (ro)
radius of the hollow particle. This model is suitable for polymeric syntactic foams
with a low hollow particle volume fraction. With the increasing hollow particle
volume fraction, the particle-to-particle contact occurs and a preferred path for
heat conduction is created, thus leading to deviated model predictions from the
experimental results.

3 Types of Thermally Insulating Phenolic Foams

Phenolic foams with tailored cellular morphologies and excellent comprehensive
properties are highly desirable for thermal insulation applications. Various types
of phenolic foams containing different matrix, micro- or nanofillers, and hollow
particles, as well as the phenolic-based carbon foams have been developed to gain
the improved thermal insulation and mechanical properties. Significant efforts have
been devoted to investigate the heat conductivities of the solid polymer and gas in the
cells, porosity, as well as cellular morphologies (such as foam density, cell size, cell
density, and cell size distribution) on the thermal conductivity of phenolic foams.

3.1 Phenolic Foams with Tailored Morphologies
and Modified Matrix

Phenolic foams have attracted great interests due to their high thermal stability
over a broad temperature range, excellent flame resistance, and low generation
of toxic gases during combustion. Nevertheless, the conventional phenolic foams
prepared from petroleum-based products usually show large brittleness and frangi-
bility and have inferior mechanical strength compared with other polymeric foams,
which greatly limited their application areas [47]. Therefore, chemical modifica-
tion, in-situ polymerization, improved foaming technology, and control of cellular
morphologies are needed to ensure their low thermal conductivity and improved
mechanical properties [48, 49]. Lei et al. [50] successfully prepared phenolic foams
with controllable nanometer pore structures via a novel foaming method of phenol–
formaldehyde novolac resin solution under pressure (Fig. 5). The nanometer pore
structures can be effectively tailored by changing the resin concentration and foaming
pressure and can significantly enhance the compressive strength, toughness, and
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Fig. 5 SEM microphotographs of phenolic foams [50]

thermal insulation properties of the phenolic foams. With the same mass density of
120 kg/m3, the nanoporous phenolic foams show improved compressive strength of
1.03 MPa (improved by 28.8%), specific strength of 8.58 MPa·cm3/g (improved by
28.8%), and decreased thermal conductivity of 0.028 W/m·K (decreased by 50.9%)
compared with the conventional PF (0.057 W/m·K) [36]. Lee et al. [22] also devel-
oped amicrowave phenolic foamingmethod for the resole-type phenolic foams using
microwave and air instead of blowing agents. The manufactured phenolic foams
(120 kg/m3) exhibit a low thermal conductivity 0.029 W/m·K for efficient thermal
insulation (Table 1).

Natural products such as lignin, larch tannin, cardanol, and chestnut tannins have
been employed in the preparation of renewable biomass-based phenolic foams [51–
56]. Carvalho et al. [36] fabricated the closed-cell lignophenolic biofoams using
lignin, extracted from sugarcane bagasse, as partial substitutes of phenol. They found
that the presence of lignin does not show a significant effect on the thermal conduc-
tivity of the phenolic foams (0.057 W/m·K) with the foam density of 120 kg/m3,
but dramatically enhances the compression strength from 0.8 to 10 MPa. Xu et al.
[57] successfully prepared the bio-based phenol formaldehyde (BPF) foams using
depolymerized hydrolysis lignin with high phenol substitution ratios (30–50 wt%)
by a proprietary low-temperature/low-pressure depolymerization process. The resul-
tant 30% BPF foams with a foam density of 40 kg/m3 exhibited satisfactory cellular
structures and thermal conductivity of 0.033 W/m·K with excellent thermal stability
up to 200 °C, indicating that they can be utilized as the insulation and fire-resistant
materials. Wang et al. [58] also prepared the lightweight phenolic foams with high
lignin substitution rate up to 50 wt%. The PFs exhibit low thermal conductivities of
0.035–0.038 W/m·K with foam densities of 30–40 kg/m3.
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Table 1 Thermal conductivities of phenolic foams

Materials Foam
density
(kg/m3)

Cell size
(μm)

Cell density
(cells/cm3)

Thermal
conductivity
(W/m·K)

Ref.

PF 32–120 0.021–0.045 ASTM
C1126
(2015)

PF 120 0.8 0.028 Lei et al.
[50]

PF 120 0.029 Lee et al.
[22]

Lignophenolic
foams

450 4.7 0.072 Carvalho
et al. [36]

PF 120 0.057 Carvalho
et al. [36]

Lignin-based PF 40 435 ± 61 0.033 Xu et al.
[57]

Lignin-based PF 33.52 40–70 0.035 Wang et al.
[58]

LTPF/1 wt% CP 36 221.41 9.64 × 104 0.02942 Li et al. [64]

PF/1 wt%
MWCNT

65.3 100.2 5.5 × 1011 0.058 Song et al.
[28]

PF/1 wt%
Graphene

48.7 85.2 9.6 × 1011 0.057 Song et al.
[28]

PF/2 wt%
MWCNTs

47.2 102.0 5.6 × 106 0.0264 Tian et al.
[65]

PF/1 wt% TiN 40 102.1 1.7 × 106 0.0312 Tian et al.
[37]

Microcellular
PF/1 wt% AC

107.9 165.9 0.064 Song et al.
[67]

PF/Red mud 45 0.0259 Liu et al.
[26]

PF/20 vol% HCM 1175 ~0.25 Huang et al.
[68]

Carbon
foams/HCM

220 0.11 Wang et al.
[69]

PF-50 vol%
HGM

720 0.14 Wang et al.
[10]

Carbon foams 480 0.023 Farhan et al.
[74]

Carbon foams 240 0.18 0.06 Guo et al.
[75]

Carbon foams 730 0.02 0.24 Guo et al.
[75]
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For natural product-based phenolic foams, it still remains a challenge to obtain
the commercial availability of depolymerized natural products and scale-up fabrica-
tion of the foams. The optimum depolymerization and foaming processes including
the blowing agent levels, catalyst loading, curing temperature need to be further
investigated [59]. The natural products also demonstrate a high potential to decrease
the friability of the phenolic foams. Hence, biomass-based phenolic foams seem to
offer interesting perspectives for the development of polymeric foams for thermal
insulation materials with combined high mechanical properties and low thermal
conductivity [25].

3.2 Phenolic Foams Containing Micro- or Nanofillers

Many works have focused on the improvement of the physical properties by intro-
ducingmicro- or nanofillers such as multiwalled carbon nanotubes (MWCNTs) [28],
graphene [60], nano-titanium nitride (TiN) [37], cellulose fiber (CF) [61], cloisite
clay [62], silica particles [63] to realize the reinforcement and control of cellular
morphologies. The incorporation of fillers exhibits a crucial effect on the thermal
conductivity of phenolic foams due to the thermal conductivity of fillers and their
influences on the cell morphologies such as cell size, cell density, and cell size distri-
bution. The thermal conductivities of phenolic foams containing various fillers were
determined experimentally.

Li et al. [64] successfully prepared the larch tannin-based rigid phenolic foams
(LTPFs) by substituting petroleum-derived phenol with up to 30 wt% larch tannin
and cork powder-reinforced LTPFs (CLTPFs). The thermal conductivity of LTPFs
increased with an increase in larch tannin content due to the inferior cell morphology
and decreased with the incorporation of cork powder due to the high cell density and
cell uniformity of CLTPF. The CLTPF containing 1 wt% cork powder (CP) exhibited
a decreased thermal conductivity of 0.02942 W/m·K, which was lower than that of
other LTPFs and PFs. The combination of larch tannin and cork powder provides
a green and economical way to use the natural biopolymers to fabricate phenolic
foams with reinforced properties. Song et al. [28] reported that the modified PFs
with 1 wt % MWCNTs and 1.0 wt % graphene, which show relatively small and
uniform cells, possess higher specific compressive strength with improvements of
71.8% and 157.3%, respectively, than the pure PF. Meanwhile, the thermal conduc-
tivities of these two kinds of modified PFs are 0.058 and 0.057 W/m·K, respectively,
decreased by 36.3% and 37.4% compared with that of the pure PF (0.091 W/m·K).
Tian et al. [65] also investigated the effect of MWCNT on the thermal conductivity
of the phenolic foam prepared by in-situ polymerization. Owing to the uniform cell
morphology with the smallest cell size and highest cell density, the PF containing 2
wt%MWCNTs exhibits the lowest thermal conductivity of 0.0264 mW/m·K, which
greatly decreased by 26.9% compared with that of pure PF. Therefore, the thermal
conductivity of PFs can be lowered by a uniform cell morphology tailored by the
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Fig. 6 The model of thermal transfer for pure PF and PF containing TiN nanoparticles [37]

MWCNT content. However, the introduction of too much MWCNTs will increase
the thermal conductivity of the foams with less uniform cellular structures [66].

Furthermore, Tian et al. [37] employed titanium nitride (TiN) nanoparticles into
the PF to prepare the PF/TiNnanocomposites (PFTNs)with enhanced thermal insula-
tion and flame retardance via in situ polymerization. The incorporation of TiN signif-
icantly reduced the thermal conductivity of PF over a wide temperature range (–20 to
60 °C). In addition, the PFTNs present gradually increased thermal conductivity as
the temperature increases in the range of –20 to 60 °C. The PFTNs containing 1 wt%
TiN exhibit the lowest thermal conductivity of 0.0262 (at –20 °C) and 0.0312W/m·K
(at 20 °C), which reduce by 23.7 and 19.4% compared with the pure PF. The related
reason is that PFTNs have higher porosity and cell density, smaller cell size, and
narrower cell sizes distribution. Moreover, the encapsulated TiN nanoparticles in the
phenolic matrix can act as an effective radiation blocking agent. Different from the
pure PF, part of the energy is scattered, reflected, and absorbed by the TiN nanoparti-
cles back to the high-temperature surface, thus leading to the significantly weakened
heat transfer during the thermal conductivity tests (Fig. 6).

New approaches using either environment-friendly blowing agents or no blowing
agents have also been used in the fabrication of phenolic foams. Song et al. [67]
fabricated the activated carbon (AC)-reinforced microcellular phenolic foams using
the simple and cost-effective microwave foaming technology instead of the blowing
agents. The microcellular phenolic foams containing 1 wt% AC with a foam density
of 107.9 kg/m3 exhibit a low thermal conductivity of 0.064 W/m·K, which is similar
to that of the commercial PU foam (0.06 W/m·K).
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3.3 Phenolic Syntactic Foams Containing Hollow
Microspheres

Polymer syntactic foams prepared by dispersing hollow glass, ceramic, and carbon
microspheres in polymer matrix are closed-cell composite materials. The intro-
duction of hollow microspheres with gaseous interior into the phenolic matrix to
obtain decreased thermal conductivity has also attracted great attention for inte-
grated insulation materials in marine, acoustic, and aerospace applications. Huang
et al. [68] successfully prepared the insulation integrated phenolic foams by incor-
porating the hollow ceramic microspheres (HCM). The resultant phenolic foams
with ceramic microsphere fraction of 20 vol% exhibit a decreased thermal conduc-
tivity of ~ 0.25W/m·K, which is much lower than that without ceramic microspheres
(~0.425W/m·K).Wang et al. [69] reported that the thermal conductivity of phenolic-
derived carbon foams was decreased from 0.25 to 0.11W/m·K by introducing 2 wt%
HCM.

Wang et al. [10] reported the preparation of phenolic syntactic foams using
phenol–formaldehyde resin, p-toluene sulfonic acid, γ -aminopropyltriethoxysilane
(APTES), and glutaraldehyde (GA) cooperative treated hollow glass microsphere
(HGM) (Fig. 7). The influences of HGM volume fraction and temperature on the
thermal conductivity of phenolic syntactic foams were investigated in detail. With
increasing HGM content, the thermal conductivity of the syntactic foams gradu-
ally decreases due to the increasing closed cells in matrix, which effectively block
the heat transfer pathway. At room temperature, the thermal conductivity reduced
from 0.25 to 0.14 W/m·K with the addition of 50 vol% HGM. Besides, the thermal
conductivity of syntactic foams increases rapidly at higher temperature because of
the enhanced thermal conductivity of gas and radiative conductivity. Therefore, the
incorporation of HGM endows the phenolic syntactic foams with enhanced thermal
insulation properties especially at high temperatures and wide application prospects
as core materials for sandwich structures.

Fig. 7 SEM images of the
fracture surface of phenolic
syntactic foams with 50 vol%
HGM treated at 800 °C [10]
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3.4 Phenolic-Based Carbon Foams

Ablative materials represent an effective approach for thermal protection systems
(TPS) to protect the space aircraft from severe heating during hypersonic flight
through a planet’s or the earth’s atmosphere [70]. Carbon foams (CFs) fabricated
by carbonizing organic precursor foams from coal, pitch, or thermosetting plastics
are attractive ablative materials because of their lightweight, high-temperature resis-
tance, and tailorable thermal conductivity [71]. Phenolic foams showing excellent
flame resistance and low generation of toxic gases during combustion can be used
as promising precursor materials for carbon foams [72].

Song et al. [73] fabricated the carbon foams via carbonization of the phenolic
precursor foams at 1000 °C in a nitrogen atmosphere. Compared with PFs, the CFs
show lower thermal conductivity owing to the thinner cell walls and reduced cell size
after carbonization. Farhan et al. [74] developed the CF by soft templating method
with phenolic resin and coal tar pitch as matrix precursor and polyurethane (PU)
foam as an organic sacrificial template. Compared with the carbon felt (foam density
150 kg/m3) with a thermal conductivity of 0.17 W/m·K, the CFs (foam density
480 kg/m3) show a significantly reduced thermal conductivity of 0.023W/m·K. Guo
et al. [75] developed the phenolic-based CF with controllable cellular structures
by foaming of resin solution under the pressure of 4 MPa and then carbonizing.
The average cell size of CF can be controlled in the range of 100–300 nm by
changing the resin concentration (Fig. 8). CFs with mass density of 240 kg/m3 and
cell size of 180 nm exhibit a low thermal conductivity of 0.06 W/m·K and a high
compressive strength of 13.1 MPa and can be used as high-strength thermal insu-
lation materials. Zhang et al. [76] also reported the fabrication of syntactic CF by
adding hollow carbon microspheres (derived from hollow phenolic microspheres) to
phenolic resin, followed by post-curing, pre-carbonization, and carbonization. The
thermal conductivity increased greatly after carbonization at temperatures higher
than 400 °C attributed to the highly ordered carbon structures. Table 1 shows the
tailored thermal conductivities of phenolic foams with various material systems,
foam density, and cellular morphologies, indicating their great potential for thermal
insulation applications.

4 Conclusion

Phenolic foams are attractive thermal insulation materials in aerospace, building,
shipbuilding, petroleum, and chemical industry applications, owing to their extremely
low thermal conductivity combined with other satisfactory comprehensive proper-
ties such as outstanding chemical resistance, excellent thermal stability, and flame
resistance. For hypersonic aircraft enduring long-term aerodynamic heating, the
lightweight phenolic foams have been used as efficient thermal insulation materials
to prevent the external heat from transferring into the interior to protect the main
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Fig. 8 Confocal laser
scanning microscope image
a with section of measured
profile b of phenolic-based
carbon foams with the foam
density of 240 kg/m3 [75]

structures and internal equipment. Phenolic-based carbon foams can be applied as
ablative materials, which can be heated up to 3000 °C under anaerobic conditions,
for space aircraft under extreme heating conditions during hypersonic flight through
a planet’s or the earth’s atmosphere. Furthermore, the outstanding flame retardancy
of phenolic foams endows them to be promising thermal insulation materials for
building industry that has very high fire safety requirements. Therefore, the phenolic
foams are superior to other commonly used organic insulation materials such as PS,
PU, PE, andPVC foams.Comparedwith the traditional inorganic insulationmaterials
such as rock wool, concrete foams, and expanded perlite, the phenolic foams exhibit
improved thermal insulation propertieswith decreasedmassweight and buildingwall
thickness, widened usable space within the building, and reduced energy consump-
tion for internal heating due to the high porosity with high percentage of closed cells.
In addition, phenolic foams have been widely used as insulation materials for fishing
vessel refrigerated tanks and liquefied natural gas (LNG) carriers in shipbuilding, as
well as storage tanks, equipment, and pipelines in petroleum and chemical industry.

Further research is needed to develop novel phenolic foamswith improved thermal
insulation properties combined with other advantageous comprehensive properties
via environmentally friendly green fabrication processes. The heat transfer models
with higher prediction accuracy and the relationship between cellular morphologies
and thermal conductivity considering the detailed geometric parameters are needed
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to provide constructive theoretical and practical guidance for controllable fabrication
of thermal insulation phenolic foams.
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Chapter 10
Electromagnetic Interference Shielding
in Phenolic Foam

Rajeev Kumar, Anushi Sharma, Veerendra Kumar Patle, Ashutosh Pandey,
Neeraj Dwivedi, and D. P. Mondal

1 Introduction

In the modern world, electronics and telecommunication devices are growing very
fast and these devices are generating more and more electromagnetic (EM) waves.
These high-frequency EM waves are not only affecting the electronic system but
also the surrounding environment and the lives of humans and animals [1–4]. In
general, the EMI mechanism consists of three modes, i.e. reflection, absorption, and
transmission of incoming EM radiations. For high reflection, the shielding materials
must have high electrical conductivity whereas for achieving high absorption, the
shielding materials require a magnetic permeability. Conventionally, metals such as
aluminum, copper, steel, iron zinc, etc. have been used as an effective EMI shielding
material due to their high electrical conductivity [5, 6]. However, high density, easy
corrosion, and economical processingmake them an undesirable choice for advanced
EMI shielding materials. Furthermore, the high reflection in these metals limits their
use in those applications where absorption dominant is required such as stealth tech-
nology or other electronic devices [7]. The main necessities for an EMI shielding
material are lightweight, good electrical conductivity, and thermal stability. Recently,
carbon foams have many advantages over the metal-based counterparts due to their
lightweight, open porosity, high surface area, excellent electrical and thermal conduc-
tivity, resistance to corrosion, and chemical and thermal stability [8–14]. Carbon
foams are lightweight high-performance materials comprising of an interconnected
cell wall structure. The carbon foam can be an open cell structure or a closed-cell
structure. In open-cell foam, porosity can play an important role in achieving high
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EMI shielding effectiveness (SE) especially absorption because an open porous struc-
ture provides a high chance for multiple reflections [15, 16]. In accordance with the
scientific advancement, numerous methods such as foaming agent, temperature and
pressure release, freeze-drying, and template methods [11, 17–21] are available to
obtain different carbon foams from various sources such as resins/polymers [15,
22–24], polyurethanes [25], pitch [26, 27], biomass materials [28, 29], waste mate-
rials, chemical materials, gases, and so on [30]. Nevertheless, phenolic resin foams
are being developed due to their potential applications such as sound and thermal
insulation, packaging, filters, energy absorption, energy storage, and EMI SE [31,
32]. In the 1940s, the first phenolic foam was developed by the German industry.
Later on, in 1964, the reticulated vitreous (glassy) carbon foam was developed by
Ford et al. [33]. They reported that carbon foams were produced by carbonization of
thermosetting organic polymer foams through simple heat treatment. However, due
to the highly porous structure, carbon foams have low compressive strength. Also,
the EMI SE properties of phenolic resin-based carbon foams depend on electrical
conductivity. As we know that phenolic foams are low electrically conducting and
cannot prevent EM wave. It was reported that the incorporation of conducting and
magnetic fillers in the phenolic foam foams can improve the electrical conductivity,
thermal stability, mechanical strength, and EMI shielding properties [34–37].

This chapter describes and covers up to date research on the phenolic resin-based
foam for EMI shielding applications. We have discussed the role of conducting and
magnetic fillers on the EMI shielding properties of phenolic resin-based foams. Also,
the addition of dielectric and magnetic fillers in combination with carbon fillers is
explored in this chapter as these are gaining interest nowadays due to the demand
for EM absorbing materials.

2 A Brief Review of Electromagnetic Interference Shielding

Electromagnetic interference is the intervention or disturbance that affects an elec-
trical circuit due to either EM induction or EM radiation generated from an external
device. To achieve effective EMI shielding, a high EMI shielding capability of 99%
absorption of the incoming EMwaves (20 dB) is required. Therefore, EMI shielding
enclosures are primarily designed to protect against EM radiations. High-speed
switching in micro-circuitry may generate EMI in the form of short EM pulses.
Therefore, common sources of EMI include electronic devices such as radio and
calculators, cash registers, computers, video games, televisions, and communication
systems. In general, EMI shielding effectiveness (SE) is defined as the logarithmic
ratio of the incident power (PI) and transmitted power (PT) can be expressed as the
following equation [38, 39];

SET = 10log10
PI

PT
= 20log10

EI

ET
= 20log10

HI

HT
(1)
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Fig. 1 Electromagnetic wave interaction with carbon foam

where, PI (EI or HI) and PT (ET or HT) are the intensity (electric or magnetic field) of
the incident and transmitted electromagnetic waves, respectively, through a shielding
material.When this EMwave falls on the surface of shieldmaterial, the total shielding
efficiency (SET) depends on three shielding components for interrupting the trans-
mission of EM radiation such as reflection (SER), absorption (SEA), and multiple
internal reflections (SEM) as displayed in Fig. 1 and can be written as follow;

SET(dB) = SER + SEA + SEM (2)

Here SER is the surface reflection from free charge carriers in the system, SEA

is several loss mechanisms related to electrical polarization and magnetization
processes and SEM is shielding effectiveness due to multiple reflections. If the SEA

is >10 dB, the SEM can be ignored then the shielding equation can be written as [40];

SET = SER + SEA (3)

T = |S12|2 = |S21|2 (4)

R = |S11|2 = |S22|2 (5)

A = 1 − R − T (6)

where S11 is a forward reflection coefficient, S22 is a reverse reflection coefficient,
S12 represents a forward transmission coefficient, S21 is a reverse transmission
coefficient.

Further, SET, SEA, and SER can be calculated using the following equations[41].
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SET (dB) = 10log10

(
1

|S12|2
)

= 10log10

(
1

|S21|2
)

(7)

SEA(dB) = 10log10

(
T

1 − R

)
= 10log10

( |S21|2
1 − |S11|2

)
(8)

SER(dB) = 10log10

(
1

1 − R

)
= 10log10

(
1

1 − |S11|2
)

(9)

Here, SER is associated with impedance matching of twomaterials; however, SEA

is associated with dielectric and magnetic permeability of the materials.
Further, SET, SER, and SEA can also be described as [38, 42];

SER(dB) = 10log10

(
σ

16 f ε0μr

)
(10)

SEA(dB) = 20
t

δ
log10e = 8.68

(
t

δ

)
= 8.68t

(
σ f μr

2

)1/2

(11)

where, σ, f, E,μ, t, and δ represent electrical conductivity, angular frequency, permit-
tivity, permeability, thickness, and skin depth of the shielding material, respectively.
The skin depth of a material is the penetration depth where the power of the EM
wave gets reduced up to 37%. So, skin depth can be defined as [13];

δ =
√

2

f μσ
= −8.68

(
t

SE A

)
(12)

The relative complex permittivity (ε´ and ε˝) and relative complex permeability (μ’
and μ”) could be helpful for further understanding of the EMI shielding mechanism.
Where ε´ is the real part of the permittivity, which reflects the storage capacity of the
electromagnetic energy, while the ε˝ is the imaginary part of the permittivity, which
represents the energy dissipation processes including the conduction and polarization
relaxation loss. Similarly, real permeability (μ´) and imaginary permeability (μ˝) are
magnetic storage and magnetic losses, respectively. These complex parameters were
calculated by Nicholson–Ross and Weir’s theoretical calculation using scattering
parameters (S11 and S21) [43, 44].

Several methods are reported for the measurement of shielding effectiveness. The
basic principle for these methods is the same; however, the testing setup could differ
from each other. All of these methods’ shielding effectiveness is calculated by the
measurement of the energy of EM waves that penetrate the material and the energy
of the EM wave that is transmitted through the material[45]. The Vector Network
Analyzer (VNA) is used for the generation and measurements of EM waves.[46]
Generally, four methods, i.e. (i) open-field method, (ii) shielded box method, (iii)
Shielded room method, and (iv) coaxial transmission line method are used for the
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EMI shielding measurement [2]. Out of these four different methods, the coaxial
transmission line is a well famous method for the EMI shielding measurement due
to its repeatability and ability to use in a wide range of frequencies. The test setup
contains VNA, two coaxial cables for receiving and transmitting EM waves, and a
sample holder.

3 Electromagnetic Interference Shielding
in Phenolic-Based Carbon Foams

Phenolic resin is a thermosetting polymer produced by condensation polymerization
between phenol and formaldehyde. Phenolic resin can provide lightweight products
like carbon foam and offer significant benefits over metal-based composites [36,
47]. Phenolic foams (PF) have excellent properties that make them an attractive
candidate for multifunctional applications such as lightweight materials, thermal
insulation, energy absorption, fire protection, EMI shielding, energy storage, and
water purifications. In this chapter, we describe and cover up to date research on the
phenolic resin-based carbon foam for EMI shielding applications.

The EMI shielding performance depends on electrical conductivity, dielectric
and magnetic permeability, and conducting fillers. As we know that phenolic foams
have low electrical conductivity and cannot prevent EM waves. It is reported that
carbon fillers such as carbon nanotubes (CNT) [48, 49], graphene [50, 51], carbon
nanofibers (CNF) [10, 52] have great potential due to their lightweight, small diam-
eter, high aspects ratio, exceptional electrical and thermal conductivity, and ultrahigh
mechanical strength, which make them ideal reinforcement over conventional fillers
for high EMI SE properties. The incorporation of carbon fillers in the phenolic resin
matrix can improve the electrical conductivity, thermal stability, and EMI shielding
properties.

Furthermore, the synergistic effect of magnetic loss and dielectric loss greatly
contributes to the enhancement of absorption [53, 54], it is necessary to rein-
force dielectric and magnetic fillers such as MnO2 Fe2O3, Fe3O4, ZnO, SiO2 in
phenolic foams. These dielectric and magnetic fillers help in impedance matching
to balance dielectric permittivity and magnetic permeability, which is most essential
for microwave absorption [55]. However, the eddy-current losses induced by the EM
wavemay reduce the permeability ofmagneticmaterials. Therefore, the eddy-current
phenomenon can be suppressed by using a small amount of conducting fillers, which
further leads to an increase in the interaction of EM wave with the material. The
EMI SE of phenolic resin-based carbon foams reinforced with various fillers in the
X-band frequency range (8.2–12.4 GHz) is shown in Table 1. From this table, it is
observed that the EMI SE not only depends on the fillers but also depends on the
properties such as density and thickness of carbon foams.

Agrawal et al. [56] demonstrated phenolic resin-based carbon-MnO2 composite
foams for EMI shielding applications. The carbon foams reinforcedwith the different
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Table 1 EMI SE of phenolic resin-based carbon foams reinforced with various fillers in the X-band
(8.2–12.4 GHz) frequency range

Materials/Filler Density
g/cm3

Thickness (mm) EMI SE
(dB)

References

Carbon foam 0.25 2.5 27.5 [56]

Carbon foam–MnO2 0.30 2.5 45.0 [56]

Carbon foam–Fe3O4–ZnO 0.40 2.75 48.5 [57]

Carbon foam–MWCNTs 0.32 2.0 57.2 [58]

Carbon foam–MWCNTs–Fe3O4 0.13 2.0 62 [35]

Carbon foam–SiC nanowires 0.59 4.0 47 [59]

Graphene aerogels 0.004 4.0 35 [60]

Carbon foam–rGO decoration 0.31 2.0 50.7 [61]

Carbon foam–GO/SiO2 − 10 50 [37]

Carbon foam–rGO/Fe3O4 0.016 3.0 65 [62]

Carbon foam–MCMB 0.01 1.8 54.8 [15]

Magnetic carbon foam − 3.05 54.02 [63]

Carbon foam–cenospheres 0.32 2.0 48.6 [13]

Carbon foam–red mud 0.46 2.0 51.4 [16]

loading of MnO2 ranging from 0 to 8 wt% were prepared from phenolic resin as
a carbon matrix using the polyurethane (PU) foam template method followed by
carbonization at 1000 °C in an inert atmosphere. The SEM images of carbon foam
containing 2 wt. % MnO2 are shown in Fig. 2a. From this image, it was found that
MnO2is uniformly dispersed in the resin-based carbon matrix. This study reported
the decreasing trend of electrical conductivity with increasing MnO2 content in
the carbon foam. The electrical conductivity of the carbon foam without MnO2

was 24.5 S/cm and it decreases to 6 S/cm at 8 wt % MnO2. This may due to the

Fig. 2 a SEM image of carbon foamwith 2 wt%MnO2 and b EMI SE of carbon foamwith various
MnO2 content at 8.2 GHz. Reproduced with permission from [56]
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intrinsic, dielectric, and magnetic nature of MnO2, which blocks the conducting
network in composite foam.However, themagnetic nature ofMnO2 in the resin-based
carbon matrix is responsible for enhancing the EMI SE in carbon-MnO2 composite
foam. The EMI SE of carbon-MnO2 composite foams was measured in the X-band
frequency range (8.2–12.4). Figure 2b represents the total (SET), absorption (SEA),
and reflection (SER) of carbonMnO2 composite foam as a function of MnO2 content
at 10.7 GHz. It is observed that the absorption is increased with an increase in the
content of MnO2 in all the composite foams.When theMnO2 content increases from
0 to 2 wt%, the SEA component increases from 13.9 to 23.6 dB, and the total EMI SE
increases from 27.5 to 33.6 dB, respectively. Furthermore, the total EMI SE reached
a maximum value of 45.0 dB with excellent absorption of 40.8 dB when MnO2

content increase to 4 wt %. The enhanced SEA in carbon foam is mainly due to good
dispersion ofMnO2, dipolar relaxation, polarization, and ordered porous structure of
the composite foam. Furthermore, the MnO2 nanoparticles act as a polarized center
in the presence of microwave, which gives rise to excellent absorption. However,
carbon foam containing 8 wt. % MnO2 shows a decrease EMI SET of 39 dB with a
SEA of 32.6 dB, which is due to agglomeration of MnO2 nanoparticles.

In another work, Kumar et al. [57] used Fe3O4 and Fe3O4–ZnO nanoparticles for
improving microwave absorption properties in carbon foam. Initially, carbon foam
was prepared by phenolic resin using the PU foam template method followed by
carbonization. Afterward, the carbonized foam was coated with a ferrofluid (Fe3O4)
solution using a dip coating. In other cases, carbon foam was coated with Fe3O4 and
ZnO nanoparticles. After coating, foam samples were sintered at 650 °C for 10 min
in an inert atmosphere. Initially, EMI SET is found to be 22.3 dB over the frequency
range of 8.2−12.4 GHz for the as pristine carbon foam. The carbon foam coated
with Fe3O4–ZnO shows a good EMI SE in a wide frequency range 8.2–12.4 GHz
and the value of SET and SEA are 48.5 and 41.5 dB, respectively, at 8.2 GHz. This
improved microwave absorption is due to impedance matching of magnetic (Fe3O4)
and dielectric (ZnO) particles and multiple reflections of the EM wave from an
interconnected porous structure.

CNTs have captured the attention and interest of many researchers due to their
lightweight, small diameter, high aspect ratio, exceptional electrical and thermal
conductivity, and ultrahigh mechanical strength, which make them ideal reinforce-
ment over conventional carbon fillers for high EMI SE properties [64, 65]. However,
the biggest challenge is to useCNT loadings at lower concentrationswithout compro-
mising on the overall σ and EMI SE of the nanocomposites. The filler loadings at
higher concentrationsmaybadly affect themechanical properties of the nanocompos-
ites and are also very costly indeed. A recent investigation reveals that a lower weight
percentage of CNTs in the polymer matrix can increase the EMI SE of composite
foam.

Patle et al. [58] usedmulti-walled carbonnanotubes (MWCNTs) for improving the
electrical and EMI shielding performance of phenolic resin-derived carbon foam. In
this investigation, different concentrations (0–2wt%) ofMWCNTsweremixed with
phenolic resin solution and carbon hybrid foamwas prepared by PU templatemethod
followed by carbonization at 1000 °C. The EMI SE of carbon hybrid wasmeasured in
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X-band frequency (8.2–12.4 GHz). The measured EMI SEwas found to be increased
with an increase in MWCNTs content. The EMI SET is measured to be 29.7 dB with
SEA and SER values of 15.9 dB and 13.8 dB, respectively, for the hybrid foam
containing 0 wt % MWCNTs. The hybrid foam with 1 wt % MWCNTs exhibited
SET of 57.2 dB and SEA of 50.4 dB which leading to an absorption dominating
mechanism. The enhanced EMI SE is due to the high conductivity of MWCNTs,
which provide a conduction path in the resin-based carbon matrix, which contributes
to higher absorption in the carbon hybrid foam.

In another work, Li et al. [35] used an in-situ polymerization process to fabricate
phenolic foam. In this study, they used different content ofMWCNTs as a conducting
filler and nano-Fe3O4 as a magnetic filler and prepared two types of foams, one is
closed-cell phenolic foam (PF) and the second is open-cell carbon foam (C-PF). The
phenolic foam and carbon foam are named as PFCxFs and C-PFCxFs, respectively,
where x and s are the weight fraction of MWCNTs and nano-Fe3O4, respectively.
The EMI shielding properties of PF and C-PF as a function of MWCNTs and Fe3O4

content were also discussed. It was found that pure PF having an electrical conduc-
tivity of 6.2 × 10−12S/cm whereas the incorporation of nanoparticles leads to the
improvement of electrical conductivity, and it is found to be 2 × 10−1S/cm for PF
with 2wt% MWCNTs along with 7wt % Fe3O4. Similarly, the electrical conduc-
tivity of pure CPF is 1.6 × 10−5S/cm and it increased to 3.6 S/cm by only 2wt%
MWCNTs and 7wt % Fe3O4 loading. Figure 3a, b shows the EMI SE of closed-cell
phenolic foam and open-cell carbon foam at 2 wt % MWCNTs and various loading
of Fe3O4 respectively. It is obvious that the EMI SE of both phenolic and carbon
foam increases with increasing nano-Fe3O4. The EMI SE of 2 mm thick closed-cell
phenolic foam (PFC2F7) reached up to ∼34 dB in X band frequency (8–12 GHz)
at only 2 wt% MWCNTs and 7 wt% Fe3O4 content. However, open-cell carbon
foam (C-PFC2F7) with 2 mm thickness exhibited EMI SE of ~62 dB at 8–12 GHz

Fig. 3 a EMI SE of closed-cell phenolic foam with 2 wt %MWCNTs and various Fe3O4 loadings
in the frequency range 8–12 GHz and b EMI SE of open-cell carbon foam with 2 wt. % MWCNTs
and various Fe3O4 loadings in the frequency range 8–12 GHz. Reproduced with permission from
[35]
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at the same MWCNTs (2 wt %) and Fe3O4 (7 wt %) loading. The increasing EMI
SE in both cases is mainly due to the high conductivity of MWCNTs and excellent
microwave absorbing properties of nano-Fe3O4. Furthermore, the Fe3O4-MWCNTs
constructed a conductive network in the phenolic and carbon matrix for electrons
migrating and hopping due to the single-dimensional structure and high conductivity
of the MWCNTs.

Farhan et al. [59] reported a novel approach for high-performance EMI shielding
using the situ grown silicon carbide nanowires (SiCNWs) grown on phenolic resin-
based carbon foam via powder molding method. In-situ SiCNWs were grown inside
the porous structure by using different weight ratios of silicon powder ranging from
0 to 20 wt% and pyrolyzing at 1500 °C under argon atmosphere. The EMI shielding
performance of carbon foams was carried out in the X band frequency range. It
was observed that the EMI SE of the carbon foam increasing with the increase in
SiCNWs content. Initially, EMI SEwas found to be ~19 dB over the frequency range
of 8−12 GHz for the carbon foam containing 0 wt% silicon powder. The maximum
EMI SE obtained was ~47 dB for the carbon foam of 20 wt% silicon powder in the
same frequency range. Furthermore, the absorption of carbon foam increases with
the increase in SiCNWs and suggesting an absorption dominating mechanism in
carbon foam [66]. The higher contents of SiCNWs have increased the polarization
loss, which leads to enhance absorption. Additionally, the porous structure of carbon
foam provides multiple internal reflections that contribute to excellent absorption in
composite foam.

Graphene is a single layer of sp2 bonded carbon atoms and has excellent charge
career mobility, high thermal conductivity, large specific surface area, and excellent
mechanical properties [67, 68]. Graphene or reduced graphene oxide (rGO) has
been successfully reinforced with a different type of polymer/carbon matrix for
improving the EMI shielding of carbon foams [50, 61, 69, 70]. Very few research
works have been conducted on phenolic foam reinforced with graphene for EMI
shielding till date. Furthermore, the highly porous structure might make the carbon
foam brittle, which greatly influences the overall performance of carbon foam. To
resolve this problem, Chen and his co-workers [60] prepared graphene aerogels by
graphene oxide (GO) as a carbon precursor and phenolic resin as a binder by a
hydrothermal method followed by annealing at three different temperatures, i.e. 500,
900, or 1300 °C for 2 h under an argon atmosphere, and the resultants were denoted
as p-GA-500, p-GA-900, and p-GA-1300, respectively. To increase the mechanical
strength of graphene aerogel, the epoxy resin was impregnated into the graphene
aerogel and cured at 120 for 2 h in a vacuum oven, and the resultant aerogels were
denoted as epoxy/p-GA-500, epoxy/p-GA-900, and epoxy/p-GA-1300. Figure 4a
shows the EMI SE of graphene aerogels annealed at different temperatures. From
Fig. 4a, it was found that EMI SE of graphene aerogels depends on the annealing
temperature. The aerogel (epoxy/p-GA-1300) annealed at a higher temperature leads
to a higher EMI SE. The obtained EMI SE of annealed aerogel (epoxy/p-GA-1300)
is reached to 35 dB in the X-band frequency range. Furthermore, it was also observed
that the thickness of aerogels influences the EMI SE as displayed in Fig. 4b. The
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Fig. 4 EMI SE of graphene aerogels; a epoxy/p-GAs annealed at different temperatures and
b epoxy/p-GA-1300 (1:10) with different sample thicknesses. Reproduced with permission from
[60]

EMI SE of the aerogel (epoxy/p-GA-1300) with a 1 mm thickness increased from
21 to 35 dB for the aerogel of 4 mm thickness.

Agrawal et al. [61] prepared carbon–rGO composite foams from phenolic resin
and rGO using the PU foam template method. Two different processes were adopted
to prepare the carbon–rGO composite foam. In one process, 0–4 wt % of rGO was
mixed in phenolic resin and foam was synthesized using the PU foam impregnation
method followed by carbonization at 1000 °C as shown in Fig. 5a. In the second
process, the as-received carbon foamwas decorated with graphene oxide (GO) using
dip coating and heat-treated at 950 °C in an inert atmosphere to obtained rGO deco-
rated carbon foam as shown in Fig. 5b. After incorporation and decoration, the foam
samples were characterized for microstructural analysis. The SEM image of as-
received carbon is shown in Fig. 5c, which confirms that composite foam is highly
porous. The decoration of 1 wt% rGO on carbon foam is shown in Fig. 5d. The
uniform decoration of rGO on the carbon foam surface could also be seen at higher
magnification (Fig. 4d). The uniform decoration of rGO helps to improve the elec-
trical conductivity and EMI SE of carbon foams. The rGO incorporated carbon foam
displayed electrical conductivity of 52.4 S/cmat only 4.0wt% rGO loading.Whereas,
the electrical conductivity of rGO decorated carbon foam exhibited 58.5 S/cm with
graphene decoration of only 1 wt %. The EMI SE of carbon foams was measured
in the X-band and found that with increasing the rGO content, the SET and SEA

increased significantly in both the process incorporation and decoration. The SET,
SEA, and SER for pristine carbon foam are 23.2, 12.2, and 12.0 dB, respectively, at
8.2 GHz. In rGO (4 wt %) incorporated carbon foam, the value of SET and SEA

increased to 44.6 and 37.2 dB, respectively, at 8.2 GHz. However, in rGO (1 wt %)
decorated carbon foam, the value of SET and SEA is reported to be 50.7 and 44.6 dB,
respectively, at 8.2 GHz. The decoration of rGO on the foam surface makes a hetero-
junction structure that helps to form a conducting network for faster electron transport
leads to high EMI SE in rGO decorated carbon foam. The interconnected open pore
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Fig. 5 Schematic illustration for the synthesis of carbon–rGOcomposite foam; a rGO incorporated,
b rGO decorated carbon foam, SEM images of c as received carbon foam, d carbon foam with 1
wt % rGO decoration, and e uniform decoration of rGO at high magnification. Reproduced with
permission from [61]

structure is also responsible for enhancing microwave absorption. Furthermore, the
high impedance mismatch between air, carbon, and graphene sheets helps to transfer
the EM energy in the form of heat leading to the enhancement in absorption [71].

In the series of work related to the improvement of EMI shielding performance,
Zeng et al. [37] have developed the phenolic resin-based carbon foam by incorpo-
rating the GO/SiO2 hybrid nanomaterials via in situ preparation method. To under-
standing the effect of incorporation ofGO/SiO2 in the resinmatrix, the EMI shielding
properties have been evaluated in the X-band frequency range. It was found that the
EMI SE of plain carbon foam was nearly 18 dB but after incorporation of GO, the
EMI SE reached the value of 22.8 dB. This is due to the electrical conductivity of
GO, which provides a conductive network inside the resin matrix. It is interesting
to note the EMI SE of carbon foam was significantly increased up to ∼50 dB as the
concentration of GO/SiO2 rises to 1.5 wt %. The enhanced EMI shielding perfor-
mance is because GO/SiO2 clusters increase electrically conductive paths, which has
a strong interaction with the EM wave and thus can significantly attenuate the EM
wave [72].

Furthermore, the EMI shielding of phenolic-based foams has been improved by
graphene and Fe3O4 nanoparticles. Yu et al. [62] demonstrated rGO/Fe3O4 hybrid-
modified carbon foam for EMI shielding applications. First, they have synthesized
rGO/Fe3O4 by co-precipitation method then rGO/Fe3O4 hybrid-modified carbon
foamhas been fabricated bymixing the phenol and differentwt% (0–1.5) rGO/Fe3O4
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Fig. 6 a The EMI SE of various carbon foams in the X-band and b total EMI (SEtotal), absorption
(SEA), reflection (SER) of carbon foam at the frequency of 10 GHz. Reproduced with permission
from [62]

followed by carbonization at 800 °C. The EMI SE of pure carbon foam and foam
with different loading of rGO/Fe3O4 content is measured in X-band and shown in
Fig. 6a. It was observed that the EMI SE of carbon foam increases significantly with
an increase of the rGO/Fe3O4 content. The SEtotal, SEA, and SER of carbon foam at
10 GHz are plotted against rGO/Fe3O4 content as shown in Fig. 6b. In Fig. 6b, it
was found that SEtotal and SEA increase with an increase in the rGO/Fe3O4 content,
whereas SER is negligible over all the rGO/Fe3O4 content. The as-received carbon
foam showed EMI SE of 20 dB and its value further increased to 65 dB at only
1.5 wt % rGO/Fe3O4 loading. The enhanced EMI SE is mainly due to the magnetic
properties such as hysteresis and dielectric loss of Fe3O4,which has strong interaction
with EMwaves. It was also observed porous structure of carbon foams contributed to
the absorption domination due to multiple reflections and absorption of EM waves.

Recently, Sharma et al. [15] have used a different type of carbon filler, i.e. graphi-
tized mesocarbon microbeads (MCMB) for improving the EMI SE of phenolic
resin-based carbon foam.

The effect of MCMB on EMI shielding properties of phenolic resin-based carbon
foams was discussed in this study. It was observed that with an increase in MCMB
content, electrical conductivity, dielectric properties were increased. Figure 7a shows
theEMISEof carbon–MCMBcomposite foam in 8.2–12.4GHzwith variousMCMB
content. The maximum EMI SE of carbon–MCMB composite foam at 20 wt. % of
MCMB additionwas 62.4 dB. The results show that the increase in electrical conduc-
tivity of composite foam is responsible for the enhancement of EMI SE. Figure 7b
shows the relation between SEA, SER, and electrical conductivity. It was found that
with an increase in the electrical conductivity, the SEA increases continuously while
the SER slightly decreased. The uniform distribution and strong adhesion ofMCMBs
with carbon matrix provide high conductivity and thus cause a strong polarization
for EM wave attenuation.
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Fig. 7 a EMI SE of carbon–MCMB composite foams in X-band frequency range and b The SEA,
SER of carbon–MCMB composite foams at 8.2 GHz as a function of electrical conductivity. (S1
= pristine carbon foam; S2 = carbon foam with 5 wt % MCMB; S3 = carbon foam with 10 wt
% MCMB; S4 = carbon foam with 15 wt % MCMB S5 = carbon foam with 20 wt % MCMB).
Reproduced with permission from [15]

In recent times, global attention toward environmental protection has accelerated
the rate of recycling industrial waste and utilizing it in novel products. Industrial
wastes such as fly ash [73] blast furnace slag [74], rice husk ash [75], waste glass
[76], and red mud [77, 78] are a major nuisance for societies everywhere. Kumar
et al. [13] used fly ash-derived cenosphere to fabricate phenolic resin-derived carbon
foam for EMI shielding properties. Cenospheres are the lightweight and hollow
microsphere in which silica and alumina are the major constituents. Through this
experiment, it was observed that the EMI SE of carbon foam increases with the
increase in cenosphere content. The maximum EMI SE was found to be 48.6 dB
with SEA of 42.9 dB at 8.2 GHz for the carbon foam containing 30 wt % cenosphere.
The improved absorption can be attributed to the porosity in foam as well as the
cenosphere, the EM wave deeply penetrates inside carbon foam, and attenuation is
achieved by the repeated reflection.

In another work, Kumar et al. [16] used red mud for the fabrication of carbon-red
mud hybrid foam for EMI shielding applications. The different content (0–20 wt
%) red mud was mixed with phenolic resin solution, the foams were synthesized
by the PU foam template method followed by carbonization at 1100 °C in an argon
atmosphere. The EMI SE of hybrid foam was measured in the X band and shown
in Fig. 8a. The EMI SE of hybrid foam without red mud was found to 22.6 dB due
to reflection (SER 9.9 dB) and absorption (SEA 12.7). It was observed that EMI SE
increases with the increases in red mud content. The maximum EMI was obtained
51.4 dB with excellent absorption 45.5 dB and very minute reflection 5.9 dB at
8.2 GHz for the hybrid foam containing 20 wt % red mud. Besides, the absorption
of hybrid foam can further correlate with skin depth. Skin depth (δ) and absorption
(SEA) at 8.2 GHz for all hybrid foams are shown in Fig. 8b. It was observed that
the skin depth of hybrid foam decreases with an increase in red mud content. In the
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Fig. 8 a EMI SE, b Skin depth versus SEA, c Complex permittivity, and d Complex permeability
of hybrid foam with various red mud content at 8.2 GHz [16]

above Eq. (13), it was mentioned that that skin depth is inversely proportional to
SEA. Therefore, as received carbon foam exhibited high skin depth (1.3 mm) and
low absorption (12.7) whereas hybrid foam containing 20 wt % red mud exhibited
low skin depth (0.38 mm) and high absorption (45.5). The enhanced EMI SE due to
absorption was due to the high dielectric and magnetic loss of red mud constituents
such as Fe2O3, Al2O3, and SiO2 and further correlate with complex permittivity
(ε′ and ε′′) and permeability (μ′ and μ′′) of hybrid foams. The ε′ and ε′′and μ′ and
μ′′ of hybrid foams were measured in X band frequency range and their values are
presented at 8.2 GHz as shown in Fig. 8c, d. From Fig. 8c, it was seen that ε′ and ε′′
of hybrid foams increase with an increase in red mud content. The maximum value
of ε′ and ε′′ is 58.6 and 47.6, respectively, for the hybrid foam containing 20 wt %
red mud content. The ε′ and ε′′ increases with an increase in the red mud content can
be ascribed to enhanced dipole orientation polarization and interfacial polarization,
which significantly improve the absorption in hybrid foams. Furthermore, theμ′ and
μ′′ of hybrid foams increase with an increase in the red mud content (Fig. 8d). In
hybrid foam containing 20 wt % red mud, the maximum value of μ′ and μ′′ is found
to be 3.3 and 2.2, respectively. The improved value ofμ′ andμ′′ is due to the presence
of Fe2O3 in red mud, which significantly enhanced the absorption component. Thus,
such industrial wastes offer a new approach to prepare advanced products and can
be used as effective EMI shielding materials.
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4 Conclusions and Future Outlook

In this chapter, we reviewed the recent progress in the development of phenolic-based
carbon foams for EMI shielding applications. The excellent EMI shielding perfor-
mance of phenolic-based foam has opened up a new area of making lightweight
microwave absorbing devices. Very limited studies are reported on the development
of lightweight phenolic resin-based carbon foams for EMI shielding applications. To
make efficient EMI shielding foam, the foam materials must exhibit good electrical
conductivity and dielectric constant. These requirements can only be reached when
phenolic resin-based foams aremodifiedwith conducting andmagnetic fillers. There-
fore, the phenolic foams have been modified with various conducting and magnetic
fillers such as CNTs, graphene, rGO, MCMB, MnO2, ZnO, Fe3O4, SiO2, and some
industrial wastes such as cenosphere and red mud. It was found that the graphene and
Fe3O4-reinforced phenolic resin-based carbon foam have excellent EMI shielding
performance. It was found that the addition of different types of fillers in phenolic
resin and generation of a cellular structure through foaming enables to combine of
several multifunctional characteristics with the possibility of a tailor-made control of
the EMI shielding properties. It is visualized that the developed composite foam can
directly be used in structural panels for EMI shielding and radar absorption. Instead of
lightweight, thinner, and flexible, EMI shielding materials need to be developed and
explored for next-generation flexible electronic devices. Therefore, newly developed
2D materials will be key fillers for enhancing the EMI shielding performance of the
phenolic-based carbon foams. The following research direction could be explored in
the future.

(i) TheCNTs and graphenematerials have already been synthesized,which could
be further used for the development of efficient EMI shielding materials.

(ii) Recently, MXene has shown outstanding EMI shielding performance because
MXene has both conducting and magnetic properties, which make it an
excellent filler for future EMI shielding applications.

(iii) The industrial waste materials are continuously increasing and polluting the
environment, so there is a lot of scopes to explore these wastes in phenolic-
based foams for EMI shielding applications.

(iv) Till date, the reported EMI shielding value is good enough for commercial
purposes but for stealth technology, there is a need for new advancedmaterials
having excellent microwave absorbing capabilities.
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Chapter 11
Flame Retardant Modification
of Phenolic Foam

Fei Song and Puyou Jia

1 Introduction

Energy resources support the high-quality survival and rapid development of human
beings and are the key to sustainable economic development. Therefore, energy
conservation and emission reduction have become a common concern of all countries
in the world [1]. Compared with Western developed countries, China’s building
energy consumption is relatively high. The energy consumption per unit building
area is more than 2–3 times that of developed countries. The energy consumption of
buildingmaterials and buildings accounts for 47.3% of the total energy consumption,
which exceeds the sum of all developed countries. According to this situation, there
is an urgent need for building energy conservation [2], and one of the most important
energy-saving measures is to take heat insulation measures for the building envelope
to improve its thermal performance. In addition, fires can cause significant losses to
human lives andproperty. Therefore, special attention should be paid tofire protection
for building insulation materials, especially in the field of public high-rise buildings.
In the case of a fire in a closed system such as a building, vehicle, ship, or aircraft,
the fire should be separated and the fire should be restricted from spreading from one
place to another in order to save lives and property and give people enough time to
evacuate. For this reason, the thermal insulation material developed not only needs
to have low thermal conductivity to ensure thermal insulation effect, but also has low
flammability to prevent fire or as a fire barrier to limit the spread of fire when a fire
occurs.
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At present, polystyrene foam, polyurethane foam, and polyvinyl chloride foam,
which have good thermal insulation effects, occupy the leading position of building
thermal insulation materials in the market. However, this type of material has low
heat resistance, is very easy to burn, and releases a large amount of toxic smoke and
gas, which not only causes environmental pollution, but also becomes one of the
main factors causing casualties in fires [3]. Phenolic foam (PF), as a flame-retardant
thermal insulation material that can achieve flame-retardant grade without external
flame retardant, has low thermal conductivity, self-extinguishing, heat resistance,
flame penetration resistance, chemical corrosion resistance, no dripping on fire, and
low smoke, and has gradually attracted wide attention [4]. The flame-retardant char-
acteristics of PF are determined by its high cross-linked structure and high aromatic
ring content. PF hardly generates toxic gas when it is thermally decomposed and
forms a carbon protective layer during the combustion process to inhibit the contin-
uous combustion of the foam in the layer [5, 6]. At present, phenolic foam has been
widely used in high-rise buildings, insulated pipes, transportation and flowers, and
other fields, which is one of the fastest growing foam varieties in recent years [7, 8].
Phenolic foam has the above unique advantages and also has defects such as poor
mechanical properties, high brittleness, and a high pulverization rate caused by its
own molecular structure, which seriously hinders its development and application
in various fields [9]. Therefore, seeking an effective method to enhance the tough-
ness and mechanical properties of phenolic foam without sacrificing its inherent
advantages is an important research direction of current phenolic foam research.

In recent years, many researchers have conducted numerous studies on the
strengthening of phenolic foam composites. The most extensive way to enhance
phenolic foam is to add flexible chains inside or outside the molecular network of
phenolic foam to enhance its toughness.Unfortunately, the presence of flexible chains
tends to adversely affect the Flame-retardant of PF, which hinders their application
as a fire-resistant material [10]. For foam composites, ensuring strong flame retar-
dancy and thermal stability can reduce the possibility of the deterioration of load
carrying ability or catastrophic failure of these composite structures due to temper-
ature changes and fire [11–13]. To improve the problem of reduced flame retar-
dancy caused by the introduction of flexible chains, researchers have done a lot of
research, mainly using three technologies: (1) Adding traditional nitrogen and phos-
phorus flame retardants while adding tougheners to modify its flame retardancy [14];
(2) Prepare a reactive flame-retardant toughening agent containing nitrogen, phos-
phorus, silicon and boron, and other flame-retardant elements, and toughen it and
modify it [15]; (3) Blend nano-materials such as nano-silica, nano-montmorillonite,
nano-carbon fiber, and phenolic resin to form a nano-modified phenolic foamwith an
interpenetrating network structure, which improves the material′s resistance while
improving the mechanical properties and combustion performance of the material
[16, 17].
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2 Boron-Containing Flame Retardant Modified Phenolic
Foam

Boric acid, borate, and organoboron compounds can all be used as flame retardants.
In the combustion process, boron-containing flame retardants will be dehydrated
to generate boron oxide compounds, such as boroxine and boric anhydride [18].
The B—O—C or B—O—B structure in these compounds has good thermal oxida-
tion stability, promotes the formation of a dense carbon layer, prevents oxygen and
heat from reaching the internal combustion part of the material, and protects the
underlying material from further degradation [19].

Wang et al. [20] studied the effect of B2O3 on the compressive strength and heat
resistance of phenolic foam. The B2O3 can condense with the hydroxyl group in
the phenolic resin to form a B—O bond during the curing process. This bond has
a longer bond and good flexibility. The introduction of an appropriate amount of
B2O3 slightly enhances the compressive strength of the phenolic foam. The B—O
bond (774 kJ/mol) has a bond energy much higher than the C—C bond (334 kJ/mol).
The more B2O3 added, the better the heat resistance of the modified phenolic foam.
The 7 wt% B2O3modified phenolic foam compared with pure phenolic foam, the
decomposition temperature at 5% and 10% mass loss is increased by 94 °C and
194 °C, respectively, and the residual carbon rate at 800 °C is as high as 66.37%. Liu
et al. [21] used polyethylene glycol borate (PEG-BAE) prepared by the esterification
reaction between boric acid and PEG to toughen phenolic foam. It is found that
the limiting oxygen index (LOI) value of pure PF is 40.5%, whereas the value of
PEG400 toughened PF decreases to 33.5%. This result indicates that the introduction
of PEG400 into pure PF weakens its good flame retardancy considerably. However,
when PFs are toughened by PEG-BAEs, their LOI values all increase compared
with the one toughened by PEG400. Among the PEG-BAEs, PEG200-BAE is the
most effective flame-retardant toughening agent with a LOI value of 39.0%. The
LOI values of the PF toughened by PEG400-BAE and PEG600-BAE are 38.5% and
35.5%, respectively. The reasonmay be that the esterification rate of PEG200-BAE is
higher than that of the other two, therefore the boron content of PEG200-BAE is the
highest among the three PEG-BAEs. Moreover, all the foams can pass the UL-94 V0
rating. LOI is the minimum oxygen content volume percentage to maintain material
combustion in the oxygen–nitrogen mixture [20], which can be calculated by using
Eq. (1) [11].

LOI = Cf + Kd (1)

where Cf is the critical or threshold value of the oxygen concentration in percentage
volume, K is a factor which is obtained from the table, provided in ASTM–D–2863
and d is oxygen concentration.
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3 Nitrogen-Containing Flame Retardant Modified Phenolic
Foam

Nitrogen-containing flame retardants are mainly triazine organic compounds,
including guanidine salts, dicyandiamide, melamine, biurea, and their derivatives
[23]. Nitrogen-containing flame retardants are environmentally friendly flame retar-
dants. Theirmain advantages are low toxicity, solid state, no corrosive and toxic gases,
and less smoke in the event of a fire. The organic nitrogen flame retardant absorbs
the heat generated by the flame combustion when it is thermally decomposed, and
at the same time releases water vapor and nitrogen-containing incombustible gases
(such as N2, NO2, and NH3), which greatly reduces the surface temperature of the
substrate under the combined action of the two; water vapor and nitrogen-containing
non-combustible gases not only reduce the flammable gas and O2 produced when the
substrate is decomposed in the flame, but also the nitrogen-containing gas can react
with O2 to further consume O2, and can also trap free radicals to stop the production
the chain reaction of combustion [24].

Ge et al. [25] added melamine at the phenolic resin synthesis stage to study the
effect of different amounts of melamine on the properties of phenolic foam. Because
melamine has good reactivity with formaldehyde, the addition of melamine effec-
tively reduces the free aldehyde in the phenolic resin and tends to be gentle with
the increase in the amount of melamine. The melamine greatly enhances the flame-
retardant properties of phenolic foam. The more the amount of melamine, the greater
the LOI value. The introduction of melamine also effectively improves the tough-
ness of the phenolic foam. The bending deflection of the 4.5 wt%melamine-modified
phenolic foam is 100% stronger than that of the pure phenolic foam.Wang et al. [26]
used solvothermal method to synthesize micron and nanometer melamine cyanurate
(MMC and NMC) using cyanuric acid and melamine as raw materials, and used
MMC and NMC with PEG to toughen phenolic foam, respectively. The flexural
strength of the phenolic foam toughened with only 5 parts of PEG is 28% higher
than that of the pure phenolic foam, but the LOI value is reduced by 17.1%. After
the incorporation of MMC and NMC, the flexural strength of the phenolic foam can
not only be further enhanced, but also the flame-retardant performance has also been
improved, and the LOI value is close to that of pure phenolic foam. In comparison, the
reinforcement effect of NMC is better than that of MMC. Dicyandiamide was used
as a toughening agent to prepare modified phenolic foam, which has lower apparent
density [10]. The incorporation of dicyandiamide into PF dramatically improved the
compressive strength and impact strength. Meanwhile, the flame-retardant perfor-
mance of the modified foams also improved. The phenolic foammodified by 0.5–2 g
dicyandiamide content can all pass the V-0 rating, with the high LOI value of 47.2–
48.1%. The char yield of phenolic foam modified with dicyandiamide is increased,
and its rate of heat release, total heat release, mass loss rate of the modified PF is
decreased.
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4 Phosphorus-Containing Flame Retardant Modified
Phenolic Foam

Phosphorus-containing flame retardants can be divided into two categories according
to their properties and composition: Inorganic flame retardants, mainly red phos-
phorus, phosphate, polyphosphate, etc., have the advantages of low cost, simple
method of use, but low water resistance and easy to migrate; organic flame retar-
dants mainly include phosphates, phosphites, phosphines, organic phosphorus salts,
etc., with the advantage of having dual functions of flame retardancy and plasti-
cization. Phosphorus-containing flame retardant is a flame retardant that can play
a flame-retardant effect in both the gas phase and the condensed phase [27]: (1)
Condensed phase flame-retardant mechanism. Phosphorus-containing flame retar-
dants are decomposed and polycondensed to produce acid sources with strong dehy-
dration effects, such as phosphoric acid, metaphosphoric acid, polyphosphoric acid,
and polymetaphosphoric acid. These acid sources can act as catalysts to promote
the formation of a dense and complete carbon layer and release water vapor to take
away heat. The dense carbon layer can act as a barrier to block the transfer of oxygen
and heat to the substrate, delay the diffusion of pyrolysis volatiles and reduce the
release of smoke, thereby inhibiting the spread of fire. (2) Gas-phase flame-retardant
mechanism. During the combustion process, some acid sources further decompose
to form free radical scavengers HPO·and PO·, which can capture H· and OH· in the
flame, thereby inhibiting the chain reaction of combustion. The reaction is shown in
Fig. 1 .

Yang et al. [28] used commercially available liquid phosphate (CR-741) and
diethyl aluminum phosphinate as flame retardants, and prepared modified phenolic
foam by blending with phenolic resin. The results show that the effect of diethyl
aluminum phosphinate on the flame-retardant performance of phenolic foam is not
obvious. CR-741 effectively enhances the flame-retardant properties of phenolic
foam. The blending amount of 5 wt% has the best flame-retardant effect. Compared
with pure phenolic foam, the peak heat release rate is reduced by 26.5%. The average
smoke release rate does not change significantly, but the total smoke release decreases
as the amount of CR-741 increases. Huang et al. [29] modified phenolic foam
with pentaerythritol phosphate (PEPA). Thermogravimetric analysis shows that the
content of PEPA in phenolic foam increases, and its initial decomposition tempera-
ture and residual carbon rate increase. This is because PEPA is used as a phosphorus

Fig. 1 Phosphorous gas
flame-retardant mechanism
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flame retardant to produce phosphorus-based oxyacids to catalyze the heat absorp-
tion and dehydration of hydroxyl-containing compounds during thermal decom-
position of phenolic foam. Thus produces a dense carbon layer rich in polyphos-
phates, which reduces the heat transferred to the substrate. Therefore, the flame
retardancy of phenolic foam increases with the increase of PEPA, and its maximum
LOI value exceeds 60%. Yang et al. [30] prepared phosphorus-containing flame-
retardant tougheners PPEG400 and PPEG600 by reacting phenyl dichlorophosphate
with PEG400 and PEG600, respectively, and used them to modify phenolic foam.
Though the incorporation of PPEG reduced the LOI value of phenolic foam, it still
remained at 40% when the loading of toughening agents was 10 wt%. UL-94 results
showed all samples can pass V0 rating, indicating the modified foams still have great
flame retardance. From the microscale combustion calorimeter results, the peak heat
release rate and total heat release of sample modified with 10 wt% PPEG600 content
were decreased by 42% and 35%, respectively, compared to the pure PF. TGA results
showed that the PF composites possessed lower initial decomposition temperature
but higher char residues than pure PF, mainly owing to the degradation of PPEG in
advance and the catalysis of the carbonization of phenolic foam.

In recent years, reactive phosphorus-containing flame-retardant tougheners have
been increasingly used to modify phenolic foam. Bo et al. [31, 32] designed
and synthesized cardanol-based phosphorus-containing polyurethane prepolymer
(PPUP) and phosphorus-containing cardanol (PCC) to modify phenolic foam. The
results show that both PPUP and PCC can effectively improve the flame-retardant
properties of phenolic foam. When the content of PPUP is greater than or equal to 3
wt%, the LOI value of modified foam is greater than that of pure phenolic foam and
increases with the increase of PPUP content. For PCC-modified phenolic foam, the
blending amount is 4 wt%, and the flame-retardant effect is the best. Its total heat
release, peak heat release rate, and average heat release rate are reduced by 13.55%,
33.43%, and 13.42%, respectively, compared with pure phenolic foam. Yuan et al.
[33] synthesized novel phosphorus-containing polyurethane (DOPU) prepolymer
and obtained a series of modified phenolic foams by blending glass fiber and DOPU
in various ratios. TGA indicated that adding 3 wt% DOPU and 0.5 wt% glass fiber
together, not only increased the thermal stability, but also improved the amount of
char residue. In addition, LOI values decreased slightly with increasing content of
polyurethane prepolymer, but were still superior to those of conventional foam.

5 Silicon-Containing Flame Retardant Modified Phenolic
Foam

Silicon-containing flame retardants can be divided into inorganic silicon type and
organic silicon type flame retardants according to their types. They are considered
as “completely environmentally friendly” additives because their use can reduce
harmful effects on the environment. Inorganic silicon flame retardantsmainly include
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amorphous silicon such as clay, kaolin, montmorillonite, silsesquioxane, and SiO2,
which are used as a protective layer to cover the surface of the polymer during
combustion. Wei et al. [34] synthesized montmorillonite modified phenolic resin
by in-situ polymerization and blended with carbon fiber to prepare montmoril-
lonite/carbon fiber/phenolic foam composite material. The layered montmorillonite
undergoes orientation movement during the foaming and expansion process of the
phenolic resin, and finally wraps the montmorillonite layer outside the foam cells
after curing. The montmorillonite coating layer can block the contact of oxygen in
the air with the foammatrix and the transfer of heat, thereby playing a flame-retardant
effect. Zhang et al. [35] silanized nano-SiO2 formed in phenol solution with tetram-
ethyldisiloxane, and prepared modified phenolic resin and foam by one-pot method.
The results show that the phenolic resin forms chemical crosslinks with nano-SiO2

through Si—O and Si—O—Si bonds. Si–O and Si—O—Si have higher bond energy
than C—C bases, so the heat resistance of the modified phenolic foam has been
improved. When the content of nano-SiO2 is 2 g, the carbon residue rate at 800 °C is
20.77% higher than that of pure phenolic foam, and its flame-retardant performance
has also been effectively improved, and the LOI value is as high as 53.1%, an increase
of 49.16%. Li et al. [36] successfully synthesized silica nanospheres/graphene oxide
hybrid (SGO) by fixing silica nanospheres on the surface of graphene oxide and
prepared SGO-modified phenolic foam by in-situ polymerization. The LOI of the
SGO-toughened PF is higher than that of GO and SiO2-toughened PFs, indicating
some synergistic effect in flame retardancy between GO and SiO2 nanospheres. The
LOI of the SGO-toughened PFs increases graduallywith increasing the SGOcontent.
The increase in LOI is probably because the SiO2 nanospheres covered on the surface
of GO sheets can hinder the decomposition of GO sheets, and thusmaintain the phys-
ical barrier effect of the sheets to the heat and mass transfers at high temperatures.
The Cone calorimetric results indicate that the addition of SGO into PF leads to
a reduction in peak heat release rate and total heat release. Moreover, the thermal
stability of the PFs containing SGO is enhanced compared with the pure PF foam.
As the amount of inorganic silicon flame retardant increases, the viscosity of the
foaming system increases, and the particles are prone to agglomeration. This makes
the foaming process difficult to control and is not conducive to the foaming opera-
tion, which often makes the resulting foam mechanical properties and processability
is reduced [37].

Silicone-based flame retardants aremainly polysiloxanes, such as silicone oil, sili-
cone resin, and silicone rubber. The Si—O bond of the main chain of polysiloxane
decomposes and breaks at high temperature, and the Si—C bond is oxidized,
degraded, and condensed. The reaction process is shown in Fig. 2 [38, 39]. Finally,
an amorphous SiO2 with large specific surface area, low density, and low surface
energy is formed, which migrates and covers the surface of the carbon layer to form
a silicon protective layer. The carbon layer covered with the silicon protective layer
not only plays a role of heat insulation to inhibit the transmission of heat and oxygen
to protect the unburned part, but also acts as a barrier to prevent thermal degra-
dation products from migrating to the surface. Therefore, the silicone-based flame
retardant makes the composite material have excellent flame retardancy and smoke
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Fig. 2 Polysiloxane flame-retardant mechanism

suppression by forming a denser protective layer, thereby playing an important role in
the condensation phase. Bo et al. [40] synthesized reactive cardanol-based siloxane
(SAECD) and prepared phenolic foams modified with different contents of SAECD.
LOI is increased progressively with the increase in SAECD. The results of the cone
calorimeter test showed that the addition of 3 wt% SAECD could effectively reduce
the heat release rate and total heat release of the foam by the condensed phase flame-
retardantmechanism. The peak heat release rate, the average heat release rate, and the
total heat release are reduced by 9.10%, 4.11%, and 7.55%, respectively, compared
with pure phenolic foam, and the ignition time is delayed by 19 s.

6 Compound Flame Retardant Modified Phenolic Foam

Phosphorus-based flame retardant, as a carbonization agent, can be combined with
nitrogen-containing compounds to construct intumescent flame retardation, conse-
quently leading to outstanding flame retarding performance [27]. In our previous
study, a P–N tung oil-based reactive flame retardant (TAPC) has been developed
from triethyl phosphite and cyanuric chloride [41]. The addition of TAPC improved
the flame-retardant properties of the foam, resulting in an LOI as high as 40.83% (an
increase in 27.20% compared with that of pure PF). Additionally, TAPC enhances
the thermal stability of the foam, the residual mass of the TAPC-modified foams also
increased substantially, by approximately 10%. Recently, combining phosphorus and
silicon has received much attention. Early investigations proved that phosphorus and
silicon indeed show some synergy effect in flame retarding. The P–Si systemhas been
proved to be of great value due to its inherent high flame-retardant efficiency, good
environmental compatibility, and good thermal durability at elevated temperatures
[42]. For instance, P-containing tung oil-based siloxane was embedded into the rigid
molecular structure of PF, resulting in a superbmechanical, low thermal conductivity,
excellent flame retardant, and smoke-suppressant, as shown in Fig. 3 [43]. With the
increase of flame-retardant content, the residual char of TAPC-modified PFs gradu-
ally become complete, and the microscopic morphology of the char layer becomes
denser and smoother, as shown in Fig. 4. Ma reported that they had synthesized
a novel 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) grafted γ-
glycidoxy propyl trimethoxy silane (GPTS) and introduced on the surface of wood
fiber (WF) [44]. DOPO-g-GPTS modified wood fiber (DGMWF) was then used to
prepare DGMWF composite phenolic foam (DGMWFCPF). With the increase of
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Fig. 3 Illustrative scheme of toughening and flame-retardant mechanism of TAPC-modified PFs
[43]

Fig. 4 Photographs and SEM (×5 k) of residue chars of pure PF (a, a’), TDKPF5 (b, b’), TDKPF10
(c, c’), and TDKPF15 (d, d’) [43]

DGMWF, there were more and more flame retardants, LOIs of DGMWFCPF were
gradually increased.
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7 Nano-Materials Modified Phenolic Foam

Nanoparticles have a strong interaction with polymer due to their small size, large
surface area, and large interfacial area in the composites. Unlike conventional rigid
particles, the infusion of nanoparticles into polymers often can improve the tough-
ness, strength, and heat resistance of the polymer material products, simultane-
ously. Generally, the phenolic resin nanocomposites are prepared by mixing or
blending with surface modified nanoparticles. For instance, Yang reported that using
MWCNTs is an effective way for improving the mechanical and thermal proper-
ties of brittle phenolic foam [45]. Compared to the neat phenolic foam counter-
part, MWCNTs affect the properties of phenolic foam in three ways: providing
remarkable stiffening and strengthening effects via cell walls/MWCNTs junctions
to achieve macroscale compressive property enhancement, increasing cell density,
and decreasing cell size by inducing heterogeneous bubble nucleation, and offering a
stabilizing effect to restrain the thermal motion of phenolic chains, and to hinder the
flux of volatile degradation products out of cell walls that slow thermal degradation to
slightly improve the thermal stability and fire resistance.Wang et al. [46] synthesized
a layered double hydroxide/GO (CoAl-LDH/GO) nanohybrid via a hydrothermal
method to be added to phenolic resin to prepare phenolic foam Composite mate-
rials. The TGA results show that the immobilization of CoAl-LDH nanoparticles on
GO surface greatly promotes the thermal stability of GO, thus the CoAl-LDH/GO-
modified PF has better flame retardancy compared with the GO-modified foam. The
addition of the CoAl-LDH/GO nanohybrid results in an increase in the limiting
oxygen index and a decrease in the peak heat release of the modified PF in cone
calorimeter test. Moreover, the thermal stability of the PF foam is enhanced by the
addition of the nanohybrid. Yuan et al. [47] adopted a new type of cross-linked poly
(n-butyl acrylate) (PBA)/silica core–shell nanocomposite particles as toughening
agent to improve the mechanical properties of phenolic foams. TGA result indicates
that nanocomposite particles lead to a slight increase in the heat resistance of phenolic
foams. TheLOI result demonstrates that the incorporation of nanocomposite particles
will not damage the excellent flame-retardant performance of phenolic foam.

8 Conclusion

With the frequent occurrence of fires in high-rise buildings in recent years, building
exterior wall insulation materials with non-combustible, energy-saving, and good
thermal insulation are developing rapidly and become a research hotspot of new
materials. In this way, flame-retardant modification of traditional organic insulation
materials emerges, but it is often necessary to add a large amount of flame retardant
to achieve the standard flame-retardant effect. Emerging foam materials (such as
polyamide foam, graphene foam, and ceramic foam) have been actively developed,
but such materials are expensive and require harsh process conditions. Phenolic



11 Flame Retardant Modification of Phenolic Foam 205

foam is cheap, easy to process, and shape, and due to its excellent flame-retardant
properties, only a small amount of flame retardant is needed in the subsequent flame-
retardant modification. Through the flame-retardant modification of phenolic foam,
it has more improvements in functional properties, thus it has excellent mechanical
properties and flame-retardant properties to open up a wider range of applications.
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Chapter 12
Modification in Phenolic Foams
and Properties of Clay Reinforced PF

Grace Moni and Simone A. Silva

1 Introduction

Synthetic foams were of great interest in the recent years and among them the
one with polymer matrix modified foams become a known class because of its
ability to produce products with tailored properties with light weight characteris-
tics [1]. Thermoset nanocomposite foams come under the polymer matrix synthetic
foams and only fewer studies were reported in the case of the same. It includes
polyurethanes, polyisocyanurate, polyamides, epoxy resins, polyesters, and phenolic
resins [2]. Phenolic resins are the major one among the resin systems with impressive
performance till date [3].

Phenolic foams (PF) were formulated in different means by the addition of fibers,
nanoparticles, clay, and even by the modifications of the chemical constituents of
the polymeric structure to improve the properties without compromise [4]. This
chapter reviews the properties of the PF, the modification approaches adopted so far
to improve the properties of phenolic foams, and the research carried out so far in
the field of clay reinforced PF to modify the properties of the foams.

2 Properties of Phenolic Foams

Phenolic foams have an extraordinary property compared to other commonly used
synthetic foams. It is the excellent fire resistance property with much less environ-
mental impacts which make it unique in the current scenario. That is the high flame
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retardancy and the less generation of toxic gases during ignition make it superior.
Other properties of the foam include its low thermal conductivity and high thermal
stability compared to other counterparts. But there is some drawback such as the
high friability which arises due to the brittle nature and the decreased mechanical
performance due to the low compressibility and flexural properties [5]. In spite of
the drawbacks the PF, their outstanding fire resistance and environmentally benign
nature along with the cost effectiveness make them efficient in applications which
demand fire resistant property. Research is going on in the fields of PF with different
additive alternatives to make it more appropriate for such applications by improving
the drawbacks and make them more fruitful. The major approaches consist in chem-
ical modification, and addition of filler, more over some works are also carried out
by using clay as the reinforcing agent and are reviewed below.

3 Modifications of Phenolic Foams

3.1 Chemical Modification

Chemical modifications play in order to improve the ability to deform the cell
wall without breaking it by introducing flexible chains in the rigid backbone of the
phenolic resin, consequently decreasing the crosslink density and increasing strength
of the phenolic foams.

The phenolic foam (PF) arrangement is carried out by competition between two
mechanisms: expansion and cure may simultaneously occur. Thus, the reactivity and
viscosity are significant variables for the polymerization of PF [4]. The low viscosity
should allow the injected PF formation in industrial pumps avoiding problems, as
obstruction by accelerated curing process in the mixing, and, the high viscosity may
control the cell growth and the coalescence, causing structural characteristics such
as the wall thickness, size of the cells or macro defects. Moreover, higher viscosity
may restrain the foam expansion and leads to higher density than expected [6–8].

The chemical modification with the active groups such as hydroxy [9], amino,
epoxy [10], isocyanate [11] in the polymerization procedure [12] may lead to major
diversity of effects in the final mechanical properties of the polymer. Chemical modi-
fication of phenolic resins by polyurethane, glycols, or bio resources, as vanillin
[13], vegetable oils, castor oil [14], and lignin [15] is often employed to increase the
compressive and flexural strength and decrease the friability, these pendants branches
may play as a surfactant or modify the resin viscosity [16].

Moreover, the type of components in the phenolic resin, another factor must
be considered is the influence of the formulation variables, such as ratio between
monomers, and additives (plasticizers, flame retardants, fillers), stirring speed shift
on the mechanical properties and density of the final foam [4, 16].
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Fig. 1 Structures of the mostly used plasticizers

3.1.1 Plasticizers

Plasticizer is a material that improves the flexibility or assisting in processing of
the polymer. It can be a liquid, solid, or a polymer of low molar mass, natural or
synthetic source. Usually, the plasticizer must have a certain solvency degree in the
host polymeric matrix to check over the plasticizer effect, where the continuous
addition results in a progressive decreasing glass transition, in other words, greater
flexibility and friability, being that, oligoethers, for example, polyethylene glycol, are
the most employed plasticizer for phenolic foams [11, 17–20], as well as, silicones,
as polydimethylsiloxane may be used (Fig. 1). Moreover single or blend plasticizer
can be used for polymerization [21].

3.1.2 Flame Retardants

Although the inherent polyphenolic foams high heat resistance, some applications
and environmental restrictions demand the addition of flame retardants. Flame retar-
dants are substances employed to slow down the spread of the flame after the combus-
tion process has started, or they are used to delay the initial moment of combustion
of the material, increasing the time that pyrolysis takes to start. According to their
nature, flame retardants can have chemical or physical action and act in a solid, liquid,
or gaseous state, these substances are introduced, which content halogen atoms or
phosphorus into formulation [22].
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Table 1 Bond energies for
Carbon-Halogens linkages
[23]

Bond Bond energy (KJ
.mol−1)

Temperature
(initial degradation in
°C)

Caliph–F 443-450 >500

Carom–Cl 419 >500

Caliph–Cl 339-352 370–380

Cbenzilic–Br 214 150

Caliph–Br 285-293 290

Carom–Br 335 360

Caliph–I 222-235 180

Caliph–Caliph 330-370 400

Caliph–H 390-436 >500

Chemical Flame Retardants

Usually, commercial fire-retardant systems available are based on halogen-
containing compounds, where its mechanism of action occurs by breaking of the
carbon–halogen bond, the order of stability of these compounds is showed in Table
1 [23].

Comparing the thermal stability of these compounds in Table 1, it can be observed
which iodine compounds have low stability required to stand polymer processing,
the other hand, fluorine compounds are a lot stable to be useful, despite that some
fluorine compounds can be used as a component in a synergisticmixture. Brominated
compounds have been broadly used for several years due low cost, high performance
against flame spread, good compatibility with miscellaneous polymeric matrices.
However, these halogen flame retardants do not absorb the heat accordingly, the
pyrolysis is triggered, releasing toxic gases and soot into the environment [24–27].

One alternative to replace halogens-containing flame retardants is phosphorus-
based flame retardants, include red phosphorus, inorganic phosphates, organophos-
phorus compounds, and chlorophosphorus compounds. They can be employed alone,
or in synergic combinations with others nitrogen, halogen-content retardants and/or
inorganic nanofillers (carbon nanotubes, phyllosilicates). Phosphorus-based retar-
dants exhibit high performance but produce rise quantities of smoke, soot, and low
to moderate toxic vapors according to Lethal Dose-LD-values [22].

Physical Flame Retardants

Flame retardants of physical action are products based on magnesium, aluminum
hydroxide (trihydrate alumina). Also, some boron and phosphorus compounds have
been operating absorbed huge heat quantities of the ambient, avoiding the formation
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Table 2 Cells size of modified phenolic foams [31, 32]

Reference Density (Kg .m−3) Phenolic foam type < Dcell > [µm]

Bo et al. [10] 38 PF 100

PF + 3% PU prepolymer 173

PF + 7% PU prepolymer 129

Liu et al. [13] 25 PF 386

PF + 4.5 wt% PEG 200 642

PF + 4.5 wt% PEG 400 450

PF + 4.5 wt% PEG 600 450

of toxic and inflammable gases along combustion, thus, prevent the pyrolysis process
of the material [26, 27].

3.1.3 Ratio Between Components

In the chemicalmodification of phenolic resins by PUor PEG is often used to increase
the compressive and flexural strength and decrease the friability, because one ormore
components can play as surfactant or modifier viscosity. Therefore, ratio among
contents of a PF formulation is directly associated with the size, shape, uniformity
of distribution cells in the polymeric matrix showing dependence on increase or
decreasing compressive properties. According to the literature, the variation of the
PU prepolymer into PF showed cell size increase up, similar results were obtained
with different molar mass PEG, leads to improvement of the compressive strength,
flexural strength, and friability properties, as listed in Table 2 [28–30].

Another way to modifier phenolic foams is to introduce renewable resources, in
order to decrease the consumption and dependence of the petroleumproducts. Several
researches aim the total or partial substitution of phenol by bio-oils from renewable
biomass,with comparable properties to the conventional fossil rawmaterials [33, 34].

Lignin Materials

Lignin is one of the main components in lignocellulosic biomass can be a potential
substitute to phenol, due to the amorphous polyphenol material, in which the three-
dimensional structure is based on three monomeric precursors: coniferyl alcohol,
sinapyl alcohol, and p-coumaryl alcohol (Fig. 2) [35].

Bio-based phenol formaldehyde foams can be prepared by depolymerized hydrol-
ysis, lignin can be obtained via depolymerization process by raw kraft lignin, organo-
solv lignin, total or partially replacing phenol [21, 33, 36]. Although to manipulate
lignocelluloses materials, it is a challenger, because they require severe conditions,
as high temperature or pressure and solvent, which limit the large-scale application.
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Fig. 2 Lignin precursors structure

Fig. 3 Representation of the furfural-vanillin cross-polymerization [37]

Others; Biomass, Vegetable Oils

Others biomass, such as vanillin and furfural, can be employed to synthesize phenolic
foams or resin by cross-polymerization carried out in acid or basic catalysis (Fig. 3)
[37].

Furan ring react by electrophilic substitution reaction, while the aldehyde group
reacts by aldol condensation reactions, where in the opening of the furan rings can
yield some even more reactive sites into polymerization [13].

Another biomaterial, cardanol, is a byproduct of the cashew processing industry,
showunique phenolic compound carrying a 15-carbon side chain in themeta-position
exhibit different degrees of unsaturation (monoene, diene, and triene). Cardanol can
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react with formaldehyde under basic conditions to form foaming resol resin. The
partial replacement of phenol by cardanol to obtain phenolic foam may help to
improve the mechanical properties with the modification of the side chain such as
epoxidation [38].

3.2 Addition of Fillers

The shortcomings of PF alone include less compressive resistance and decreased
foam friability. Fillers are the one additive that can help to improve the mechanical
properties, friability, and at the same time they help to decrease the final cost of the
PF material. Many types of filler materials of natural origin such as cellulose, lignin,
or wood floor particles, even though they decrease the thermal stability above 300 °C
and the fire resistance characteristics. Also, fillers of organic and inorganic origin
such as clay [39], glass fibers [40], aramid fibers [41], multiwall carbon nanotubes
(MWCNT) [42] were reinforced with PF to obtain the desired properties with varied
final cost. Natural fillers like lignin or wood floor particles [43], cellulose [44] were
also used as the filler material even though they had a tendency to decrease the
thermal stability above 300 °C and the fire retardancy of the resultant PF. In addition
to this all the factors such as the filler nature, geometry, and amount also impact the
foam expansion significantly.

3.3 Density

Another important factor to be considered is the density of the foams that reflect on
the mechanical behavior, as on compressive modulus and strength of phenolic foams
[45, 46].

4 Phenolic Foams with Clay Reinforcement

Clays are of different types and in the case of PF, montmorillonite, Closite, Mineral
clay, Kaolin, and Nanoclay are incorporated into the matrix and they were studied
in detail by considering the different aspects. Thus the effects of these different clay
materials on phenolic foams were discussed in detail in different sessions below
which constitute the essence of the chapter.



216 G. Moni and S. A. Silva

4.1 Montmorillonite Reinforced Phenolic Foams

Montmorillonite (MMT), one of the natural sources that are reinforced with PF is
found to have improved fire resistance, thermal stability, and compressibility prop-
erties. These studies were carried out by Wei et al. [47] and Xu et al. [48] in detail
to get a clear insight of the reinforcement effects.

Wei et al. [47]modified thePFwithmontmorillonite/carbonfibers and they studied
the mechanical properties and analyzed the morphological aspects too to support the
results. The thickness of theMMTwas about 20–40 nm and is oriented in a particular
manner in the PF matrix such that the bubbles are surrounded by MMT layers. The
dispersed layers improved the compressive strength by 35–40% and antiflaming
properties of the composites as a whole. With further increase in the MMT content
above 7% agglomeration is resulted. By the addition of carbon fibers which have
mechanical and thermal stability of its own, contributed to the flexural strength of
the resultant composites and is increased by 58%. Thus the addition ofMMT/Carbon
fiber contributed to the improved stabilities of the PF.

Xu et al. [48] aimed to improve the toughness of PF by adding Bio-oil and to
improve the flame resistance by incorporating with the MMT into the above ingredi-
ents. They have analyzed the mechanical, thermal, morphological, and flame resis-
tance properties in order to assess its viability. In this work the incorporation ofMMT
into Bio-Oil/PF improved the interaction between the two by hydrogen bonding
without altering its basic structure. The SEM micrograph reveals the uniform cell
size and distribution of the bubbles. Foam with 2% and 4% MMT content showed
better compressive strength and lower pulverization ratio. They also showed better
flame resistance as revealed by LOI (Limiting Oxygen Index) analysis and improved
thermal stability by TGA analysis.

Closite 10A clay nanoparticle which is the chemically modified MMT infused
PF was prepared and analyzed by Rangari et al. by giving a detailed account of the
morphological, mechanical, and thermal aspects [39]. The introduction of the clay
nanoparticle increased the crosslinking between PF and clay particle as clear from
the increase in Tg from DSC analysis and TGA studies. An increase in mechanical
properties such as compressive strength and compressive modulus by 60 and 80%,
respectively, was observed due to the even distribution of the clay nanoparticle in the
PF matrix and uniform cell size as clear from the SEM analysis.

Thus the incorporation of MMT is meant to be a promising additive for PF to
improve the flame resistance, thermal, andmechanical aspects of the resulting system
as a whole.
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4.2 Nanoclay, Mineral Clay, and Kaolin Reinforced Phenolic
Foams

PF was also reinforced with nanoclay, kaolin powder, and mineral clay, and the
different aspects with respect to flame retardancy, mechanical characteristics, and
thermal stability were analyzed in detail. Hu et al. [49] studied the effect of addition
of nanoclay/glass fiber combinations into the PF resins. They analyzed the flame
retardancy, thermal stability, and toughness of the synthesized materials. Incorpo-
ration of glass fiber improved the impact strength and helped to decrease the brit-
tleness and pulverization effect on the PF. On the other hand the introduction of
nanoclay helped to improve the toughness and compressive strength. The compres-
sive strength first increased and showed a maximum for 3% of nanoclay infusion
and then decreased considerably with further decrease in nanoclay content. The cell
size is also controlled by the nanoclay addition, a particular amount of clay helped to
improve the cell size and further increase in nanoclay content increased the thickness
of the cell wall and percentage of open cells as clear from the SEM analysis. The
flame retardancy and thermal stability of the synthesized PF are also improved by
the addition of glass fiber/nanoclay. The optimal ratio of glass fiber/nanoclay which
showed the improved performance was found to be 5%:3%.

In another work kaolin powder (a type of clay) and a mixture of kaolin
powder/glass fiber fabricwere incorporatedwith the phenolic resin andPF are synthe-
sized byXiao et al. [50]. The synthesized PFwas tested to analyze themechanical and
thermal stabilities as well. PFwith kaolin alone showed evenly distributed small cells
which supports the presence of thicker wall ribs that leads to the enhanced mechan-
ical properties. If excess powder was added agglomeration seems to be prominent.
With the addition of glass fiber fabrics to the kaolin powder, the thermal stability
was increased prominently and the mechanical properties were also improved to a
certain extent. The PF is subjected to high temperatures and even though the pore
structure was not affected which endures the applicability of the resin even in harsh
environments.

5 Conclusion

Phenolic foams are of great importance when we consider them in the aspect of fire
retardancy and their environmental friendly nature while processing. The modifica-
tions made on the PF, such as chemical modifications, addition of fillers, and density,
also helped to increase its material properties to a greater extend. Only fewer reports
were available in the field of clay reinforced PF. Even though the clay reinforcement
supports the enhancement of the PF material properties as a whole in terms of flame
retardancy, thermal stability, mechanical characteristics, pore structure, etc.
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Chapter 13
Graphene Reinforced Phenolic Foams

Michał Strankowski

1 Introduction

Polymer nanocomposites are a very versatile group ofmaterials extensivelywidening
the scope of possible polymeric composite usage. Phenolic foamsbelong to a group of
materials showing relatively high fire resistance, thermal stability in a wide, temper-
ature range and are characterized by a relatively low production of toxic gases during
combustion [1].

To improve the thermal and mechanical properties of the phenolic foam (which
limit its potential application), the proper modification of graphene is a key to obtain
nanocomposites with phenolic foammatrix and extended possible foams application
field [2].

During the past 10 years, very often used for modifications of polymeric materials
is not pure graphene, but its derivatives (Graphene Oxide, Reduced Graphene Oxide,
Chemically Modified Graphene Oxide) were used, which enabled good interaction
with the wide range of polymer matrices [3–7].

2 Graphene Derivatives in Phenolic Foam Modification

An interesting study was performed by Xia Luo et al. [8] where the authors describe
graphene nanoparticles (GNPs) and graphene oxide (GO) and the effect of surface
free energy (SFE) induced by the aforementioned fillers on the cellular structure and
mechanical properties of phenolic nanocomposite foams.
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An introduction of graphene nanofillers (GNPs and GO) determines crucial inter-
facial parameters between fillers and the matrix. Optimal addition for the GO
nanofiller into phenolic foam was established at 0.6 wt% graphene oxide, where
good mechanical properties and cell microstructure were obtained (Fig. 1) [8]. This
improvement of the mechanical properties in phenolic foams proves that graphene
derivatives can be very effective as a nanofiller.

In past years, very interesting studies focused on graphene hybridmaterials where,
apart from graphene, additional modifiers were used, thanks to which it is.

Now possible to obtain a synergic effect of graphene derivatives in hybrid
compounds. An interesting research has been investigated by Li X et al. [1], where
authors have studied α-zirconium phosphate/graphene oxide hybrid (ZGO) with α-
zirconium phosphate (α-ZrP) nanoparticles immobilized on the surface of graphene
oxide (GO) sheets. The ZGO was incorporated into phenolic (PF) foams reducing
their high brittleness and friability. The authors reported that the addition of ZGO
at 4 phr improves the flexural (34%) and compressive strengths (40%) of the ZGO-
toughened PF foams (Fig. 2) [1].

Fig. 1 Phenolic foamswith addition (GNP orGO) nanofiller: a cell size distribution, b compressive
strength properties [8]

Fig. 2 ZrP/GO content on
flexural and compressive
strengths of PF foams with
ZrP/GO modifier [1]
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The authors reported that the flame retardancy of the toughened PF foams increase
(from 38% LOI for pure PF to 42% LOI for 4 phr ZGO addition into PF matrix)
and the thermal stability of these materials is also improved (from T5%(mass loss)
= 163 °C for pure PF to T5%(mass loss) = 204 °C for 4 phr ZGO nanomodifier
in PF). These improved materials can be applied as, for example, thermal insulating
materials [1].

Li X et al. [9] also investigated materials based on phenolic foams modified
by graphene-based hybrid nanoparticles (SGO) consisting of GO sheets and SiO2
nanospheres. In their study, the incorporation of 1.5 phr SGO into PF foam leads
to a 32% increase in the flexural, a 36% increase in compressive strength (Fig. 3).
Moreover, it has been proven that the addition of SGO nanomodifier improves the
flame retardancy of nanocomposite PF foams (from 38% LOI for pure PF to 41%
LOI for 2 phr SGO addition into PF matrix) and thermal stability of the PF foams
(from T5%(mass loss) = 163 °C for pure PF to T5%(mass loss) = 199 °C for 2 phr
SGO nano- modifier in PF) [9].

The continuation of research related to nanocomposite phenolic foams modified
with graphene oxide (GO)modifiedwith layered double hydroxide (CoAl-LDH/GO)
was presented by Li X et al. [10]. The most impact on the technical properties of
the introduced nanofiller was observed for 0.9 phr in PF matrix. The compressive
strength of nanohybrid material 0.9 CoAl-LDH/GO/PF (79 kPa) increases by 55%
in comparison to the pure PF foam (51 kPa) (Fig. 4). Moreover, the flexural strengths
of nanohybrid material 0.9 CoAl-LDH/GO/PF (173 kPa) increase by 35% in relation
to the pure PF (128 kPa) (Fig. 4) [10].

The fractured surfaces of PF foams nanocomposites were described by scanning
electron microscopy (SEM). In Fig. 5, the material design as 0.9 CoAl-LDH/GO/PF
(Fig. 5d) possesses smaller cell size and more orderly structure in comparison to the
materials 0.9GO/PF and 0.9 CoAl-LDH/PF (Fig. 5b, c). Additionally, thesemodified
materials (CoAl-LDH/GO modified PF foams) also have better flame retardancy
compared to the non-modified foams.

Similar derivative of graphene nanofiller effect on phenolic foams cell structure
was described also by Xia Luo et al. [11], where the graphene oxide/SiO2 hybrid

Fig. 3 SGO content on
flexural and compressive
strengths of PF foams [9]
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Fig. 4 CoAl-LDH/GO (GO: graphene oxide; LDH: layered double hydroxide; PF: phenolic)
content on flexural and compressive strengths of PF foams [10]

Fig. 5 SEM images of a neat PF foam, b 0.9GO/PF, c 0.9CoAl-LDH/PF and d 0.9CoAl-
LDH/GO/PF [10]

materials were added into phenolic resin to prepare phenolic foam nanocomposites
(Fig. 6).

It was previously explained how the cell structure was changed by using
hybrid nanofiller (GO/SiO2) where the archived smaller cell diameter and higher
the cell density of the reinforced phenolic foams (better cell morphology). For
1wt%GO/SiO2-80 modified phenolic foams presents a mean cell size of 117 μm
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Fig. 6 SEM microphotograph of the pure PF surface and cell distribution [11]

Fig. 7 SEM
microphotograph of the
PF/(1.0 wt% GO/SiO2-80)
material pure and cell
distribution [11]

with a narrow cell distribution from 50 to 224 μm (Fig. 7), in comparison to the
pure PF foam with wider cell distribution and cell size about 200 μm (Fig. 6) [11].
In this study [11] the authors emphasize also an excellent compressive strength and
modulus of nanocomposite (PF/(1wt%GO/SiO2-80)), which has increased by 80%
and 61%, compared to the non-modified PF form. Therefore, it can be seen that the
addition of nanofillers, from the group of graphene derivatives, undoubtedly has a
positive effect on the morphology of phenolic foams.

Phenolic foamsmodifiedwith graphene derivatives from theGO/SiO2 group have
additional properties related to an electromagnetic interference shielding perfor-
mance (EMI), which was investigated by Zeng Y et al. [12]. EMI SE parameter
describes the material’s ability to attenuate the intensity of the electromagnetic wave.
For non-modified (PCF—phenolic carbon foams) in the measure frequency rand
(8–12 GHz) this material exhibits good EMI shielding capacity equal 18 dB. The
addition of the modified nanofiller based on GO increases these parameters to about
23 dB which is connected with higher conductivity of this nanocomposite material
(Fig. 8a). Another modification based on GO/SiO2 content highly increases EMI



226 M. Strankowski

Fig. 8 a EMI SE as a function of frequency for PCF materials, b Schematic description of incident
wave distribution in phenolic-based carbon foams [12]

shielding. For material containing 1.5 wt% of GO/SiO2 in PCF matrix the value of
EMI SE increases to 50 dB which means that this 3D structure can shield more than
99% of electromagnetic radiation [12]. The visible enhanced EMI shielding perfor-
mance is explained by the fact that GO/SiO2 clusters increase electrically conductive
paths which have a strong interaction with electromagnetic waves and this behavior
can significantly reduce the impact from electromagnetic field (Fig. 8b) [13].

The relationship between the cellular structure and the multipoles of the compos-
ites is shown in Fig. 8b. This porous structure creates a large number of interfaces
which enhance multiple reflections and absorptions points of electromagnetic waves.
The authors prove that the EMI of theGO/SiO2 hybrid nanomaterials reinforced PCF
matrix was greater than other-size particles [12].

High-performance electromagnetic interference (EMI) shielding materials, based
on phenolic carbon foams, have been intensively investigated by Kejing Yu
et al. [14]. The authors reported the new materials based on reduced graphene
oxide/Fe3O4 (rGO/Fe3O4) hybrid-modified carbon foams for EMI shielding applica-
tions. Figure 9a presents the cellular morphology of the non-modified carbon foams
which possess closed-cell structure morphology and the cell size of about 200 μm.
The introduction of 1.5 wt% rGO/Fe3O4 hybrid nanofiller into foam matrix reduced
cell size to 130 μm (Fig. 9b).

Strain versus stress curves of the pure PCF foam and modified nanomaterials
are showed in Fig. 10a. These results clearly prove that adding GO or rGO/Fe3O4

hybrid nanofillers into PCF foam improvesmechanical properties. rGO/Fe3O4 hybrid
nanofiller seems to be more effective in comparison to the GO.

Best results were obtained for the addition 1 wt% rGO/Fe3O4 hybrid nanofiller
(Fig. 10a).

Figure 10b shows the EMI SE results for the carbon foams materials. Authors
observed that the pure carbon foam performs EMI shielding capacity with an average
EMI SE of about 19 dB. Introduction of the foam hybrid graphene derivative (1.5
wt% rGO/Fe3O4) dramatically increased this parameter up to 65 dB. Enhanced EMI
shielding performance is connected with Fe3O4 behaving as a magnetic material



13 Graphene Reinforced Phenolic Foams 227

Fig. 9 SEM images of a pure carbon foam, b 1.5 wt% rGO/Fe3O4 hybrid-modified carbon foams
[14]

Fig. 10 Mechanical properties of the carbon foams: a stress–strain curves, b EMI SE [dB] of
various carbon foams in the function of Frequency [GHz] [14]

which possess strong interaction with the magnetic component of electromagnetic
wave (Fig. 9b).

Some pro-ecological applications based on Graphene nanoplatelet (GnP)/reused
phenolic foam (re-PF)/wood composite boards were prepared by Jeong In Han et al.
[15]. The authors add different amounts of the GnP to the PF matrix to investigate
the effect on thermal and flame retardant properties of these nanocomposites.

The thermal stability of the composite increases with the addition of GnP
nanofiller from PF wood matrix (re-PF/W) (thermal degradation Tonset = 212 °C)
to Tonset= 243 °C registered for 20 wt% GnP modified material (20 GnP/re-PF/W)
[15]. Also very important parameter LOI% (Limiting Oxygen Index) increases for
these composite boards materials from 27% (re-PF/W) to 32% (20 GnP/re-PF/W)
respectively [15].

An interesting comparison regarding the impact of carbon nanoparticles (multi-
wall carbon nanotubes and graphene) on phenolic foamswas presented by Song et al.
from the Korea research group [2]. Noteworthy is the relatively simple method of
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Fig. 11 Preparation of reinforced phenolic foam [2]

obtaining nanocomposites according to the diagram shown in Fig. 11. The phenolic
foamwhichwas fabricated by applying themicrowaves andwasmonitored the degree
of cure inside the phenolic resin in real time.

Based on phenolic foam’s SEM images (Fig. 12) anisotropic structures can be
seen. The addition of the nanofiller (MWCNT or Graphene) makes the material more
uniform and smaller average cell size (75 μm at 2 wt% Graphene in PF compared
with the pure PF matrix cell size 318 μm) (Fig. 13). The carbon reinforced phenolic
foams (CP—MWCNT, GP—Graphene) show smaller cell size for both modified
materials in comparison with the pure phenolic foams (Fig. 13). The authors also
observed that higher nanofiller particles content (2 wt%) in phenolic foam matrix
causes the creation of some aggregates.

Figure 13b shows the compressive strength of the phenolic foams with different
types and amounts of the nanofiller. The compressive strength of the reinforced
materials was improved and compared with the PF (for 1–2 wt% of graphene in
PF equal 170 kPa). The authors conclude that the phenolic foam’s smaller cell size
possesses higher compressive strength in comparison to the large cell foams (Pure

Fig. 12 SEM of the phenolic foams a pure phenolic resin, b Phenolic foamwith 2.0 wt%Graphene
[2]
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Fig. 13 Nanocomposite phenolic foams characterization: a average cell sizeb compressive strength
[2]

PF), because these materials have more ribs and walls within foam morphological
structure [2].

According to this study, the reinforcement of the phenolic foams using graphene
causes good resin viscosity (for is important during production) and a good dispersion
of the particles. This method is very promising in terms of improving material’s
thermal and mechanical properties.

Phenolic foamsmodifiedwith graphene oxide (GO) in order to improve reinforced
mechanical properties of these materials were presented by Zhou J et al. [16].

Mechanical parameters, for polymeric foammaterials, are one of the most impor-
tant factors influencing behavior application in the environment. These nanocom-
posite materials (containing GO nanofiller) show small changes to strength improve-
ment (within experimental errors) (Fig. 14a) [16]. More noticeable changes are
visible via impact toughness increase (up to 16% for 0.5 wt%GO in PF foammatrix)
(Fig. 14a). In the case of these systems, it is worth concluding that such small addition

Fig. 14 a Compression strength and impact toughness of phenolic foam (PF) modified with
graphene oxide (GO), b Loss modulus and tan δ vs. temperature. Phenolic foam a without graphene
oxide, b with 0.5% graphene oxide [16]
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of the GO nanofiller (up to 0.9 wt%) not always allows to obtain a big improvement
of the nanocomposite materials.

In turn, such relatively low GO addition may result in a significant increase in
the glass transition temperature (Tg) of graphene oxide reinforced phenolic foam
compared with non-modified phenolic foams. Figure 14b presents Tg temperature
of phenolic foam and PF with 0.5 wt% GO nanofiller increasing from Tg = 118 °C
to Tg = 150 °C [16].

Similar, low content of the graphene oxide nanofiller (0.1–0.7 wt%GO) was used
to modified phenolic foams by a researcher from China, Luan et al. [17]. This study
presented the influence ofGOmodifier (the percentage of phenolic foams close area),
which remains small. However, some decrease in the thermal conductivity properties
of phenolic foams can be seen (up to 25 mW/ m・ K) [17].

Phenolic foams modified using graphene derivatives can be also used as high-
performance supercapacitors [18]. Li et al. [18] present a new type of advanced
energy storage device based on these materials.

The authors successfully prepared modified materials according to the synthesis
of CGO/phenolic based on three steps method, where the CGO addition was between
0.05% and 0.30% (Fig. 15). Finally, porous carbon foam (RGPF) was prepared by
carbonizing CGO/PF [18]. This process can be performed as low-cost preparation
method, what is important for eco-friendly based materials production. The authors
achieve CGO modified hierarchical porous materials with good electrical conduc-
tivity, which could be conducive and used successfully for the electron transport.
Prepared nanocomposites (especially RGPF with 0.2 wt% CGO) possess a high

Fig. 15 Synthesis of Carboxyl Graphene Oxide (CGO)/phenolic foam and hierarchical porous
carbon foam (RGPF) materials [18]
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specific capacitance of 273 F/g in comparison to the non-modified PF material,
where this parameter is equal to 114 F/g [18]. These electrode materials (designed
as RGPF-0.20%-800) also presented a very promising life cycle with 93% specific
capacitance retained after 10 000 cycles.

These hierarchical porous carbon materials seem to be very promising CGO/PF
nanocomposites for energy storage supercapacitors.

Some innovative modified nanofillers, based on magnesium amino-tris-
(methylene phosphonate) and reduced graphene oxide (rGO), which Liu L et al. [19]
introduced to phenolic foam (PF), were successful in terms of increasing mechanical
properties and thermal stability of PF.

This research presents one-step synthesis of a novel magnesium amino-tris-
(methylene phosphonate) (Mg-AMP)-reduced graphene oxide (Mg-rGO) hybrid
nanofiller. This modifier was able to improve the basic properties of PF like mechan-
ical properties, flame retardant behavior, and thermal stability (based onTGA results)
of the modified phenolic (PF) foam systems. High improvement was observed for
the limiting oxygen index (LOI) of the foam with 4 phr Mg-rGO nanofiller, which
increased up to 42% in comparison with the LOI = 38% for PF foam.

The authors conclude that Mg-rGO hybrid nanofiller (which is an interesting
modification of GO since it was obtained by reducing and functionalizing GO form)
enhances the thermal stability of the phenolic foam more effectively than classic
graphene oxide (GO) [19].

3 Conclusion

This brief book chapter describes graphene and graphene derivatives which can
be used to modify phenolic foams and improve their applications reducing even-
tual restriction for these materials. Phenolic foams (PF) possess very attractive and
wide engineering applications such as insulation (low densities, low thermal conduc-
tivity), energy absorption (low rigidity), and fire protection (no drip protection, low
toxic gases production, good LOI index). These materials exhibit excellent fire retar-
dancy but sometimes their mechanical properties could constitute some limitations
for different applications. Therefore, using different graphene derivatives (GO, rGO,
etc.) causes significant improvement in mechanical, thermal, fire retardant properties
and, what’s more, defines well (regular) cell size in phenolic foam materials.

It was proven that the addition of the graphene-based nanofiller can successfully
improve the mechanical properties of phenolic foam materials. Proper integration
with polymermatrix allows to increase compressive or flexural strength and friability
of these materials.

Good possibility of introducing and producingmodified phenolic foams, aswell as
homogenizing nanoparticles, allows for trouble-free homogenization of the reacting
system, which in consequence grants the manufacturer a possibility of acquiring a
well-defined nanocomposite product. What’s more, graphene-based nanofillers can
play a pivotal role as a surfactant and well-embedded in the cell morphology can
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limit the thickness reduction of cell walls. Therefore, this new group of nanofillers
(graphene derivatives) seems to be good candidates to achieve proper reinforcement
(at relatively low addition into PF matrix). Graphene modified phenolic foams are
very promising materials with wide application possibilities enabling their usage in
an even more demanding environments.
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Chapter 14
Nano Silica Reinforced Phenolic Foams

Seyyedeh Fatemeh Hosseini, Masoumeh Kiyanfar, Hoda Daneshvar,
and Mir Saeed Seyed Dorraji

1 Introduction

Nanotechnology is attracted a great deal of attention because of its potential applica-
tions and it is rapidly growing in various fields such as electronics, aerospace, defense,
medical, dental, nanocomposite, and so on. At the nanoscale, materials exhibit better
physical, chemical, and biological properties over the individual atoms andmolecules
of bulk matter[1–5]. Since silicone materials commercially produce in 1940, they
have considerable applications in most areas of science and engineering. Silica parti-
cles are normally a white amorphous powder or colloid suspension. Their melting
point is 1600 ˚C [6]. One of the significant properties of them is their slow-burning
rate which makes them useful in flame retardant applications [7]. Today, silica parti-
cles can be produced in different sizes. In recent years, silica nanoparticles (NPs),
SiO2, are widely used as fillers to reinforce the polymer performance. They can
significantly improve the thermal, mechanical, physical, and chemical properties of
polymers [8]. Silica NPs have been easily synthesized [9–11], and the size of them
can be controlled during the synthesis process [12]. Moreover, they are odorless, less
toxic, easily accessible, highly stable, and biocompatible particles [13, 14]. It is easy
and inexpensive to make hydrophilic silica NPs on a large scale [15, 16].

Polymer nanocomposites are the most important class of composites. They have
attracted researchers’ attention to study them in the academic and industrial levels
[17]. Polymer nanocomposites are generally organic matrix which is filled with
inorganic additives. The volume fraction and size of the fillers have a remarkable
effect on themechanical, dynamic, and thermal properties of polymer nanocomposite
[18]. Among the different polymer nanocomposites, silica polymer nanocomposite
has been studied a lot and it has been successfully used for various applications in
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different fields because silica as a reinforcement agent has significant advantages
such as the high specific surface area, high aspect ratio, high Young’s modulus, and
strength [19].

Recently researchers have combined nanoparticles with foaming technology
and have produced polymer nanocomposite foams. The increasing demand for
lightweight materials with added functionalities and also the high effect of a small
number of nanoparticles on the polymeric foam materials have led to the develop-
ment of these materials. The materials used in foam preparation affect the structure
and characteristics as well as the final application of foam. Nanoparticles improve
the cellular structure and properties of the polymeric matrix of foams [20–22].
Nanofillers as nucleating agents help in the bubble formation step and cause an
improvement in cell morphology and final properties of the foams. Also, an increased
expansion ratio can reduce the amount of resin needed for foam formation [23, 24].

Phenolic foams have attractedmore attention compared to other commercial poly-
meric foams such as polystyrene (PS) and polyurethane (PU) because of their advan-
tages like low flammability, high thermal stability, no smoke, and toxic gas produc-
tion during combustion, etc. [24, 25]. These features make them useful for different
applications such as insulation, decontamination, fire protection, packaging, struc-
tural and domestic elements, agriculture, horticulture, and energy absorption. But
phenolic foams also have weaknesses that limit their applications (such as brittle-
ness, pulverization, and low tensile strength) [26]. Fortunately, studies have shown
that the use of fillers in micro or nanoscale such as fibers, clays, carbon nanotubes,
graphene, and silica can improve themechanical properties of phenolic foamswithout
deteriorating their excellent fire resistance. Studies show that silica NPs can easily
be dispersed in solutions and react with the resol resin. In this reaction, they can form
a chemical crosslinked network which increases the stability of the polymer chains
of the phenolic resin /silica nanocomposites [13].

2 Preparation of Silica Nanoparticle Reinforced Phenolic
Foams

Silica NPs are generally obtained in an alkaline ethanol/H2O solution and the
commonly used silicon sources are tetraethyl orthosilicate (TEOS) and tetrapropyl
orthosilicate [27–29]. Today, the biological method for the synthesis of silica NPs
has attracted considerable attention because of its advantages like environmental
friendliness, low-toxicity, cost-effectiveness, easy isolation, etc. [30, 31]. The homo-
geneous dispersion of nanoparticles in the polymeric matrix is so important factor
in the composite preparation. The dispersion extent of silica NPs plays an important
role in the mechanical properties of silica-reinforced phenolic foam[32].

In the preparation of silica/polymer composite, the widely used methods are the
blending process, sol–gel process, and in-situ polymerization[6]. To synthesis silica
NPs reinforced phenolic foam, first silica phenolic resin is prepared, and then it is
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converted into the foam by incorporating other components. For the synthesis silica
phenolic resin, silica NPs are dispersed in the formaldehyde solution under ultrasonic
mixing, and then formaldehyde consisted of silica is added dropwise to the mixture
of phenol and aqueous sodium hydroxide. The reaction proceeds at 85 ˚C for 3.5 h
under constant agitation [32]. Besides phenolic resin other basic components that are
used in phenolic foam formation are blowing agent, surfactant, and curing agent. The
blowing agent that is commonly used is n-Pentane. Also, Tween 80 as a surfactant
is applied. Acids such as phosphoric acid, p-toluene-sulfonic acid, phenol sulfonic
acid, and sulfocarbolic acid are used as curing agents. In some works, a mixture of
different acids and distilled water were used. Silica phenolic resin, blowing agent,
surfactant, and curing agent are mixed under rapid stirring for a few minutes. Then
the mixture is quickly poured into a mold and is allowed to cure and foam at 75 ˚C
for 90 min [32–35].

3 Microstructure of Reinforced PFs

It is well known that a full understanding of the thermal or mechanical properties of
the foams strongly depends on their unique density [36]. There are various methods,
which can be employed to examine the properties of microstructure and cell structure
of silica nanoparticles in PFs, such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). In practice, the ratio of the sample mass,
m, to the geometrical volume, v, is defined as the foam density, ρ, as shown below
[35]:

ρ = m

v
= m

πr2h
. (1)

The cell density of the foams is defined as the number of cells per unit volume,
which is calculated by the following equation:

N f =
(
nM2

A

)3/2

× ρ

ρ f
, (2)

where A is area obtained from the SEM photograph; M is the magnification of SEM
images; n is the number of cell in area, ρ and ρ f are the densities of curried phenolic
resin and PF, respectively [34]. It is important to notice that the modifiers in foams
can create a lot of interfaces, which increase the cell nucleation by reducing the
energy barrier of the cell nucleation, according to heterogeneous cell nucleation
theory. Therefore, the relevance between the particle size and the total number of the
nucleated cells can be calculated by the following equation:
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where Jhet is the heterogeneous nucleation rate and Ahet is the specific surface area
of the nucleating agent. According to this equation, as Ahet increases, the number
of nucleated cells increases [35]. On the other hand, the variation in the free energy
of the system for heterogeneous and homogeneous nucleation can be estimated,
respectively, by the following equations:

Whet = WhomF(θc, β)Heterogeneousnucleation. (4)

Whom = 16πr3

3(Pbub,cr − Psys)
2 Homogeneousnucleation, (5)

where F(θc, β) is the shape factor with values equal to or less than 1, which is
calculated as follows:

F(θc, β) = 1

4

[
2 − 2sin(θc − β) + cosθccos2(θc − β)

sinβ

]
, (6)

whereβ is the semi-conical angle (0–90°) that displays the geometry of the nucleation
locations and θc is the contact angle between the bubble surface and the second
phase. It is worth emphasized that the Talc particles create heterogeneous nucleation
locations by reducing the activation energy barrier for the bubble nucleation, and
thus increasing the nucleation rates. Yuan et al. [34] synthesized the nanocomposite
poly(n-butyl acrylate) /silica with core–shell structure as an improvement agent in
PFs through aqueous emulsion polymerization. Themicrostructure properties of pure
and reinforced PFs with the different dosages of the nanocomposite were examined
by SEM (Fig. 1). SEM studies displayed that the apparent density of the modified
foams (about 25± 0.5 kg/m3) is lower than that of the pure PFs (314 kg/m3). Besides,
the addition of an appropriate dosage of the nanocomposite (from 0.015 phr to 0.09
phr) leads to improve the structural homogeneity (shape and cell distribution) of
reinforced foams compared to the pure PFs.

It is well known that the viscosity of the resin increases as the dosage of the
nanocomposites rises. The bubbles created during the foaming process become larger
with increasing temperature until the cell wall ruptures. Despite the defect created
in the structure, a homogenizing process of foam happens to create a uniform cell
structure, owning to the fluidity of the resin. In addition, the proper viscosity of the
resin can preserve the cell structure without rupture. If the viscosity is very low, the
regular cell structure could not be obtained well. If the viscosity is very high, the
homogenization process will be difficult, due to the particle agglomeration.

Luo et al. [35] examined the effect of weight fractions(0, 0.3, 1, and 1.5 wt%) and
different sizes (80, 170, and 250 nm) ofGO/SiO2 hybridmaterials in the PFs. The cell



14 Nano Silica Reinforced Phenolic Foams 239

Fig. 1 SEM images of the PFs reinforced by different dosages of nanocomposites: (a) 0 phr; (b)
0.015 phr; (c) 0.03 phr; (d) 0.06 phr; (e) 0.09 phr; (f) 0.12 phr; (g) 0.15 phr. (Reproduced from[34])

structure and the cell morphology of the modified PFs were studied by SEM (Fig. 2).
The SEM results revealed that the cell density significantly improved by 75.4%,
compared to the pure PF. In particular, the modified PF with 1 wt% of GO/SiO2-80
displays the narrowest cell size distribution and the most uniform cell morphology. It
is speculated that the presence of graphene oxide nanoparticles as nucleating agents
can reduce the free energy of nucleation and increase the likelihood of uniform cell
formation. Moreover, the SiO2nanoparticles with good hydrophilic can well disperse
in phenolic resin and help to improve the cell structure. Thus, the combination of
GO and SiO2 with high quantity oxygen groups can improve the cell morphology
and increase the viscosity of the phenolic resin, which can prevent the thinning of
cell walls and the expansion of cells. It is noteworthy that the cell distribution is
dependent on the modifier size. The cell size distribution became non-uniform and
the mean cell size enhanced when the nanocomposite size was enhanced from 80 to
250 nm. The large nanoparticles can easily aggregate and the air between the particle
gaps expands significantly with the increase of heat.

Li et al. [33] prepared the silica/ PF nanocomposites with the different contents
of silica (0.5, 1, 2, 3, and 4 wt%) by in-situ polymerization. The formation of chem-
ical bonding between resin and silica nanoparticles was confirmed using Fourier
transform infrared spectroscopy (FT-IR), which silica nanoparticles can perform as
a bridge to obtain the structure of the crosslinked network. The microstructure prop-
erties of the pure PFs and the modified PFs were studied by SEM (Fig. 3). The results
displayed that the shape of all the cells in modified foams is hexagon; however, the
pure PF has various shapes such as oval, pentagon, circle, and hexagon. Moreover,
the cell size distributions, the cell distributions, the cell wall thickness, and the mean
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Fig. 2 SEM images and the cell size distribution of PFs with different contents of a 0; b 0.3
wt% GO; c 0.3 wt% GO&SiO2; d 0.3 wt% GO/SiO2-80; e 0.3 wt% GO/SiO2-170; f 0.3 wt%
GO/SiO2-250; g 1.0 wt% GO/SiO2-80; h 1.5 wt% GO/SiO2-80. (Reproduced from[35])

cell size of modified PFs with 2 wt% silica sol are narrower, more uniform, thicker,
and smaller than that of the pure PF and other foams, respectively.

Li et al. [37] prepared the nanocomposite of graphene oxide/ silica nanospheres
(SGO) via SiO2immobilization on the surface of GO sheets and its effect as the
modifier on the microstructure properties of PFs was studied by optical microscope
(Fig. 4). Based on the results obtained, the structure of the prepared foams with the
different nanofillers (GO, SiO2, and GO/SiO2) are mainly closed cells. However, the
sample of SGO (0.5 wt%)/ PF has smaller cell sizes and amore uniform cell structure
than the pure PFs and other modified forms. It is probably due to the differences in
the surface nature and the dispersion between the resin and the fillers during the
heterogeneous nucleation process. It is important to notice that SGO is much more
effective than GO in the nucleation process because of the immobilization of the
GO surface by SiO2 nanospheres and the changing from hydrophilic to hydrophobic
[38]. In addition, due to the presence of graphene oxide, agglomeration does not
occur between the SGO particles and thereby it is uniformly dispersed in the foam
matrix. Compared to the pure PFs, as the dosage of SGO increases, the cell sizes
related to SGO-reinforced PFs decrease. During the foaming process, the more cells
were produced by SGO that leads to an increase in cell density and a decrease in
cell size compared to pure PFs [39]. However, the cell size distribution of the sample
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Fig. 3 SEM images and cell sizes distributions of PFs with different contents of nanoparticles:
a 0; b 0.5 wt%; c 1 wt%; d 2 wt%; e 3 wt%; f 4 wt% (100 × ); g 0 (800 × ); h 2 wt% (800 × ).
(Reproduced from[33])

SGO (2 wt%)/ PF is not uniform due to the agglomeration between SGO particles at
higher weight fractions (2 phr) [40].

4 Physical Properties

4.1 Mechanical Properties

The most important disadvantage of PFs is that they have a low mechanical strength
that prevents their widespread usage [41–44]. It is well known that the inorganic
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Fig. 4 Optical images of a pure PF and toughened PFs using b 0.5GO, c 0.5SiO2, d 0.5SGO,
e 1.5SGO, f 2.0SGO. (Reproduced from [37])

nanoparticles such as silica have uniquemechanical strength. The combination of the
inorganic materials with the PFs is a promising method to improve their mechanical
properties, which are obtained from the synergy among the components [45–48].
This can be explained by the presence of large quantities of active hydroxyl groups
on the silica surface and the formation of a strong chemical bond between silica and
resol [14]. When silica nanoparticles are added into the system, during the foaming
process, the crosslinked network is formed, which acts as a bridge for the connection
of the resol with the resol [13]. As mentioned earlier, the mechanical properties of
PFs strongly depend on their microstructure such as cell size distribution, cell wall
thickness, and mean cell size. For example, the PFs with high cell density, small
mean cell size, and narrow cell size distribution have a better compression property,
which can be due to the existence of more walls and ribs to undergo compression
[49]. Meanwhile, the worse cell morphology leads to poor compression function.
The mechanical properties of the different types of nano silica/PF composites have
been widely investigated by the experimental studies.

Yuan et al. [34] investigated the effect of the different dosages of the crosslinked
poly (n-butyl acrylate) (PBA)/silica nanocomposites on the mechanical properties of
PFs. The results showed that compared to the pure PFs, the PFs containing 0.03 phr
of modifier have the highest flexural strength (0.209 MPa), the compressive strength
(0.08MPa), and the elastic modulus (2.491MPa), which enhances by 36.0%, 42.9%,
and 32.3%, respectively. On the other hand, the toughness can be estimated by using
the area under the stress–strain curve, in which the better toughness is characterized
by a larger area. The modified foams containing 0.015, 0.03, 0.06, and 0.09 of
nanocomposite have a bigger area than that of other foams. It can be explained by
the covalent bond between the hydroxyl groups (-OH) on the nanocomposite surface
and hydroxymethyl groups (-CH2OH) of the phenolic resol. This in turn can lead
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to a significant improvement in the compatibility of the phenolic matrix and the
nanocomposite.

Luo et al. [35] studied the impact of the nanoparticle type, weight fraction, and
diameter of GO/SiO2 hybrid on the mechanical properties of the PFs. The compres-
sive strength and modulus of modified foams with GO/SiO2 hybrid are higher than
the pure PFs and the other modified foams. It can be due to the greater cell density
and the smaller cell size of the PFs reinforced by GO/SiO2 hybrid, which can lead
to the distribution of compression force in a larger number of cell walls and thus
improve the compressive strength. Meanwhile, as the diameter of the hybrid mate-
rials increases, the compression property in the modified PFs decreases. This may
be due to the reduction of cell density and the pressure-bearing cell walls with the
increasing the size of GO/SiO2hybrid material. Besides, the compressive modulus
and strength were first enhanced and then reduced when the GO/SiO2 content in the
modified PF increased. The PFs modified by 1 wt% GO/SiO2display an outstanding
compressive modulus and strength of 3.22 and 0.18 MPa, which increases by 61%
and 80%, respectively, compared to other foams. However, the agglomeration of the
hybrid material with a larger size (1.5 wt%) leads to the formation of un-uniform
cell structure and thereby the cell deformation and the poor compression property.

To better understand the impact of different contents of silica sol on themechanical
properties of PFs, Li et al. [33] prepared the nano silica-reinforced PFs by in-situ
polymerization. Compared to the pure PFs, the mechanical strength of reinforced
PFs is increased due to the chemical bonds between the silanols in silica and the
phenolic groups in the resin. It is found that the sample reinforced with 2 wt% nano
silica has the optimum performance. The compressive modulus, tensile strength, and
compressive strength of the recent sample increase by 38.55%, 57.14%, and 47.37%,
respectively, compared to the pure PFs.Meanwhile, this sample has a tensilemodulus
of 1.38, which decreases by 45.67%, compared to the pure PFs. This can be explained
by the excellent elasticity and better cell morphology of this sample versus the other
foams. However, the mechanical performance of the reinforced foams decreases
when the silica sol content increases to more than 2 wt%. It can be due to the
thinner the cell walls, the wider the cell distribution, and the larger the mean cell
size, compared to 2 wt% nano silica-reinforced PFs. Moreover, the compression
properties of modified foams were studied by the quasi-static compression stress–
strain curves (Fig. 5). This curve has three stages: (1) the rapid growth of stress
with increasing strain, which attributed to the cell wall in the foams; (2) the yielding
process, which can be explained by the rapid destruction of cells; (3) the increasing
the stress only with the increasing strain, which can be due to the densification of
the cells. It is found that the compression properties of the PFs reinforced with 2
wt% nano silica are superior compared to other foams, due to the formation of the
chemical crosslink bonding between the silica and the phenolic resin.

Li et al. [37] studied the mechanical properties of the pure and the reinforced
PFs by the hybrid materials of SGO. The flexural and compressive strengths of the
reinforced PFs are enhanced compared to the pure PFs. There are two reasons for
this result: first, the high-strength nanofillers are introduced into the cell walls of the
foams and lead to increase the strength in the cell walls; secondly, the nanofillers as
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Fig. 5 .The stress–strain curves for pure PFs and reinforced PFs with 2wt% nano silica.
(Reproduced from[33])

a nucleating agent can increase the cell density and the small cells, which they lead
to enhance the compressive strength of the modified PFs due to the presence of more
cell walls and ribs undergo pressure. Besides, the flexural and compressive strengths
of the modified PFs by SGO are higher than those of other PFs modified by GO and
SiO2. This can be explained by the strong chemical reaction between SGO sheets and
phenolic resin. Therefore, the ester bonds between the carbonyl groups (–COOH) on
the SGO surface and the hydroxyl groups (–OH) on the PF surface are formed in the
acidic medium and at high temperatures. Moreover, the changing of the SGO surface
from hydrophilic to hydrophobic leads to improve the heterogeneous nucleation and
producing more cells to enhance mechanical performance. In this study, the effect of
SGOcontent on themechanical properties of the reinforced foamswas also examined.
The results showed that the modified foams by 1.5 phr of SGO have an excellent
flexural and compressive strength of 0.179 MPa and 0.079 MPa, which increases
by 31.6% and 36.2%, respectively, compared to the pure PFs. This can be because
of the smaller cell size and uniform cell structure and thereby it can undergo great
external pressure. Meanwhile, the reduction in the mechanical performance with
the increasing of loading (2 phr) is attributed to the particle agglomeration of SGO
and their weak dispersion in the PFs. Therefore, the enhancing of the mechanical
strengths in the PFs depends on enough addition of nanofillers.

Guo et al. [50] prepared the silica nanoparticle using the phenol solvent instead
of other organic solvents. They investigated the mechanical properties in four types
of PFs (PF): derived from phenolic resin (PF1), derived from nano silica-reinforced
phenolic resin (PF2), derived from lignin/nano silica-reinforced phenolic resin (PF3),
and derived from lignin-reinforced phenolic resin (PF4). The results showed that PF2
and PF3 have a compressive strength of 0.35 and 0.38MPa, which increases by 192%
and 153%, respectively, compared to PF1 (0.12MPa) and PF4 (0.15MPa). It is worth
emphasizing that nano silica acts as a modifier and bridge between each part of the
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resin matrix and thus the formation of the crosslinked network structure. The only
0.1 wt% of nano silica as the optimal value in PFs was required (much lower than
previous reports) due to the strong bonding among lignin, silica, and phenolic resin.

4.2 Thermal Stability and Degradation

The macromolecular foams with low thermal conductivity (κ) have potential appli-
cations in the materials of the thermal insulation for buildings [26]. It is necessary to
study the thermal conductivity properties of pure and reinforced foams. According
to the large volume of the gaseous phase in the PFs, conductivity through gases
is a major factor in heat transfer, although, the main amount of heat is transferred
through solid polymers. As a result, various factors affect the thermal conductivity
of the foam, such as the cell size distribution, porosity, cell distribution, thermal
conductivity of raw materials, and cell density. Moreover, an additive agent such
as silica nanoparticles has a significant effect on the thermal conductivity of foams.
On the other hand, the decomposition process of polymeric materials must first be
known to justify the increase in their thermal stability. Thermal decomposition of
all PFs is a four-step process, which is mainly originated by (1) the evaporation of
water and blowing agents in the foam (T < 100 °C), (2) the further dehydration of
cured PFs (T ~ 160 °C), (3) the evaporation of the surfactants such as free phenol
and Tween 80 (from 250 to 400 °C), and (4) the phenolic resin degradation (from
400 to 800 °C) with the maximum decomposition temperature of 467.8 °C [37].

Using differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and difference thermogravimetry (DTG), many research groups have studied
the enhanced thermal stability in nano silica/PF composites compared to the pure
PFs. Several mechanisms have been proposed to explain the improvement of
thermal stability in nano silica/PF composites. For instance, the interfacial inter-
action containing the covalent chemical bonds between the organic phase (resin) and
inorganic phase (silica) prevents the movement of the polymer chain and leads to
an increase in temperatures [51]. Yuan et al. [34] found that the addition of poly
(n-butyl acrylate) (PBA)/silica nanocomposites did not affect the thermal stability
of the PFs. Meanwhile, the addition of the nanocomposite into the system has very
little effect on the glass transition temperature (Tg) of the PFs. This can be due to the
high crosslinking degree in the pure PFs, in which the addition of the nanocomposite
into the system does not lead to a significant change in the total crosslinking degree
of the reinforced foams.

Li et al. [33] investigated the thermal conductive properties in the phenolic-
formaldehyde foams reinforced by silica nanoparticles with different content (0.5, 1,
2, 3, and 4 wt%). The results exhibited that the modified foams have lower thermal
conductivities than pure foams. This can be attributed to the more uniform cell
distribution, narrower cell size distribution, smaller mean cell size, and lower cell
density of the modified foams compared to pure PFs. In particular, the modified
foams by 4 wt% nano silica have the highest thermal conductivity, compared to
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other foams, which can be explained by the high content of silica sol. As a result,
selecting the optimal amount of silica sol is essential to reduce the thermal conduc-
tivity of improved foams. The TGA and DTG results showed the thermal stability
of reinforced foams by 2 wt% nano silica is higher than other foams. This can be
explained by forming an insulating silica layer on the polymer surface and strong
interfacial interaction between silica and foam, which lead to the protection of the
foam interior.

Li et al. [37] studied the effect of SGO on the thermal stability of PFs. The TG
results showed that Tmax and the weight loss temperatures at 5 and 30% (T-5% and
T-30%) of modified foams are higher than those of pure foams. Besides, residues of
reinforced foams at 750 °C are higher than the pure PFs. Thus, the thermal stability of
modified foams by SGO enhances, compared to the pure PFs. This can be explained
by the immobilization of SiO2 nanospheres on the GO surface that it prevents the
GO decomposition.

4.3 Flame Retardant Properties

The PFs are commonly used in the thermal insulation materials, due to outstanding
flame retardant performance [52]. Therefore, it is necessary to study the flame retar-
dant of the PFs. The tests of limiting oxygen index (LOI), UL 94 vertical burning, and
cone calorimetric are used to measure the flame retardant in the pure and reinforced
foams (discussed in detail in ref. [37]. Yuan et al. [34] evaluated the flammability of
the pure and modified foams with crosslinked poly (n-butyl acrylate) (PBA)/silica
core–shell nanocomposites by using LOI tests. The results showed that the nanopar-
ticles have a small impact on the LOI of PFs and the unique flame retardant func-
tion of purePFs is still preserved. It is worth emphasized that the content of the
modified nanocomposite is very low. Li et al. [37] investigated the effect of silica
nanospheres/graphene oxide (SGO) hybrid on the flame retardant performance of
the pure and modified foams. The LOI results displayed that the synergistic effect
between silica nanospheres and GO leads to increase LOI in the modified foams,
compared to SiO2 and GO-reinforced PFs. Besides, as the SGO amounts in foams
increase theLOI values ofmodified foams increases. This can be due to the SiO2 layer
formed on the GO surface, which can prevent the GO decomposition. As a result,
the GO sheets act as a physical barrier against the heat and mass transfers, especially
at high temperatures [52]. Another reason for the increase in LOI can be explained
by the higher cell density of modified foams by SGO. The results of the cone calori-
metric test showed that the mean heat-release rate (mHRR), the total heat release
(THR), and peak heat-release rate (PHRR) of themodified foams are lower than those
of the pure foams. Besides, the values of mHRR, THR, and PHRR decrease when
the loading contents of SGO increase. For example, the THR and PHRR of modified
foams by 1.5 wt% SGO decrease by 6.4% and 21.4%, respectively, compared to
pure PFs, meanwhile, the time of ignition enhances 10 s. Moreover, both the pure
and modified foams can pass the UL 94 V0 rating.
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4.4 Pulverization Ratio

The high friability is a critical problem for the PFs, which leads to reduce their
applications. Therefore, adding silica nanoparticles to PFs as an improving agent
could be a promising solution to this problem. The weight loss of the specimen
after friction is defined as the friability (discussed in detail in ref. [33]). Hence, the
pulverization ratios (Pr) is calculated as follows:

Pr =
(

(mb − ma)

mb

)
× 100%, (7)

wheremb is the weight of specimen before friction; andma is the weight of the spec-
imen after friction[53]. Li et al. [33] studied the relationship between pulverization
ratios and the silica sol content as a modifier in the PFs. The results showed that
the pulverization ratios decrease to a minimum value of 1.258% with the increasing
the content of silica sol to 2wt%. This can be due to the strong chemical bond
between hydroxyl groups (OH) on the SiO2 surface and resol. Thereby, the formed
crosslink structure has a high resistance to friability. Meanwhile, the pulverization
ratios increase when the silica sol content is beyond 2wt%. Generally, all modified
foams have the pulverization ratios lower than that of the pure PFs. This is probably
due to the better cell morphologies of reinforced PFs than that of pure PFs.

Li et al. [37] investigated the effect of different dosages of SGO on the pulveriza-
tion ratios of the PFs. It is found that the pulverization ratios of modified foams by
nanoparticles are higher than that of the pure PFs. Moreover, the pulverization ratios
reduce gradually with the increasing the SGO content in foams to 2 phr. This can be
explained by the strong interaction between SGO and phenolic resin, the increasing
of the heterogeneous nucleation, and the ultrahigh aspect ratio. However, when the
content of SGO is 2 phr, the pulverization ratios increase slightly that it can be origi-
nated by the agglomeration of the particles of SGO at higher values and thus creating
defects in cell structure.

4.5 Electromagnetic Interference (EMI) Shielding

Today, it is very important to reduce the interference of electromagnetic waves in
electronic and telecommunication devices by electromagnetic interference (EMI)
shielding. The incorporation of the conductive nanoparticles with foams has attracted
a lot of attention in the field the shielding materials because of their outstanding
chemical and physical properties. Therefore, it is essential to combine the PFs with
nanostructuredmaterials to increase its applications [54]. The phenolic-based carbon
foams reinforced by GO/SiO2 nanoparticles were fabricated by Zeng et al. [55]. The
results showed that the EMI SE values of foams increases, as the content of nanopar-
ticles increases. Thus, the EMI shielding performance of modified foams enhances
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compared to the pure PFs. Besides, the modified foams with 1.5% GO/SiO2 and the
particle size of 80 nm have the EMI SE values of 50 dB (equal to more than 99%
shielding) in the high-frequency range at 10 mm thickness. This may be attributed
to the increasing cell–matrix interface with the introduction of nanoparticles into the
matrix, which leads to the enhancement of the cell density. Thus, the electromagnetic
waves aremore reflected and scattered by the cell–matrix interfaces in the foamswith
high density. Moreover, the porous structure with the lower the transmission coeffi-
cient and the tiny pore size in the synthesized foams leads to the greater attenuating
of electromagnetic waves.

5 Conclusion

This review is mainly focused on an overview of the improvement of mechan-
ical properties and the flame retardant properties of nano silica-reinforced phenolic
foams. The mechanical properties of phenolic foams strongly depend on their
microstructure such as cell size distribution, cell wall thickness, and mean cell
size. The addition of nanoparticles usually leads to an increase in the cell density
and narrowest cell size distribution. Moreover, the SiO2 nanoparticles with good
hydrophilic can well disperse in phenolic resin and help to improve the cell struc-
ture. In regards to mechanical properties, silica nanoparticles have unique mechan-
ical strength. The combination of the inorganic materials with the PFs is a promising
method to improve their mechanical properties, which are obtained from the synergy
among the components. The large quantities of active hydroxyl groups on the silica
nanoparticle surface and the formation of a strong chemical bond between nano
particle and polymer matrix. Silica nanoparticles can act as a modifier and bridge
between each part of the resin matrix and thus the formation of the crosslinked
network structure which enhance the mechanical properties of reinforced foams.
Moreover, the presence of additive agents such as silica nanoparticles can signifi-
cantly affect the thermal conductivity of foams, as well. For instance, 2 wt% nano
silica-reinforced PF has reduced the thermal conductivity which can be explained by
forming an insulating silica layer on the polymer surface and strong interfacial inter-
action between silica and foam, which lead to the protection of the foam interior.
Moreover, the flame retardant properties, pulverization ratio and electromagnetic
interference (EMI) shielding of nano silica-reinforced phenolic foams have been
reviewed. Generally, all modified foams have the pulverization ratios lower than that
of the pure PFs. This is probably due to the better cell morphologies of reinforced PFs
than that of pure PFs. The EMI shielding performance of modified foams enhances
compared to the pure PFs. The increase in cell–matrix interface with the introduc-
tion of nanoparticles into the matrix can lead to the enhancement of the cell density.
Thus, the electromagnetic waves are more reflected and scattered by the cell–matrix
interfaces in the foams with high density.
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Chapter 15
Synthesis of Bio-/lignin-Based Phenolic
Foams for Insulation and Floral
Applications

Hongwei Li, Bing Li, Zhongshun Yuan, Yongsheng Zhang,
and Chunbao Charles Xu

1 Introduction

Phenolic foams are commonly used as insulation or floral materials [1, 2]. Phenolic
foams typically contain closed-cell foams and open-cell foams. Closed-cell phenolic
foams are generally applied as insulation polymer in military, civil, and marine fields
due to the low thermal conductivity, high flame resistance, and low toxicity [2]. Open-
cell phenolic foams, on the other hand, are usually used as floral foams, absorbent
materials, and growing media for planting [1].

Specifically, phenolic foams are prepared by mixing two fractions: (1) a foamable
phenolic resin, a surfactant, a blowing agent, and optional additives, which pre-mix
well into a substantially uniform mixture; (2) a curing catalyst with or without a
wetting agent. The mixing and reaction create sufficient heat for curing reaction
to vaporize the blowing agent and form wetting property of the polymer, thereby
foaming the mixture with or without water absorption property. This mixture finally
becomes a phenolic foam after annealing with outside heating to prevent the heat
release from inside of the mixture [3]. The main ingredient that influences foam
properties is discussed as follows.
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1.1 Foamable Phenol Formaldehyde Resins

Phenolic resins are typically classified into novolaks and resoles [4]. Novolaks are
synthesized by the reaction of formaldehyde and phenol under strong acidic condi-
tions at a formaldehyde-to-phenol molar ratio (F/P) < 1.0. While resoles are conven-
tionally alkaline-catalyzed phenol formaldehyde resins with an F/P > 1.0. Both types
of resins are foamable resins that can be used for the preparation of phenolic foam.
However, novolaks are usually solids at room temperature thus it is difficult to handle
in the foaming process [1]. Therefore, liquid resole resins are predominantly used in
the manufacture of phenolic foams.

Conventional phenol formaldehyde (PF) resoles are generally prepared by the
reaction of formaldehyde andphenol under F/P of 1.5–2.5:1 under alkaline conditions
[5]. Specifically, formaldehyde reacts with phenol and produces methylolphenols,
which continues reacting with formaldehyde to form di-methylolphenols and even
tri-methylolphenols. Meanwhile, these methylol phenols react among each other
through condensation reaction before concluding a high molecular weight resole.
A lower F/P ratio tends to produce foam with poor mechanical properties because
the phenolic resin prepared contains insufficient condensed methylol phenols hence
lower viscosity resulting in cell wall rupturing when making foam structure [6].
However, if the F/P ratio is too high, the viscosity of phenolic resins increases
significantly, and the resin becomes semi-liquid or solid, leading to difficulties for
homogeneous foaming mixture, making the phenolic foam preparation process more
challengeable.

As shown in Fig. 1, the first part reaction of phenol, formaldehyde, and base
catalyst, at around 70 °C, typically forms a mixture with a thick reddish-brown
tacky color, which is rich in two substances containing o-methylol phenol and p-
methylol phenol. The rate of the base-catalyzed reaction can be accelerated with

Fig. 1 Schematic chemical reactions of phenol formaldehyde resole resin
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the spontaneously increasing of pH in the mixture, which could reach a maximum
of pH 10. At this stage, phenoxide anion (C6H5O −) is formed, activating sites 2,
4, and 6 of the aromatic ring, following by the further reaction with formaldehyde,
resulting in the formation of 2,4-dimethylolphenol, 2,6-dimethylolphenol, and 2,4,6-
trimethylolphenol, respectively. Being thermosets, these methylol phenols crosslink
with one another to form methyl and methylene ether bridges through condensation
reactions at 120 °C, associated with the elimination of water molecules. At this stage,
the resin is a three-dimensional network and typically of polymerized phenolic resole
resins [7].

In addition, a preferredMw (weight average molecular weight) range,Mn(number
average molecular weight) range, and PDI (polydispersity index) range for foamable
phenolic resoles are reported by the literature to be 700–2000g/mol, 300 to 700g/mol,
and 1.8–2.6, respectively [5]. Typically, solid content of foamable phenolic resoles
is in the range of 60%–99% by weight and initial viscosity of the resoles ranges from
about 0.2 Pa·s to 300 Pa·s at 25 °C, more preferably, 0.4–25 Pa·s for easiest handling
[8, 9].

In order to control the molecular weight and viscosity of foamable phenolic
resoles, an acidic inhibitor is commonly added into the produced alkaline-based
foamable phenolic resoles to stop further condensation reactions [6]. Typically, the
pH of the resoles is neutralized and adjusted to a value in the range of 5.0–7.0. The
commonly used acids include inorganic acid such as hydrochloric acid (HCl), sulfuric
acid (H2SO4) and phosphoric acid (H3PO4), and organic acids such as acetic acid,
oxalic acid, and formic acid, etc. It is reported that organic acids or weak acids are
more benefitable than inorganic acids or strong acids in the preparation of foamable
phenolic resoles [8]. Thus, acetic acid, formic acid, and oxalic acid are widely used
as neutralizing acids for adjusting pH value of phenolic resoles.

1.2 Blowing Agent

The role of a blowing agent in the preparation of phenolic foams is to generate gas so
the foaming mixture rises resulting in foamwith cellular structure and various densi-
ties. During the foaming process by using the foamable phenolic resole under acid
curing catalysts, the blowing agent absorbs the heat generated by the curing reactions
and evaporates in the foamingmixture, resulting in expansion of the foamingmixture
[4].

Conventionally, blowing agents such as fluorocarbons are popularly used in
the preparation of phenolic foams. These polyhalogenated saturated fluorocarbon
blowing agents produce a fine uniform closed-cell foam structure due to their rela-
tively low heat transfer coefficient and excellent solubility in the foaming system,
hence the improvement of thermal insulation performance and mechanical proper-
ties of the obtained phenolic foams [10]. However, the use of these fluorinated-based
blowing agents decreased in recent years, due to the environmental concerns such as
global warming and ozone depletion.
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Instead, some low boiling point compounds are considered as environmentally
acceptable blowing agents for phenolic foam preparation, mainly including hydro-
carbons, ethers, and ketones. Commonly used hydrocarbon blowing agents include
pentanes, hexanes, and other derivatives containing unsaturated C = C bonds [4]. In
the phenolic foam preparation, one blowing agent or a mixture of several compounds
can be used. Some studies implied that mixtures of two or even more blowing agents
were more effective for controlling foam cell size and structure hence the formation
of a desirable phenolic foam [11]. For instance, Sudan et al. applied a mixture as
blowing agent containing 25% n-hexane and 75% n-pentane and produced a satis-
factory phenolic foam with closed-cell structure [12]. Raderet et al. found that the
most reasonable addition of liquid volatile compounds as blowing agents was in the
range from 1 to 15% (based on the weight of the phenolic resole) [13].

1.3 Surfactants

Surfactants are virtually used for regulation of cell structure and size. Surfactants
play an important role in lowering foaming mixture surface tension and providing
an interface between the extremely polar foamable phenol resole and the non-polar
blowing agent such as pentane during the foaming process until gelation stage of the
resole matrix occurs [4]. The foaming process usually conducted under acidic condi-
tions thus the preferred surfactants are undoubtedly acid stable or non-hydrolysable
and can mix well with water as well [14]. Commonly used surfactants in the prepara-
tion of phenolic foams include silicone-based polymers such as siloxane-oxyalkylene
copolymers and DC-193, and “Tween” series such as Tween 20 and Tween 80. The
amount of these surfactants used in the foaming system is typically at the range
from 0.5% to 5% by weight of the foamable phenolic resole [9]. An insufficient
addition of surfactant leads to failure of stabilizing the foam, while an excessive
dosage of surfactant is not only wasteful but may also result in cell coalescence. This
phenomenon is due to the relatively low surface tension of foaming mixture interface
hence a larger cell structure, causing collapse of the phenolic foam structure.

1.4 Curing Agent

A curing agent is a chemical used during curing process and reacts with other ingre-
dients to produce a polymer material with tridimensional network by cross-linking
of polymer chains. The commonly used curing agents for the preparation of phenolic
foams are both organic and inorganic acids. An acid catalyst is essential as a curing
agent for the condensation of the phenolic resin during the foaming process. Phenolic
foamable resins can be cross-linked through condensation reactions due to their free
methylol groups in the structure under acidic conditions. During the foaming process,
once a curing agent is added to the foamable resin containing a blowing agent, it will
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initiate exothermic reactions that generate highly enough heat for the evaporation of
blowing agent, hence the rise and curing of the foaming mixture.

Typical organic acids used as curing catalysts in themanufacture of phenolic foams
include toluene sulfonic acid, benzene sulfonic acid, xylene sulfonic acid, phenol
sulfonic acid to name a few, while conventionally inorganic acids are hydrochloric
acid, sulfuric acid, phosphoric acid, etc. [5, 15].Organic acids are generally preferable
for the preparation of phenolic foams, while inorganic acids especially hydrochloric
acid are commonly known for the unavoidable severe corrosion issues associatedwith
their remaining in the phenolic foams [4], so post-treatment of the foam is usually
conducted to reduce the corrosivity of phenolic foam by using a neutralizing gas such
as ammonia [1]. Themost commonly used aromatic sulfonic acids in themanufacture
of phenolic foams include xylene/toluene sulfonic acids and phenol sulfonic acid,
which are believed to take part in the curing reaction with phenolic prepolymers and
thus decreasing the acidity of the foam [1]. A high amount of curing catalyst might
lead to so fast curing speed that results in insufficient time for foam growing, uneven
distribution of the foaming mixture, and hence a poor foam structure. Whereas, a
relatively low addition of curing agent would cause collapse of foam body due to too
long of curing time. Therefore, these curing acids are generally added in a range of
10–25% of the total amount of the resin to achieve commercially acceptable curing
time [5]. It has demonstrated that a mixture of two or more curing acids especially
modified catalysts can be more effective for the production of phenolic foams [16,
17]. For instance, an aromatic acid and glycol mixture modified by incorporating of
a dihydric phenol produced PF foams with improved moisture resistance [18].

A literature work has reported that the addition of a suitable amount of curing
agent emulsifier could enhance not only the efficiency of catalyst to improve the
homogenization of the foaming mixture but also the even dispersity of temperature
to provide more consistent cell wall pressures among different cells, resulting in a
desirable cell size [13]. Generally, the suitable emulsifiers include glycerine, higher
molecular oils such as mineral oil, propylene glycol, ethylene glycol, etc. The prefer-
able amounts of the curing agent emulsifierwere found in the range of 1%–10%based
on the total weight of the foamable phenolic mixture [13].

1.5 Wetting Agent

Phenolic foams are commonly used as supports in floral industry such as for cut
flowers. These phenolic foams typically have good water attention and rapid wetta-
bility. Wetting agents are used in floral foam production to reduce the surface tension
of water to allow it to spread and penetrate drops from exterior to interior of a foam
structure, which could help increase water absorption capacity of phenolic foams
[19].

There are a variety of chemicals that can be used as wetting agents, including
polyoxyethylene sorbitan mono palmitate such as “Tween” series, Texapon N-25,
polyglycol ether, alkyl phenoxy polyoxyethylene ethanol such as “Igepal”, sodium
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laureth sulfate, etc. [19–22]. These substances can help foam increase permeability
for gas and ability to absorb liquids such as water rapidly.

The amount of a wetting agent in phenolic foaming system is usually under 5%.
It was reported by Weissenfels and Engels et al. that 0%–1.2% addition of sodium
laureth sulfate resulted in phenolic foams with not only increased water absorption
capacity from 0 to 92% but also decreased closed cell content from 80% to only
10%. In addition, the foams prepared with sodium laureth sulfate exhibited good
water retention ranging from 28% to 83.3% [21]. Smithers et al. observed that 4.4%
of the wetting agent was excellent for maintaining the flower, and excessive addition
was detrimental to the growth of plant while less than that might not give as complete
water penetration into the foam structure [22]. Moreover, Basso et al. found that the
cut flower stem remained upright and looked fresh with employment of a wetting
agent in foam specimens compared with the classic foam prepared without a wetting
agent [20].

1.6 Fillers

Phenolic foam has some serious drawbacks leading to severely limited structural
applications [23, 24]. The high friability and brittleness of foam especiallywith lower
foam density have resulted in serious problems such as debonding in foam structures,
vulnerability to damage during transportation, and pollution of dustexfoliated from
foam body.

There are mainly two ways for reinforcement of phenolic foams: chemical rein-
forcing and physical reinforcing. Chemical reinforcement is often conducted by
reacting polymers containing active groups such as polyethyleneglycol [25, 26],
dicarboxyl acid [27], polyether [28], amine-terminated polyether [29], polyurethane
prepolymer [30], and cardinal [31] with the backbone of the phenolic resin by chem-
ical reactions. Physical reinforcing of PF foam is mainly achieved through blending
the resin with natural or synthetic materials, such as fibers [24, 32–34], rubbers [35],
and fillers such as carbon black, mica, asbestos, talc, bamboo, and wood flours [24].
The addition of a finely ground filler in the foamable mixture could significantly
improve the texture uniformity and homogeneity of foam body, but it can also lead
to an increase in the foam density [24].

It was reported in many studies that the addition of fibers such as glass and aramid
successfully increased the mechanical properties of phenolic foams [24, 36–38].
As shown in Fig. 2, phenolic foam reinforced with aramid fiber as a flexible fiber
exhibited unique fracture behavior that was distinct from other prepared phenolic
foams. The other foam with glass fiber, however, exhibited a significantly brittle
rupture and a sharply drop of stress at the maximum loading. The foam reinforced
by aramid fiber, instead showed a smooth decline in stress after the loading peak [39].
It was also observed that the shear testing of aramid fiber-reinforced foam specimens
did not completely break despite strains of up to 50%. A similar observation for peel
resistance of phenolic foam prepared with aramid fiber was reported by Shen et al.
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Fig. 2 Typical shear stress–strain relationships of phenolic foams. Shear plane and loading direction
both are parallel to the foam rise direction. Reprinted with permission from Ref. [39]

[24]. Additionally, glass fiber reinforcement for phenolic foams was found to be the
most effective way to improve foam physical properties including high mechanical
performance, light weight, and excellent fire resistance. For instance, short chopped
glass fibers introduced into phenolic foams led to an increase in foam toughness,
strength, and dimensional stability [24, 39].

Bio-based materials such as wood fibers [40], cellulose fibers [41], and lignin
[42] have also been used as environmentally friendly reinforcing materials for the
performance improvement of polymeric materials. For example, addition of 1.5–
8.5% wood flour produced phenolic foams with a density ranging from 120 kg/m3

to 160 kg/m3. It demonstrated that the reinforced phenolic foams showed better
mechanical properties, e.g., increasing the compressive modulus and compressive
strength of the foams by30%and54%, respectively, in comparedwith the unmodified
PF foam [32].



260 H. Li et al.

2 Bio-Based Phenolic Foams

Nowadays, lignocellulosic biomass or lignin has been found to be apotential source of
bio-phenols (derived from lignin) that can substitute partially or all petroleum-based
phenol for the preparation of bio-based phenol formaldehyde resins [23, 43–45].

2.1 Production of Bio-Phenols

2.1.1 Biomass Feedstock

Lignocellulosic biomass mainly consists of three components (cellulose, hemicel-
lulose, and lignin), and small quantities of organic extractives and mineral matters.
In a woody biomass, lignin usually accounts for around 25–35 wt.% of the organic
components [46]. Lignin is an amorphous natural polymer with similar phenolic
hydroxyl groups as phenol. It is primarily composed of three main phenyl-propane
units as its building block, i.e., syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H)),
connected primarily through ether (mainly β-O-4 andα-O-4)and carbon–carbon link-
ages [44]. Therefore, lignocellulosic biomass or lignin can be a potential source of
bio-phenolic compounds (bio-phenols) that can substitute petroleum-based phenol
in the synthesis of phenolic resins [23, 43, 45].

A variety of lignocellulosic biomasses have been used for bio-phenol production.
Table 1 shows the feedstocks that were used for production of bio-phenols. The
most common types of feedstocks include woody biomass such as sawdust, forest

Table 1 Feedstock
commonly used for
production of bio-phenols

Feedstock Bio-phenol Refs.

White pine sawdust Extracted lignin [23]

Cornstalk Liquefied bio-oil [45]

Radiata pine sawdust Liquefied with phenol [47]

Wood waste Liquefied with phenol [48, 49]

Bagasse Extracted lignin [50]

Birch wood Liquefied bio-oil [51]

Liquefied with phenol [52]

Pine/birch wood sawdust Liquefied bio-oil [53]

Corn bran Liquefied with phenol [54]

Wastepaper Liquefied with phenol [55, 56]

Organosolv lignin Direct use [57, 58]

Lignosulfonate Direct use [59]

Spruce wood Liquefied with phenol [60]
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residues, agricultural residues including bagasse, industrial residues such as waste
papers and lignin.

2.1.2 Technologies for Production of Bio-Phenols

In the past fewdecades, numerous organosolv extraction and thermochemical conver-
sion technologies were investigated for separation and production of bio-chemicals
from biomass feedstock. Among these, extraction, phenolation, and direct liquefac-
tion of lignocellulosic biomass have been extensively studied and they are consid-
ered as promising methods for the production of low molecular weight bio-phenols
[23, 45, 48–50, 61].

Extraction of Lignin

Lignin can be separated from biomass by various methods, of which the organosolv
process, or also known as deligninfication method with organic solvent, was consid-
ered as an environmental-friendly and cost-efficientmethod [62]. As described previ-
ously, lignin is an amorphous three-dimensional phenyl-propanol polymer linked
mainly by ether and condensed C–C linkages [23]. Upon biological or thermo-
chemical degradation, it could decompose to mono-phenolic products, as potential
substitutes for pure phenol in the phenolic resins industry.

Wang et al. obtained bio-phenol by organosolv extraction of white pine sawdust
in hot-compressed mixed solvents of ethanol and water. It was found that the reac-
tion temperature had significant effect on the yield of lignin, and at 180 °C lignin
yield reached 26%, which was almost the same as the total lignin content in the raw
material. For lignin extraction, ethanol–water mixed solvents performed better than
pure solvent of either ethanol or water, suggesting synergistic effects of these two
solvents. The lignin yield was maximized in the mixed solvent at 50%–50% ethanol–
water composition. Under the optimal conditions: 180 °C with ethanol–water mixed
solvent (50:50, v/v), the lignin obtained has a purity of 83% with weight-average
molecularweight (Mw) of 1150 g/mole. The extracted ligninwas used for the prepara-
tion of bio-phenol formaldehyde (BPF) resins, and the obtained lignin could replace
up to 75% petroleum-based phenol, although the thermal stability of the BPF resins
reduced when the phenol replacement was over 50% [23].

Except for organosolv extraction, lignin could also be extracted in sodium
hydroxide solution where it underwent extensive breaking of ether linkages such
as α-aryl and β-aryl bonds [63]. Khan et al. extracted lignin from bagasse with
5 mol/L sodium hydroxide solution at 100 °C for 7 h, and the obtained black liquor
was neutralized with sulfuric acid for precipitation of lignin products, resulting in
63.6% yield of lignin [50]. The same study also demonstrated that the bagasse-
derived lignin could substitute 50% of petroleum-based phenol in preparation of
bio-based phenolic adhesives. The prepared bio-resins showed comparable structure
and thermal properties to a neat PF resin as a control.
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Phenolation

Phenolation is a very effective modification method through which lignocellulosic
biomass feedstock is treated with phenol assisted by an acid catalyst, leading to
phenolated oils with combined phenol [64–66]. Specifically, in the presence of a
strong inorganic acid, phenol could react with degraded lignin side chains to form
phenolic compounds with increased reactivity, while hemicellulose and cellulose-
derived sugars could form hydroxymethyl furfural compounds that could condense
with phenol and formaldehyde by methylene bridges [65, 67].

Wang et al. found that bio-phenol yield in water solvent was much lower than that
with pure phenol or phenol–water mixed solvents. Even though the bio-phenol yield
was the highest in pure phenol solvent, it was preferable using phenol–water (1:4,
wt/wt) mixed solvent for the phenolation of cornstalk, as the obtained bio-phenol
could replace a high % of petroleum-based phenolin preparation of BPF resins [68].

However, the main limitation of the phenolation process is that it requires a large
solvent-to-biomass ratio, at least 3:1 or 5:1 (w/w), in order to achieve a satisfac-
tory phenolation efficiency. Therefore, the bio-based phenol substitution ratio in the
phenolic resins was normally lower than 30% [64, 68].

Direct Liquefaction

Direct liquefaction was commonly conducted in the presence of water, organic
solvents, or supercritical fluids [61, 69]. One of the most common solvents is water,
because it is not only environmental-friendly and least pricey but also intrinsically
contained in biomass.Meanwhile, organic solvents such as alcohols have also demon-
strated highly effective in the biomass liquefaction process. Furthermore, it has
been found that mixed-solvent systems of water-alcohol performed better than a
monosolvent [70, 71] to achieve a higher yield of bio-phenols for phenolic resins
synthesis.

Xu and Etcheverry et al. performed direct liquefaction of Jack pine powder in
sub/super-critical ethanol and obtained a bio-oil product rich in phenolic compounds
at a high yield of 63% [72]. Meanwhile, Xu’s group reported direct liquefaction of
white pine sawdust in alcohol or water or their mixed solvents. It was observed that
the most efficient liquefaction conditions were: in mixed-solvent of ethanol–water
(1/1, wt/wt) at 300 °C for 15 min, leading to 65% oil yield with biomass conversion
> 95% [71]. Moreover, Xu’s group successfully de-polymerized organosolv lignin
by using the same liquefaction solvent (ethanol–water, 1/1, wt/wt), achieving the
highest yield (92%) of de-polymerized lignin with Mw of 1193 g/mole. The lignin
product known as bio-oil was then used as a substitute for petroleum-based phenol in
the production of BPF resins. The bio-resins preparedwith a phenol substitution ratio
up to 75% showed mechanical and thermal properties comparable to the commercial
PF resins but with reduced free formaldehyde content [73].

Although the direct liquefaction processesmentioned above using alcohol orwater
or their mixtures as solvents are effective, these processes are commonly conducted
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under high operating pressures and temperatures (300–350 °C). Thus, it leads to
negative impact on industrial applications of the direct liquefaction processes when
taking economical and practical factors into account. Therefore, it is desirable to
develop direct liquefaction methods under relatively low operating conditions for the
sake of energy-efficient and cost-effective production of bio-phenols.Mahmood et al.
successfully depolymerized hydrolysis lignin (HL) in water–ethanol mixed-solvents
at 250 °C for 1 h, leading to a high yield of depolymerized HL (DHL), around 71%.
The obtained DHL had aMw∼1000 g/mole with suitable phenolic (215 mgKOH/g)
and aliphatic (227.1 mg KOH/g) hydroxyl numbers [74]. Furthermore, high-boiling
alcohols such as ethylene glycol and glycerol were also used for the liquefaction
of lignocellulosic biomass at a lower operating at temperature (150–280 °C) and
low pressure [75]. Biomass liquefaction in high-boiling alcohols involves biomass
dehydration, volatilization of alcoholic solvents, and biomass alcoholysis [76]. It
was found that the introduction of glycerol/polyethylene glycol solvent (1/9, g/g)
inliquefaction of woody biomass resulted in up to 95% liquid yields and the liquefied
bio-oil has a hydroxyl number of 216mgKOH/g [77]. This liquefied biomass in high-
boiling alcohol has been commonly investigated and used as a bio-polyol for the
production of polyurethane materials [74, 78], whereas there is no research reported
thus far on production of bio-phenol formaldehyde (BPF) foams using bio-phenols
from liquefaction of biomass.

2.2 Preparation of BPF Foams

For the preparation of BPF foams, a foamable BPF resin is mixed with one or
more blowing agent, surfactant, curing catalyst, and/or a wetting agent. The foaming
ingredients are typically different for different applications of foams.

2.2.1 BPF Insulation Foams

PFfoam is a promising material for insulation of transport vehicles and buildings
due to its superb fire-resistant and smoke properties and less toxicity (FST) with a
high ignition temperature around 595 °C [79, 80]. Owing to the better sustainability
and potential cost benefits, BPF insulation foams have gained increasing popularity.
Table 2 summarized several successful trials using bio-phenols for the preparation
of foamable BPF resins under various phenol/formaldehyde molar ratio (P/F) for
production of BPF insulation foams.

BPF Insulation Foams with Lignin

Hu et al. synthesized a foamable resole using bio-phenols (30% replacement) derived
from modified lignosulfonate. The foamable resole (prepared at P/F molar ratio
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Table 2 BPF foams for insulation applications

Bio-phenol P/Fmolar ratio Other ingredients in foam recipe Ref

Kraft lignin 1:1–1:1.6 Pentane and hexanes, p-toluene
sulfonic acid, polyether
polysiloxane-copolymer, distilled
water, and glycerol

[11]

Liquefied wood NGa Poly(ethylene ether) of sorbitan
monopalmitate, hydrochloric acid,
diisopropyl ether

[47]

Phenolated lingo sulfate 1:1.7 Sulphuric acid, N-pentane,
Tween-80

[81]

Depolymerized hydrolysis lignin 1:1–1:1.3 Polyether
polysiloxane-copolymer, hexanes,
p-toluene sulfonic acid, distilled
water, glycerol

[82]

Liquefied bamboo NGa Tween-80, p-toluene sulfonic acid,
phosphoric acid, n-pentane

[83]

a NG: Not given

of 1/1.7), together with other ingredients containing N-pentane (blowing agent),
Tween-80 surfactant, and sulphuric acid (curing catalyst) were mixed and achieved
a BPF foam. The BPF foam sample exhibited desired foam density in the range from
50 kg/m3 to 55 kg/m3 and mechanical property comparable to that of a conventional
PF foam [59]. Similarly, Hu et al. [81] prepared BPF foam samples with phenolated
lignosulfonate with 20% phenol replacement. TGA results showed that the weight
loss of the BPF foam sample was 9.6% lower than the conventional PF foam sample,
suggesting improved thermal stability of the obtained BPF foam. More interest-
ingly, the BPF foam exhibited almost 9-time increase in compressive modulus and
sevenfold increase in compressive strength, comparedwith the conventional PF foam
sample.

Hydrolysis lignin, a by-product from hardwood fractionation, could also be used
for BPF foam preparation. Li et al. reported that hydrolysis lignin was successfully
used in the preparation of BPF insulation foams after having been depolymerized
under a mild temperature (200–300 °C) condition [82]. The depolymerized hydrol-
ysis lignin (DHL) replaced 30% and 50%phenol for the preparation of BPF foamable
resin. BPF insulation foams were prepared with the foamable resins and other addi-
tives including a surfactant, a blowing agent, a curing catalyst, etc. It was found that
BPF foam prepared with the resin at 30% phenol replacement has a similar foam
density value of 40 kg/m3 as a neat PF foam, while BPF resins with 50% phenol
replacement resulted in a foam of a much greater density (108 kg/m3). It is also
observed by Li et al. [82] that the foam sample with a higher density shows a much
higher compressive strength (0.405MPa) than that (0.152MPa) of themeat PF foam.
Figure 3 shows optical and SEM images of the typical foams collected by Li et al.
[82]. As presented in the figure, the foam samples became darker as the percentage of
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Fig. 3 Optical photos and SEM of BPF insulation foams with depolymerized hydrolysis lignin.
Reprinted with permission from Ref. [82]

bio-phenols in the resin increased from 30 to 50%. Also, the cells of all foam samples
are mostly closed although some perforations are present in some foams. It was also
observed that the BPF foams at 30% and 50% phenol replacement display a cell size
of 435μmand 308μm, respectively, while the reference PF foam has an average cell
size of 308 μm. Furthermore, thermal analysis results showed that thermal conduc-
tivity of all BPF foam samples is in the range of 0.033–0.040 W/(m·K) that meets
the requirements as insulation foams [84], and the BPF foams were thermally stable
up to 200 °C.

Unmodifiedkraft ligninwas used for production ofBPF foams for insulationmate-
rials for construction of buildings by Li et al. [11]. In this study, raw and unmodified
kraft lignin replaced 10–50% phenol in the foamable BPF resin and the obtained
foam samples exhibited relatively low density in the range of 20 kg/m3 to 80 kg/m3,
excellent compressive strength up to 1 MPa, and low thermal conductivity below
0.048 W/(m · K). In addition, the effects of bio-phenol replacement ratio and the
blowing agent composition (mixture of pentane and hexanes) on the BPF foam
structure were compared and are presented in Fig. 4. As shown in the figure, under
the same bio-phenol replacement, the foam cell structure is different when changing
composition of the blowing agent. Generally, the pore size decreased and became
more uniform while increasing of hexane content in the blowing agent. Interestingly,
when the bio-phenol substitution level reached 40–50%, the amounts of large pores
reduced, compared with the BPF foam at 30% phenol replacement (Fig. 4).
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Fig. 4 Foam structure of BPF foams prepared with various amount of unmodified kraft lignin and
blowing agent. Reprinted with permission from Ref.[11]

BPF Insulation Foams with Liquefied Biomass

Liquefied woody biomass has been used as a bio-phenol for the preparation of BPF
foams through a rapid liquefaction process by Lee et al. [85]. The obtained liquefied
product had aMw in the range of 400 g/mole–600 g/mole.Using the same liquefaction
conditions, Lee et al. [47] prepared bio-phenol by using liquefied phenolated radiata
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Table 3 Viscosity of foamable resin mixtures containing conventional PF resin and various % BPF
resin[47]

BPF resin (%) Conventional PF resin (%) Viscosity of the foamable resin mixture (Pa · s)a

0 100 50

20 80 80

40 60 100

60 40 200

80 20 350

100 0 540

a Measured at 25 °C and 60% RH

pine sawdust and also investigated the influence of bio-phenol on the mechanical
properties of the obtained BPF foams with the substitution ratio of bio-phenol to
phenol ranging from 0 to 100%. BPF foams were successfully prepared with the
bio-phenol-based resin, combined with diisopropyl ether as a suitable foaming agent
(with a relatively higher boiling temperature), hydrochloric acid as a catalyst and
poly (ethylene ether) of sorbitan monopalmitate as a surfactant. The conventional
PF foam prepared with 0% bio-phenol has a density as low as17 kg/m3, compressive
strength and elastic modulus of 49 kPa and 1.47 MPa, respectively. However, it was
found difficult to prepare a low-density foam with BPF resins such as liquefied pine
sawdust-based resins at 50–100% phenol replacement due to the high viscosity of
the bio-phenols and the BPF resins (as shown in Table 3), leading to the high density
of foam sample in the range of 19–66 kg/m3, accounting for their better mechanical
properties than those of the conventional PF foam due to their higher density.

Bamboo powder was also successfully used in the preparation of phenolic foams
[83]. The raw material was liquefied using phenol as the solvent with 3 wt.% acidic
catalyst and then reacted with formaldehyde under an alkaline condition to obtain
foamable BPF resin with viscosity in the range of 2–4 Pa·s. BPF foams were then
prepared with the foamable BPF resin, tween-80, p-toluenesulfonic acid, phosphoric
acid, and n-pentane. The density of the prepared foam samples was in the range of
20–82 kg/m3 with excellent compressive strength up to 0.57 MPa.

2.2.2 Preparation of BPF Floral Foams

Various synthetic materials including PF foams have been used as plant growth
media sustaining seed germination and plant growth. PF floral foams, as pictured
in Fig. 5, are open-cell hydrophilic absorbent materials used as support of floral
arrangements with cut flowers, while these materials could absorb and retain water
so that the flowers remain fresh for a longer time [86]. PF or UF foamed products are
commonly used as floral foams for cut flowers in the floral industry for many years.

PF floral forms can be produced by mixing a foamable PF resin with soluble
additives including a surfactant, a foaming agent, a catalyst and a wetting agent.
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Fig. 5 Photo of a
commercial PF floral foam

Foamable PF resins generally have viscosity of 1–2 Pa·s. A wetting agent (such as
Tween 40 or Tween 60) is essential for a floral foam for achieving significant water
absorption capacity by carrying water into the interior of the foam pores [21, 22].
Pilato produced a PF foam product by mixing a foamable PF resin using pentane
and phenol sulfonic acid as the blowing or foaming agent and catalyst, respectively,
Texapon N-25 as a wetting agent in the amount of around 3–4 wt.%. The PF floral
foam prepared has a density of 16–32 kg/m3 and can be used as supports for cut
flowers [19].

Due to the non-biodegradability of the PF/UF floral foams, the used floral foams
are disposed either by incineration or landfills, which pose environmental issues.
As such, in recent decades, there is a growing need for biodegradable floral foam
materials. However, to the best of our knowledge, very few researches were reported
on producing bio-phenolic foams using lignin or lignocellulosic biomass except
for a few reports as introduced below. Lignin particles were used as a filler in the
preparation of hydrophilic urea–formaldehyde (UF) foams [87]. Pan et al. adopted
lignin as a stabilizer to establish a stable Pickering oil-in-water emulsion, and the
prepared UF foam was successfully used as a new adsorbent for absorption of three
typical phenolic compounds. However, the lignin content in the foam sample was
only 3–7.5%. Zhang et al. [88] reported a bio-PF floral foam using phenolated crop
residues (replacing less than 10–20% phenol due to the poor reactivity of the bio-
phenol) and Basso et al. reported bio-phenolic floral foams using tannin [20]. Bio-
phenolic foams are believed to have more biodegradability than the petroleum-based
PF/UF foams [88]. It is thus economically and environmentally significant to develop
new and BPF floral foams with bio-phenols derived from forestry and agricultural
residues to substitute over 50%of phenol. Themost challenging part of preparation of
BPF floral phenolic foams at a high phenol replacement ratio would be to ensure the
foams have a sufficient open cell content to attain enough water absorption capacity
and rate.
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3 Market Evaluation of Phenolic Insulation and Floral
Foams

The phenolic insulation foammarket has a promising future with opportunities espe-
cially in construction and building, and HVAC systems globally. This market is
expected to attain a value of $1.6 billion by 2024 with a compound annual growth
rate (CAGR) of 6.6% in the period of 2019 to 2024. The phenolic insulation foam
market size is expected to grow rapidly mainly driving by the growth of buildings in
the construction with energy efficiency, rising concerns related to GHG (greenhouse
gas) emissions, and excellent insulation efficiency of phenolic foam [89].

The flower spending was estimated to be $ 35.2 billion in 2017, and it is expected
to reach $44.4 billion in 2023 [90]. According to Entrepreneur India [91], the floral
foammarket size was USD 17.58 billion in 2016 and is projected to reach USD 22.39
billion by 2021, at a CAGR of 4.95% from 2016 to 2021. The world’s largest floral
foam Products maker and supplier, FloraCraft®, realized a 60% increase in revenue
in 2015 and had a portfolio of 3,500 SKUs in floral foam production in any 1 year
[92].

4 Challenges and Future Work of Preparing BPF Foams

Even though BPF foams have been successfully prepared with lignin and lignocel-
lulosic biomass, there are still some challenges before commercialization. Table 4
summarized some current challenges for the preparation of BPF foams and presented
somepotential solutions for improvement. First and foremost, the bio-phenol replace-
ment in the BPF foams is very low. Until now, the bio-phenol replacement ratio is up
to 50%, which was only achieved with lignin-based bio-phenols [11] but cannot be
higher due to their high viscosity, while the ratio is much lower when using biomass-
derived bio-phenol due to their lower reactivities [32]. In order to solve this problem,
further researches should be focused on improving the chemical and physical prop-
erties of bio-phenols, for example, by oxypropylation which can not only improve
the reactivity but also decrease the viscosity of bio-phenols. Second, phenolic foams
prepared with bio-phenols usually exhibit uneven and irregular cell distribution [11,
20]. This is mainly caused by the incompatibility of ingredients between blowing

Table 4 Current challenges of preparing BPF foams and potential solutions

Current challenges Potential solutions

Bio-phenol replacement lower than 50% Improve reactivity of bio-phenols by oxypropylation
reaction

Uneven and irregular cell structure Apply both non-ionic and anionic surfactants into the
foaming system

Relatively low water retention capacity Introduce a cell opener and modify the dosage
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agent and surfactant. This could be solved by introducing both non-ionic and anionic
surfactants into the foaming system and obtain a suitable proportion of each surfac-
tant. Last but not least, except open cell structure, water retention capacity is also
very important for a floral foam. Specifically, a high open cell content ensures a good
aeration, but an excess in porous structure induces a low water retention capacity in
foams [20]. To solve this problem, a suitable cell opener is needed, and the amount
should be determined in the near future work.

5 Conclusion

Ingredients such as phenolic resin, blowing agent, surfactant, wetting, and curing
agent play an important role in the properties of phenolic foams. Bio-phenols derived
from renewable sources (lignin or lignocellulosic biomass) can potentially replace
phenol in preparation of phenolic foams for insultation andfloral foams.The available
conversion methods for producing bio-phenols include lignin extraction, phenola-
tion of biomass with neat phenol, and direct liquefaction of lignocellulosic biomass
or lignin. Insulation foams have been successfully prepared using various types of
lignin products (i.e., lignosulfonate, hydrolysis lignin, and kraft lignin) and lique-
fied lignocellulosic biomass such as woody biomass. The bio-phenol formaldehyde
(BPF) foams exhibited uniform structure, relatively low density, and comparable
mechanical properties to conventional PF foams. Additionally, bio-phenols are also
a potential source for preparing floral foams although not much researches have
been reported to date. The most challenging part of the preparation of BPF floral
phenolic foams at a high phenol replacement ratio would be to ensure the foams
have a sufficient open-cell content to attain enough high-water absorption capacity
and rate.
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Chapter 16
Foams in Wood Composites

Ali Shalbafan

1 Introduction

Wood composites (WCs) or wood-based products (WBPs) are general terms
describing various types of products produced by a combination of wood elements
and adhesives under heat and pressure. It can be used for different applications; from
interior to exterior furniture, and from industrial scale to small home project, which
enablingmore design options without sacrificing structural requirements. Production
of wood composites has considerably increased in the world from 66.6 million m3

(1970) to 408 million m3 (2018) [1]. The share of wood composites production in
various continents in 2018 is illustrated in Fig. 1. As shown, about 60% ofWPBs are
only produced in Asia (mainly in China), followed by Europe with a 22% production
share.

The WBP industries are transforming via recent advancements in adhesives
formulations, production technologies accompanied by online control techniques and
measuring systems [2–4]. Furthermore, the WBP production is also growing rapidly
from both a steadily increasing demand for existing products and an increasing
demand for new products to be used in new applications. In this context, the trends
such as the production of lightweight furniture made of wood composites and inno-
vations in new coating techniques and materials are expected to drive the furniture
market in the forthcoming years [5–7].

The furniture industry is knownas themain branchofwood industries,which plays
an important role in theworld’s socio-economic growth [8]. To this end,WBPsused in
the furniture application are very important indices affecting further and sustainable
development of the industry [9]. Weight reduction ofWBPs used for furniture manu-
facturing is generated much interest in recent years. In general, lightweight furni-
ture has several advantages for both panels and furniture manufacturers, designers,
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Fig. 1 The share of wood
composites’ production in
various continents [1]

and consumers such as the low weight, high resource efficiency, more flexibility in
design (using thick elements with lower weight), easy handling, and lowering both
transportation and raw material costs [10–13]. In addition, the availability of raw
wood is decreased, which results in increased prices of wood [14]. This is mainly
driven by both increasing demand for wood as a renewable energy source and by
increasing prices for fossil-based energy. Importantly, concerns about greenhouse
gas emissions and a possible future shortage of fossil-based resources are leading to
a growing demand for wood as a renewable and green material for energy source [6,
15, 16]. This implies that the WBP industry is confronted with a competition for raw
materials and increasing prices for both materials and energy [14]. It is also assumed
that the cost for wood biomass and energy will still continue to increase [15]. In
this context, the density reduction of WBPs is known as a technological option to
decrease the competitiveness of the wood industry with the growing wood energy
market while fulfilling the customer demand for lightweight flat-packed furniture
[17, 18].

Several concepts were implemented during recent decades to develop lightweight
composites used for furniture application. All of these strategies used for the reduc-
tion of composite density are categorized into threemajor groups entitled technology,
materials, and sandwich concept [17]. Less compaction of the wood-furnish mat
(lightweight fiberboard and dual-density boards) and hollow-tube profile fabrication
of composite (tubular boards) are the two technological methods for the reduction
of composite weight. There have also been several attempts in the field of materials’
selection used to produce lighter boards, e.g., low-density wood species, annual or
perennial plants (agriculture residues like maize, sunflower, hemp, etc.), mixing of
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polymer beads or starch granulates in the board’s core layer and foamable adhesives
[7, 19, 20]. Nevertheless, all of these techniques have certain restrictions or disad-
vantages that require resolution. However, multi-layered composites with a lighter
core layer than their surface layers, entitled sandwich, can reach remarkable weight
reductions and material saving while still meet the industrial requirements [21].

2 Sandwich Composites

Sandwich is a common concept in nature which even has an older history than
mankind. In other words, resource efficiency (materials and energy) is a basic prin-
ciple in nature leading to minimizing the weight [22]. The elder branches of the
tree, the bones of humans’ skeletons, and the birds’ wings are some examples of the
sandwich structures with foam-like and honeycomb-like core materials, which are
also illustrated in Fig. 2 [23–25]. The materials science and production technologies
of sandwich composites have gained an impressive momentum in recent decades.
Furthermore, sandwich composites are extensively used in many engineering appli-
cations including aerospace, automotive, and furniture due to their lightweight and
good mechanical strength [26].

A sandwich panel is a special class of composite products, which is made of a
thick and lightweight core to absorb shear stresses covered by two thin and stiff skins
to absorb tensile and compression stresses when the composite is under bending
forces [21, 22]. Due to the increment of sandwich composite application in the
furniture industry, the European Committee for standardization recently defined a
sandwich board for furniture as follows (CEN/TS 16,526 [27]): “a laminar composite
product consisting of at least two skins positioned on either side of a core, which is

Fig. 2 Some examples of the sandwich concept in nature [23, 28]
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Fig. 3 Some examples of sandwich composites made by non-homogeneous core structure

firmly connected to the skins (e.g., by bonding, by core-generated adhesion) so that
the three (or more) components act compositely when under load. Wood or other
lignocellulosic materials constitute at least one of the components”.

Sandwich composites are presented the required performance comparable to those
monolithic composites while still saving weight. The cross-section of a monolithic
composite is broken up by inserting a lightweight material as the core layer of sand-
wich composites [21, 26]. Generally speaking, the core layer of a sandwich (also
named cellular solids) can be divided into twomajor groups; either non-homogeneous
or homogeneous structures/materials [28]. The former group contains a honeycomb,
a web, or a corrugated structure having adequate shear strength and modulus [17].
There are vast varieties of materials with different strength properties, which can
be used for the manufacturing of non-homogeneous core materials such as plastic,
metal, paper, and wood. Figure 3 shows some examples of sandwich composites
made by non-homogeneous core structures.

Sandwich composites made of paper-based honeycomb were used for several
decades in the furniture industry mainly as doors [29]. Notably, the high production
cost of honeycomb cores and produced panels often prevented their massive applica-
tion in lightweight furniture [30]. Although a lot of efforts have been put, from both
industries and researchers, into the improvement of production technology of sand-
wich composites with non-homogeneous cores in the past, but there are still various
challenges and drawbacks for their massive applications in the furniture industry.
Low mechanical strength, special technologies needed for fitting, edge connections,
and edge-banding are some limitations for these types of composites that are due to
their hollow structures of the core. In addition, for the standard thicknesses used in
the furniture industry, particleboard and medium density fiberboard (MDF) are more
preferred than honeycomb panels due to their lower prices. Hence, a great challenge
of the recent years in wood-based panel and furniture manufacture was to come up
with lightweight concepts for standard thickness range (below 24 mm) [30].
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Fig. 4 Some examples of the sandwich composites made by homogeneous core structure

Homogeneous core layers are more preferred due to the lowering difficul-
ties regarding edge-processing, integration of connectors, and fittings difficulties
compared with those of non-homogeneous ones. Two major groups of materials can
be used as homogeneous core layer: wood strips and foams (Fig. 4). The sandwich
made of low-density wood strips as the core layer is typically named block board
(also called lumber-core or multi-layered wood products). Here, the narrow (width of
about 28–38mm) side-glued strips of low-density wood species like Balsa (Ochroma
lagopus), Cottonwood (Ceiba spp.), Poplar (Populus spp.), or Pine (Pinus spp.) are
sandwiched between two thin sheets of veneer or other types of wood-based products
(e.g., plywood, particleboard, and fiberboard). Wood and wood-based products are
natural and hydrophilic polymer material, their dimensional stability is essentially
affected by their swelling and shrinkage with changing moisture content below the
fiber saturation point and by thermal expansion [29]. Hence, different dimensional
stability of face and core layer materials in block boards have to be considered in final
application, which may result in unwanted deformations with changing of moisture
content and/or temperature [31].

The second approach to produce homogenous core in sandwich composite is the
application of foam. Foam cores are often polymeric; however, metallic and mineral
foams can also be used for engineering applications [32]. An overview of different
varieties of sandwich composites with homogeneous and non-homogeneous cores
and corresponding production processes for manufacturing of foam core panels is
illustrated in Fig. 5.
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Fig. 5 An overview of different varieties of sandwich composites and corresponding production
processes for manufacturing of foam core panels

3 Foam Core Panels

Foam is an object generally described as a dispersion in which a large ratio of gas
bubbles by volume is diffused in a liquid, solid, or gel to form open or closed cell
structures [33]. In other words, a foam is one made up of interconnected network
of solid struts or plates, which form the edges and faces of the cells. Solid foams
can be made from polymers, metals, glass, or ceramics [28]. Among all, polymeric
foams are the most commercialized kind and have grown as a substantial industry
since early of 1960s that almost affects every aspect of human lives [34]. After the
polymers are synthesized, the foams are shaped and used for many applications like
cushioning, insulation, and absorption properties.

In sandwich structures, the polymeric foams are extensively used as the coremate-
rials to produce foam core composites/panels. Two main procedures were mainly
described to manufacture foam core panels; discontinuous (batch) processes and
continuous processes, which weremore described in the following sections. Notably,
several newmethods were developed or are under development such as simultaneous
production processes of foam core panels, which were also described below.

3.1 Discontinuous (Batch) Processes

The basic production of foam core panels was first initiated by batch process where
the prefabricated faces and polymeric foams were used. The three layers (two faces
andone core layers)were separately glued, assembled together and then putting under
pressure and heat, if required depending on the type of resin used [35]. Schematic
of the production process steps is presented in Fig. 6. The main advantage of this
process is its flexibility regarding the type of materials used as surface and core
layers. Almost any type of material existed as a sheet form can be utilized to produce
foam core panels by this process [22, 28].

Another batch process to manufacture foam core panels is the mold forming (also
named discontinuous injection process) where the mold bottom is covered by the
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Fig. 6 Production steps of the discontinuous production process

Fig. 7 Production steps of the discontinuous injection process (mold foaming)

lower face layer, and the upper face layer is located in the final position supported by
spacers. Then, the required amount of liquid-foam components is injected in between
the two prepared surface layers via a nozzle [26]. The production process steps are
shown in Fig. 7. The surface layers in this process were still prefabricated while the
foam is shaped in-situ in the panel. Here, the application of resin on surface layers is
not needed due to in-situ foaming. Although, the production process is rather shorter
than previous batch process, but the whole production process can still be relatively
slow to stabilize the foam. The main advantage of this process is the possibility to
produce complicated shapes of panels for special applications [35].

3.2 Continuous Processes

Continuous processes are gained more and more interests in the wood industry for
mass production of wood composites. Several strategies were already developed
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and are under development for continuous production of foam core panels such as
continuous lamination, film foaming, and injection foaming. In all of these processes,
the prefabricated surface layers aremostly the coiled up sheets (like thin boards, foils,
or impregnated paper)moving in an endlessmanner tomanufacture an endless panels.
The main differences between various continuous production processes are back to
shaping of their core layer [26, 35]. In continuous lamination, the prefabricated foam
sheets are consecutively enclosed between the two surface layers to form an endless
product (part A of Fig. 8). In film foaming process, an expandable polymeric film

Fig. 8 Production process steps of various continuous processes; A continuous lamination, B
continuous film foaming, and C continuous injection foaming
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impregnated with a blowing agent is successively feed and foamed (in-situ foaming)
between the two facings to shape the core layer (part B of Fig. 8). In injection foaming
process, a foaming liquid is successively injected (in-situ foaming) between the two
endless face layers to create the core layer (part C of Fig. 8). Notably, the application
of adhesive between the face and the core layers would not be needed, if the core layer
is formed by an in-situ foaming process. Figure 8 shows the differences between the
production process steps of various continuous processes.

A reasonable comparison is needed to perform a selection between batch and
continuous process. The main feature of batch processes is that all the layers are
completed at a unit prior they transfer to the next step. Batch process is advantageous
for the production of low-volume high-added value products, or for production of
the seasonal orders, which are not easy to forecast. Another advantage of batch
production is the lower initial capital investment; hence, it is especially profitable
for small businesses or trial runs of new products [36]. But, continuous processes
are more industrially preferred than batch processes for mass production of similar
products, since a consistency of products quality can be achieved. Furthermore, the
continuous process is more economical due to less production steps and accordingly
having higher efficiency in time, material, and labor [17]. The difficulties of edge-
processing and integration of fittings are also minimized with having polymeric
foams as the core layer compared with hollow sections in honeycomb sandwich
composites.

3.3 Simultaneous (Integrated) Processes

One of the disadvantages of the abovementioned processes is that they do not have
a process similar to the conventional production process that existed in the wood-
based panel industries like particleboard or fiberboard. The surface layers in all
of those aforementioned processes should be separately manufactured via another
production line. In other words, a lack of simultaneous production of all layers (face
and core layers) together at one time (process) is evident. This has been consid-
ered for some years and a novel process was developed to manufacture foam core
panels using an integrated approach [37]. In this process, the resinated woody mate-
rials and expandable polymeric materials (as a film or granules) can be used as the
surface and core layers, respectively. No additional glue has to be applied during
mat formation in the interface of surface and core layers due to the in-situ foaming.
The prepared mat should be then transferred into the press. The integrated pressing
process consists of three consecutive stages entitled; pressing, foaming, and stabi-
lization stages to produce endless foam core panels. The produced panel is composed
of wood composite for the surfaces and expanded polymeric foam as core layer [38].
The production steps of this simultaneous production process are presented in Fig. 9.

The core layer materials should fulfill some features to be applicable for the in-
situ foaming during the simultaneous production process. The polymeric materials
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Fig. 9 Production steps of the simultaneous production process of foam core panel with expandable
solid-state materials

should be able to expand, be expandable under heat, expand when a certain activa-
tion temperature (about 100 °C) level is reached, have a solid-state shape (powder,
granulate or as film) to allow mat formation before expansion, not be too tacky to
allow easy and uniform felting/scattering, and be pressure resistant in its un-expanded
state [17].Although, these characteristics narrow the selection range for the core layer
materials, but there are still some polymeric materials, which fulfill these requested
characteristics (refer to Sect. 4.1).

The features of the core layer polymer, e.g., their thermoset or thermoplastic
nature, set challenges in the simultaneous production process. An internal cooling
for panel stabilization would be necessary for the thermoplastic polymers at final
production stage in the press [18, 39]. It was stated that the core layer materials
should have an expandable solid-state shape (either as a film/sheet or granule) to be
used for simultaneousmanufacturing process of foam core panels [11]. Although, the
thermoset polymers do not require cooling for stabilization, but such thermosetting
granules having an expandable solid state to meet the requirements for a simulta-
neous process are not yet available on the market [40]. Hence, another simultaneous
production process was developed with the ability to use thermosetting liquid foam
where no cooling would be necessary to stabilize the panel [41–43]. Figure 10 illus-
trates the production process steps of simultaneous process of foam core panels using
in-situ foaming of liquid foam. In this process, the mat consists of two surface layers
composed of resinated wood constituents. After consolidation of the surface layers
during the first pressing stage, the surface layers will be separated in-line depending
on the separation techniques used. Various separation techniques can be carried out
after the bottom layer formation and prior to surface layer formation using either
un-resinated wood particles or water spray technique [44]. Conventional fine un-
resinated woody materials (about 400 g/m2) can be used as separation materials
between the two surface layers. The amount of sprayed water on top of the bottom



16 Foams in Wood Composites 285

Fig. 10 Production steps of simultaneous production process of foam core panel with liquid
thermosetting foam

layer can be about 60 g/m2 to rise the steam mass (during the surface layers consoli-
dation stage) in between both surface layers for their lateral separation [45]. Finally,
the liquid foam can be injected between the separated layers to shape the endless
foam core panels. No additional adhesive is also needed between the surface and core
layers due to the in-situ foaming of core layer. The main advantage of this process
is no need for internal cooling during panel stabilization stage. This is an important
criterion to produce foam core panels in already existing WBP lines while slight
modifications would also be needed [11, 46].

4 Polymeric Foams

Polymeric foam, also known as cellular solid or porous polymer, is an important class
of materials, which has many advantages, such as low density, good heat and sound
insulation property, high specific strength, and corrosion resistance [28]. Polymeric
foams are extensively used in various industrial applications, such as automotive,
packaging, composites fabric, energy absorptions, and furniture [34]. In furniture
industry, the selection of production process tomanufacture foam core panel is highly
dependent on the foam characteristics (e.g., thermoset or thermoplastic, liquid shape,
or solid-state (before foaming), etc.). Hence, the potential of various polymeric foams
for the simultaneous production process of foam core panels is discussed here.
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4.1 Expandable Bead Foams

Polymer bead foaming technology has raised the market for plastic foams by
enlarging their applications because of the breakthrough in the production of low-
density foamed components even with complex geometrical structure [40]. Foams
produced from expandable beads or granules compose of numerous particles, which
are fused together to create three-dimensionally shaped products. Expandable bead
has a core–shell structure, which consists of thermoplastic polymers as the shell
encapsulating an expanding (blowing) agent in a gas or liquid form. When heated,
the thermoplastic shell softens while the expanding agent inside the shell increases
its pressure, resulting in a dramatic increase of the granule volume. The various
thermo-mechanical behaviors of different polymer beads make it possible to select
an optimal type of beads for each process and application.

Currently, various beads made of different base polymers are available in
the market such as microspheres (MS), polystyrene (EPS), polyethylene (EPE),
polypropylene (EPP), and thermoplastic polyurethane (TPU) as well as blend-
systems. Among all, only microsphere (MS) and polystyrene granules (EPS) have
the criteria of being used as the core layer material in foam core panels produced
by simultaneous production process shown in Fig. 9. As mentioned earlier, the core
layer materials for this process should have a solid-state shape and being expand-
able under heat. However, unlike MS and EPS, which is supplied as expandable
pellets, suppliers can only provide EPP, EPE, and TPU beads in an expanded form.
In addition, the EPS and MS have an activation temperature about 100 °C, which is
needed for simultaneous production process [17]. Figure 11 shows various types of
foam core panels using expandable microspheres and polystyrene granules as core
layer for application in furniture industry [11, 18]. A comparison of those panels
showed that the panels produced by EPS had higher bending strength and internal
bond strength compared with those produced by MS [11].

Fig. 11 Foam core panels produced with expandable microsphere and expandable polystyrtene
beads via simultaneous production process [17, 18]
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The effect of various process parameters such as press temperature, press time,
and foaming time on the characteristics of produced foam core panels was evalu-
ated [5, 47]. The results showed that the surface quality, foam structure, and inter-
face between the foam core and the surface layers have considerable effects on the
physical and mechanical properties of the panels. An improved interface and denser
surfaceswere created by the lower pressing temperature and the longer pressing time.
The results also indicated that the foaming conditions are crucial parameters influ-
encing the properties of both foam and foam core panels. Smaller foam cell sizes and
higher foam cell density were achieved by higher pressing temperature and shorter
foaming time. In general, the properties of foam core panels can bewidely changed to
fulfill minimum requirements set by industrial users. With a proper design, furniture
made of lightweight foam core panels can achieve weight reduction of up to 50%
compared with those made of conventional wood-based panels (e.g., particleboard
and fiberboard), while still maintaining comparable strengths [38].

As said earlier, manufacturing of foam core panels via simultaneous process is
depended on the polymer type used for the core layer material (e.g., thermosetting
or thermoplastic). Both microspheres and polystyrene have a thermoplastic nature.
Thermoplastic is the one that does not undergo chemical change in their composition,
when heated, and so can be molded several times. Furthermore, the thermoplastic
foams, when expanded, need to be cooled down below their glass transition temper-
ature (Tg) for stabilization. This implies that the panels with a thermoplastic foam as
the core layer can only be produced using a simultaneous production process if the
continuous press would have a cooling section close to the outlet side. Considering
this issue, these types of panels cannot be produced in the most exciting production
lines since most of the already existing continuous presses have no cooling sections.
The glass transition temperature of the polymers has an important influence on the
stabilization time. Here, the polystyrene has a higher glass transition temperature
(103 °C) compared with microspheres (85 °C) resulting a considerable reduction
of cooling time in EPS board [48]. The shorter the cooling time, the higher the
production capacity.

4.2 Thermosetting Foams

Another set of polymer is the thermosets or thermosetting polymers, which melt
and take shape only once. When thermosetting polymers are solidified, they cannot
be melted for reshaping. A chemical reaction usually occurs in the thermosetting
polymers that are irreversible [49]. The starting material for making thermosetting
foams, prior to hardening, is usually malleable or liquid, and is often designed to
bemolded into the final shape.Acrylic, polyesters, vinyl esters, epoxy, polyurethanes,
and phenolic resins are some examples of thermosetting polymers. Among all,
polyurethane and phenolic resins have unique characteristics to be used as the core
layer of foam core panels manufactured via a simultaneous production process.
Hence, some special characteristics about these foams are mentioned below.
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4.2.1 Polyurethane Foam

Polyurethane (PU) is a thermosetting polymer composed of organic units joined by
urethane links and is well suited for in-situ foaming since decades. PU is manufac-
tured through an exothermic reaction between the hydroxyl groups of a polyol (PO)
with theNCO functional groups of isocyanate (ISO) ingredients. PUhas awide appli-
cation range for adhesive, sealants, coatings, and foams. Among PU consumption,
foams correspond to about 67% of the global PU consumption [42]. Various types of
PU foams such as soft, elastomer, and rigid one can be produced, depending on the
initial foam ingredients [41]. Rigid PU foams are more favored for manufacturing
foam core panels. Rigid foam is mostly produced within a density range of around
40–1000 kg/m3, depending on the PO structure [50].

Although the production process of conventional PU foams is a well-known
technology, but still new production techniques have to be developed in the future
depending on the necessity to develop novel products with new functionality and
shapes [42]. In this context, a simulated one-step production process has been devel-
oped (illustrated in Fig. 10) for the production of foam core panels using rigid PU as
the core layer and particleboard/fiberboard as the surfaces [44]. The results showed
that the mechanical properties (e.g., bending strength and internal bond strength)
were mostly influenced by the surface layer thickness, while the water absorption
and edge screw withdrawal were influenced by PU foam cell structure. The effect of
ingredient ratios of rigid PU foam on its cell structure and panel properties was also
investigated [45, 46]. It was observed that the foam cell density, as themost important
factor influencing the foam characteristics, was higher in the foam with higher ISO
and polyether-PO content. Bending strength, internal bond, and screw withdrawal
resistance of the foam core panels were significantly enhanced when the ISO and
polyether-PO content were increased in the foam formulation. Changing of foam
ingredient ratios did not change the thickness swelling, while the water absorption
was influenced by foam ingredients ratios.

Various aspects of foam core particleboard produced by simultaneous production
process with liquid PU foam are shown in Fig. 12. Typical micrograph (part C
of Fig. 12) of the foam core panel shows that the foams consist of well-defined
closed cells of spherical and polyhedral shapes. Furthermore, an intensified interface
between the face-core layers was observed in produced panels implying a good
adhesion between the PU foam and the wooden layers [46]. PU foam was penetrated
between the wood particles of surface layers (part D of Fig. 12) creating a strong
mechanical interlocking between the face and core layers of foam core panels, which
was also enhanced the panels bending stiffness. Further analysis showed that the cell
density of PU foam increased with higher concentration of blowing agent in the foam
formulation, which influences the panels’ properties [45].

Energy conservation in building is an urgent need for sustainable economic devel-
opment. To this end, exterior wall insulation exhibits a vital role in building energy
consumption via affecting cooling and heating energy uses [51]. Structural insulating
panel (SIP), as a well-known sandwich composite, has been significantly used for
commercial buildings and houses worldwide for more than 50 years. SIP consists
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Fig. 12 Foam core panels produced with liquid injection of polyurethane via simultaneous produc-
tion process;A foam core particleboard,B a produced boxwith foam core particleboard,C face-core
layers interface of foam core panel, D penetrated PU foam between the wood particles [46]

of an insulated polymeric foam (mainly polyurethane and polystyrene) as the core
layer sandwiched between two layers of structural boards [52]. The structural board
as surfaces can be thin metal sheets, wood-based panels (e.g., plywood and oriented
strand board (OSB)) and mineral-bonded boards (cement and magnesium oxide-
based boards). Among all, the SIP consists ofOSB as surface layers and polyurethane
as core layer was attracted extensive attention due to its both unique structural and
insulation performances [53]. The most common methods of producing SIP’s are
batch and continuous processes. In addition, a German company produced SIP’s
using simultaneous production process described in Fig. 10 [54]. The final panel was
made of PU foam as the core layer and OSB as the surface layers (Fig. 13). Mass
production, higher thermal insulation, preferable panel-sized construction, and less
production cost were mentioned to be the advantages of this novel SIP compared
with those conventional ones.
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Fig. 13 Structural insulated panel produced by simultaneous process according to Fig. 10 [54]: A
separated OSB layers after the first pressing stage, B structural insulated panels made of OSB and
PU foam

4.2.2 Phenolic Foam

Phenolic foam, as a versatile material, has diverse applications where moisture resis-
tance, thermal and fire performances as well as structural strength are key perfor-
mance criteria. They are mostly used in building and engineering applications for
heating, ventilating, roofing, flooring, cavity walls, and air conditioning applications
[43]. Phenolic foams showan extraordinary strength toweight ratio being lightweight
but still strong. They have a rigid characteristic with a closed cell structure made of
phenolic resin. The impressively high level of closed and the fine cells structure
makes phenolic foam as an ideal thermal insulator [55]. The foam is produced in
various forms such as blocks, flexible and rigid-faced laminate and composite panels
as well as for specialized applications (e.g., fire-proofed doors andmolded products).

Today, homes are burn faster than ones in the past, and the furniture plays a
major role to control or accelerate flaming [56]. The application of petroleum-based
materials in furniture, drapes, and rugs can cause serious problems in case of fire.
Although, the general benefits of foam core panels for furniture applications are
obvious, but the polymeric foam as the core layer may implies some restrictions. The
fire safety of this type of innovative panels might become a crucial aspect preventing
the further acceptance of panels into the market [57, 58]. It should be considered that
both surface and core layers play an important role to classify the fire performance of
foam core panels [59]. The fire resistance of foam core panels should at least meet the
requirement of conventional wood-based panels such as particleboard or fiberboard.
A research showed that the foam core panels compared with conventional particle-
board generally had much higher heat release rate what reduced their burning times
approximately to half [57]. They also showed higher heat of combustion and smoke
production due to the polystyrene component of lightweight panels. Although, the
flammability properties of foam core panels were dramatically improved using intu-
mescent fire retardant paper underneath the veneers, but an inherent fire resistance
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of polymeric foam would be an essential need [59]. Being based on petroleum mate-
rials, phenolic foam has outstanding fire performances and extremely low smoke
emission when exposed to a flame source. Zero or very low flame spread, negligible
smoke emission, and a very low level of toxic gas emission give exceptional fire
performances to phenolic foams [60]. Most of the European fire certifications can be
achieved by phenolic foams having an appropriate form and structure. On the basis of
fire resistant, researchers compared some polymers and figured out that the phenolic
foam had the highest fire resistance compared with other thermosetting polymers
[61].

The use of phenolic foams in furniture applications can be grown, as these are
more stable in case of fire. Phenolic resins have been widely used as binder in wood
composites since century, even with consideration of its limitation like brittleness
and shrinkage. They keep hold of industrial and commercial interest due to the
very low formaldehyde emission, good resistance in water and humid conditions,
high mechanical performance, and thermal stability [62]. Furthermore, the fiber-
reinforced phenolic composites are also rapidly rising in both commercial purposes
and research fields [51]. But, the application of phenolic resin for sandwich panels
was limited due to its corrosive properties and low adhesion with metal surfaces.
However, these limitations have been dominated with recent improvements in foam
chemistry and formulations [63]. Notably, the phenolic resins have a good adhesion
with woody materials and can create a strong interface between the face and core
layers. The phenolic foam core panel, with its unmatched fire resistance and strong
adhesion to wood surfaces, shows promising aspects for lightweight furniture, which
has not yet been evaluated.

5 Strategies Toward Bio-Based Foams

Main motivations for the development of bio-based polymers and foams are raising
the cost and predictable future scarcity of petrochemicals as well as the sustain-
able development concerns, which was gained more importance due to the strong
public concern regarding polymer waste [43]. Moreover, extensive researches were
performed for the development of bio-base polymeric foams,whichwould be capable
to be applied for the production of foam core panels.

5.1 Bio-Based Expandable Bead Foams

Most of the polymer beads are not met the prerequisites for expandable bead foaming
like the ability for welding or fusion, hence, the modification of such polymer inap-
propriate feature is in major focus to research. The aim is to make more polymers
applicable for bead foaming and accordingly increasing their possible applications
[40]. Polylactic acid (PLA) has attracted extensive attention and provides effective
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solutions for the development of bead foaming. Although, an improvement in the
mechanical properties and especially an enhanced thermal stability of PLA beads
has been conducted, but a critical requirement of PLA application for the production
process of foam core panels is not yet completely fulfilled. As mentioned earlier
(Sect. 4.1), an important criterion for the core layer materials applicable for in-situ
foaming in simultaneous production process is the bead expansion when a certain
activation temperature (about 100 °C that is needed for adhesive curing of face
layers) level is reached [17]. PLA has quite low glass transition temperature (Tg) of
about 55–68 °C, depending on the type and crystallization degree. Furthermore, the
significant reduction of PLA glass transition temperature during impregnation with
physical foaming agents such as pentane and CO2 makes the situation more critical
[64].

The applicability of PLA beads for the simultaneous production process of
foam core panels was investigated using CO2 as a non-inflammable and non-VOC
(volatile organic compound) blowing agent and resinated wood particle as facings
[65]. According to Fig. 14, the production process was not successfully succeeded.
Different failure modes were observed during production process, which were due
to the very low Tg of the PLA beads. To overcome these challenges, the PLA was
blended with poly-methyl methacrylate (PMMA) as a miscible and more durable
polymer having higher Tg [66].Although theTg of PLA-PMMAblendwas improved
(reaching about 70 °C after CO2 impregnation), but still was lower than the required
level needed for panel production. The panel production of such PLA-PMMA blend
was only possiblewith very lowpressing temperature of about 120 °C that is not desir-
able for industrial panels’manufacturers [48].Briefly, the glass transition temperature
(Tg) of developed polymer beads has still to be increased to name the important tech-
nological requirement of the core layer material. Mechanical properties of various
bead foams, based on microspheres, polystyrene, and PLA-PMMA, used for in-situ
production of foam core panels were analyzed [48]. According to the results, EPS
and PLA-PMMA foams showed higher and almost identical tensile and compression
young’s modulus, while the compression modulus was higher for microsphere foam.

Cellulose is known as the most abundant biopolymer on plant, which can be
produced from a variety of raw materials such as cotton, wood, recycled paper,
and bacteria [67]. Organic cellulose esters such as cellulose acetate (CA), cellulose
acetate butyrate (CAB), and cellulose acetate propionate (CAP) are the major types
of cellulose-based polymers. They are manufactured via reaction of cellulose with
organic acids, anhydrides, or acid chlorides. Cellulose acetate butyrate (CAB) is one
of the oldest thermoplastic polymers in theworld,which showed promising potentials
for beads foaming [68]. Researchers were developed a bio-based and a biodegradable
blend made of cellulose acetate butyrate (CAB) with polybutylene succinate [69].
The CAB-based beads were impregnated with pentane as the blowing agent prior
to application. Then, the CAB-based beads were successfully used to produce foam
core panelswith simultaneous production processwhere the process parameterswere
adjusted to the bead foams’ properties. In summary, researches showed that the future
of lightweight foam core panels having bio-based polymeric beads as the core layer
looks bright to replace conventional petroleum-based foams.
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Fig. 14 Foam core panels using PLA impregnated with CO2 produced by simultaneous production
process, A failure in surface layers during panel production, B collapsing of core layer, C panels
with various polymer beads as core layer [48, 65]

5.2 Bio-Based Polyurethane Foam

Polyol (PO) and isocyanate (ISO) are the two major ingredients to shape PU foam,
which aremostly based on petroleum feedstocks.Due to the environmental issues and
scarcity of petroleum in the future, a lot of efforts have been focused toward devel-
opment of bio-based PU foam via substitution of polyol and isocyanate derived from
bio and renewable materials. As a result of that, the biomass feedstocks have been
extensively used to manufacture renewable POs for the PU industry [50]. According
to a recent published report, the global market for green and bio-based POs was
valued at USD 2.63 Billion in 2015 and is projected to reach USD 4.71 billion by
2021 [70]. This can be explained by growing preference for the use of materials
that have a lower carbon impact and are recyclable or derived from non-polluting
resources [42].
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So far, it was proved that bio and green POs are an obvious alternative for replacing
fossil POs. However, the isocyanate used for the PU formation is still mainly depen-
dent on fossil resources, which is a toxic substance in its liquid form. Notably,
less studies were focused on the substitution of isocyanate derived from alternative
materials compared with those with POs. Non-isocyanate PU is a novel type of PU
produced by reaction of cyclo-carbonates and amines instead of toxic ISOs. They
can be more preferred due to their enhanced porosity, water absorption, thermal, and
chemical resistance in comparison to those conventional PUs [71]. The results have
recently demonstrated the replacing of typical petroleum-based ISOs with this type
of materials [72].

Critical steps for the successful implementation of the bio-based ingredients to
shape PU foam can be their applicability for in-situ foaming, properties of the resul-
tant foam as well as the sandwich composites. Among various features, the ability of
bio-based PUs foams to adhere with wooden surface layers can be the most relevant
characteristics for furniture industry [47]. The isocyanate functional groups can not
only react with the polyol, but as well with the hydroxyl groups at the wood surface
creating a covalent bonding [73]. Such bonding mechanisms cannot be happened at
non-isocyanate PU foam creating a doubt for its final characterization as core layer
for foam core panels. It should be considered that the bio-based PUs should not only
have superior performance but also enhanced durability as the core layer of sandwich
composites.

5.3 Bio-Based Phenolic Foam

The development of bio-based phenol formaldehyde is an important research area
since years. Several methods and materials were reported in literature to substi-
tute both petroleum resources of phenol and formaldehyde [43, 74]. Lignin is well
known as the second most abundant renewable and bio-degradable polymer on plant
after cellulose, which contains phenolic functional groups suitable for substituting
phenol during resin synthesis [75]. An important step to further progress of bio-
based phenolic foam is development of green technologies to extract and prepara-
tion of lignin from biomass prior to application. Among all technologies, solvent-
based liquefaction of biomass (solvents like water, alcohols, supercritical fluids,
etc.) shows promising aspects having high biomass conversion to produce bio-based
phenolic materials while still keeping comparable features with that conventional
phenolic resin, i.e., low molar mass phenolic materials with high substitution ratio
[76]. Although, the potential of several types of biomass was analyzed, oxidative
degraded lignin presents better performances than that of untreated lignin having
mechanical properties similar to those of conventional foams. Furthermore, pheno-
lated lignin showed an excellent potential as it raised the compressive strength and
at the same time decreased the friability because of the linear alkyl side chains in
lignosulfonate structure, and to the more regular cells with a lower cell size of the
foam microstructure [43].
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Although, some literatures are presented about the reduction of formaldehyde
emission from phenolic foams, there are still plenty of opportunities for the devel-
opment of formaldehyde-free foams based on phenolic components [77, 78]. In
general, sandwich composite using a core made of bio-based phenolic foam could
be a lightweight and fire-proofed structural products for the future, especially for
furniture applications. Nevertheless, the technological aspects and durability of these
bio-based materials and products have still to be studied.

6 Conclusions and Outlook

Weight reduction of WBPs as furniture elements is an important issue nowadays
due to both increased competition for raw wood materials and raising customer
demand for lightweight furniture. Application of sandwich idea, having a lightweight
and thick material sandwiched by two thin and stiff sheets, in WBP industries was
offered as an applied solution through the development of foam core panels used
for furniture applications. Although, the conventional methods (e.g., discontinuous
and continuous processes) to produce foam core panels were implemented for panels
manufacturing, but they were not extensively favored by WBP industries since they
do not have a production process similar to those conventional wood-based panels.
Innovative simultaneous (integrated) production processes were recently developed
to simplify the multi-step production processes of foam core panels. Notably, the
integrated approaches can be carried out by a conventional production line for wood
composite (e.g., particleboard) with some modifications.

The production steps in simultaneous production process are influenced by char-
acteristics of the polymer used (e.g., thermoplastic or thermoset, solid, or liquid form)
as the core layer. Polymer bead foaming technologywas successfully implemented to
produce lightweight foam core panels, but a cooling stage was necessary to stabilize
the foam due to its thermoplastic feature. When thermosetting polymers are foamed,
they do not need cooling for stabilization, but they have to be injected between the
two surface layers due to their liquid state prior to foaming. To confirm and support
general advantages of lightweight foam core panels, the possible restriction due to
their fire performance has to be considered. To this end, phenolic foam, as a versatile
and fire resistance component, has great potential to be used as the core layer of foam
core panels for lightweight furniture elements.

There are still a lot of research topics regarding foam core panels for further inves-
tigation. As an outlook, the quality of face-core layer interface, especially in panels
produced with new developed foam materials, has to be investigated. Furthermore,
development of expandable thermosetting beads for foaming would be an important
issue for further industrialization of foam core panels. Although using bio-based
polymers as the core layer like polylactic acid (PLA) and cellulose derivatives can
give a great ecological advantage, but has to be considered that they have a thermo-
plastic nature, which needs cooling for stabilization stage. Thermosetting bio-based
polymer applicable as the core layer of foam core panels would be of high interest. In
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final conclusion, researches showed that the future of lightweight foam core panels
having bio-based foam materials as the core layer looks bright for the replacement
of conventional wood-based panels such as particleboard and fiberboard.
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Chapter 17
Wood Flour-Reinforced Phenolic Foams
(WFPF)

Adam Olszewski, Paulina Kosmela, and Łukasz Piszczyk

1 Introduction

Global environmental, social and legal initiatives for sustainable development,
circular economy, and climate neutrality are leading to development of renewable
products for more sustainable materials. The introduction of more and more restric-
tive environmental regulations by the European Union and highly developed coun-
tries is leading to the growth of interest about wood polymer composites (WPCs)
[1, 2]. Many branches of modern industries are interested in exchange of usage of
inorganic fillers for natural, biodegradable, and renewable materials. This is due
to the high consumption of high-density, expensive, and non-degradable fillers such
as carbon and glass fibers.Moreover, the use of thesematerials is connectedwith high
abrasive wear of machinery (expensive machines and their maintenance), harmful
influence on the environment, and health of the workers. The most serious dangers
from exposure to fibers for human are skin and eyes irradiation and respiratory system
diseases. Recent research suggests the possible lung carcinogenicity of inhaled glass
fibers. Nevertheless, 90% of produced polymer composites consist of glass fiber
or/and carbon fiber [3].

In the last decades to overcome these problems, industry and scientists are trying
to apply less expensive and less hazardous wood-based fillers. This interest can be
observed in the increasing number of articles, books, and patents associated with
incorporation of these materials. Looking at wood as an alternative option for other
fillers, it is estimated that potential of wood origin fillers is huge. Global Forest
Resources Assessment 2020 made by FAO reports that 31% of the total land area is
covered by forests, what is equivalent to 0.52 ha per person. More than 54% of the
world’s forests are in five countries—Brazil, Canada, Russian Federation, China, and
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the United States [4]. Proper management of such a large amount of raw materials
can lead to the development of a sustainable industry. It is necessary to process
not only full-valuable products but also by-products. One of the most popular side
product during wood processing is wood flour. About 50% of this waste is generated
from processing of solid wood pieces in sawmills during production of wood panels,
plywood, particle boards, and furniture [5]. Minimalization of the negative impact on
the environment and human living can be caused by the implementation of effective
utilization of this type of waste. In last years, a lot of researchers proposed effective
methods of application of wooden wastes in a wide range of materials—especially
in wood polymer composites [6].

2 Wood and Wooden Fillers

Wood is a material that a has huge impact on the social and economic life of human
population all over the world. These materials played a huge role in the evolution of
man and history of mankind. Wood is an orthotropic, natural composite (in micro
and macroscopic levels) mainly composed of hemicellulose (15–25%), cellulose
fibers (40–50%) forming cellular structures, which are connected by lignin (15–
30%) formingmiddle lamella. As can be seen in Fig. 1, wood cell wall shows specific
structure, which gives wood unique properties such as lightweight, good stability,
elasticity, hardness, toughness, and high load-bearing capacity [7].

Due to the excellent mechanical properties, biodegradability and free availability
of wood and products produced during the processing are widely used in building
and constructions and manufacturing of household products (furniture, sports kit,
paper, auto parts). The wood structure, chemical compositions, and acoustic, phys-
ical,mechanical, and thermal properties are different in variouswood species even the

Fig. 1 Molecular structure
of a wood cell wall [3]
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Table 1 Chemical composition and properties of selected wood species from literature sources [5,
9, 10]

Wood
species

Cellulose [%] Hemicellulose
[%]

Lignin
[%]

Others
[%]

Density
[g/cm3]

σmax [MPa] E [GPa]

Softwood

Pine 44–46 25–28 27–29 4–5 0.35 12–27 0.1–0.5

Spruce 44–46 25–27 27–29 – 1.5 85 18–40

Cedar 37 19 34 3
0.35

12–27 0.1–0.5

Fir 41–46 27–35 28–30 2–3 0.33 78 14

Larch 38.5 27.2 21 – 0.56 100 11

Hardwood

Teak 49 30 30 –

Maple 47 30 21 2
0.54

108 9.58

Beech 44–46 30–35 21–23 – 0.56 86 9.5

Poplar 44–46 33–36 18–21 –
0.33

154 5.9

Oak 42–47 20–27 25–27 3–4
0.63

78 10.4

Sal 40–50 15–25 15–30 – 0.72 40 1.5

Mango 40 11.5 36 – 0.52 24 1.17

Apple
wood
shell

40 26 30 0.9
–

– –

Bamboo 26–43 30 21–31 – 0.6–1.1 140–230 11–17

Birch 40 26 33 – 0.62 137 4.8

same species growing in different conditions [8]. Depending on the wood composi-
tion and anatomy, it can be divided into two groups—hardwood and softwood. Table
1 shows division into these two groups, chemical composition and properties of most
popular wooden species [5, 9, 10].

2.1 Production of Wood Flour

Wood flour is mostly generated from various scraps fromwood processors. To obtain
the high-quality wood flour, it has to be free from dirt, bark, and other impurities and
should be composed of a specific species (or a mixture of species group) of wood.
Availability of different kinds of wood flour depends on the continent, country, or
even region of clean raw materials from the wooden industry. For example, in the
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United States, the most commonly used wood flour is derived from pine, oak, and
maple.

Nowadays, there is no standard method of producing wood flour, some general
points can be discussed. The most important issues in this process are size reduction
and size classification. Initial grinding of the larger raw materials may be conducted
using equipment such as a hog, chipper, or hammer mill. Pre-grounded material can
be pulverized by crushing in roller mill, beatingwith hammers, impactors or grinding
in attritionmills. This process results in receiving particles containing fibers and their
fragments [11].

Depending on the intended application, wood can be treated to obtain different
shape and size of grain [12]. Grindingwood into small particles to formwood powder
called wood flour is necessary for many applications. Depending on the energy,
mechanism of grinding, and wood properties, it is possible to obtain wood flour with
fine particle size, high specific surface area, various particle shapes, or even with
low crystallinity. It has been proposed that wooden biomass is finely grinded when
product size is less than 100ηm. On the other hand, in few studies, particles with size
up to 1 mm is acceptable in further production of wood flour-reinforced composites.
During wood grinding, a number of different stress types in wood structures occur.
Most likely stress types are presented in Fig. 2 [10]. The process of size reduction
of wood is a highly energy-consuming process. This is due to viscoelastic nature of
wood. The amount of energy may be lowered by appropriate pretreatment of wood,
selecting the appropriate grinding technique, and grinding medium.

The obtained wood flour is characterized by different aspect ratios, especially
length to diameter. Low aspect ratios allow wood flour to be more easily metered
and fed than individual wood fibers, which tend to bridge. However, the low aspect
ratio limits the reinforcing ability.After pulverization, thewoodflour can be classified
by size using vibrating, rotating, or oscillating screens.Moreover, separation of wood
particles by air flow is also used, especially with finely groundwood flour. Separation
by size can be described by the actual size of the powder or by mesh of the wire cloth
sieves used to classify. The most popular manufactured wood flours used as fillers
in thermoplastics are in the size range of 180–425 mm (80–40 US standard mesh).
Typical wood flour supplied for the further processing content between 4 and 8% of
moisture andmust be dried before use [11]. Figure 3 represents the scanning electron
micrographs of different types of WFs—initial (00), dry pulverized at mill-plate gap
200 μm (200), dry pulverized at mill-plate gap 350 μm (350), wet pulverized at

Fig. 2 Illustration of different stress types during grinding: a single impact, b double impact, c slow
compression, d shearing impact [10]



17 Wood Flour-Reinforced Phenolic Foams (WFPF) 305

Fig. 3 Scanning electron microscopic images of short cypress flour (CWFS) and long cypress flour
(CWFL), a CWFS00, b CWFS200w, c CWFL00, d CWFL200w [13]

mill-plate gap 200μm (200w), and wet pulverized at mill-plate gap 350μm (350w),
respectively.

2.2 Impact of Wood Flour on Material Properties

Depending on the origin and type of processing, the types of wood flour may differ
from each other with particle size, size distribution, chemical composition, and
content of additives. Each parameter mentioned above could have a huge impact
on the properties of the product. Very fine wood flours can cost more (increase of
material price) and may increase melt viscosity more than coarser wood flour. On the
other hand, composites made with smaller powders typically have a more uniform
appearance and a smoother finish. If the filler is grounded too fine, the fiber bundles
become wood dust. These fragments no longer resemble fiber or fiber bundles and
may not cause such a significant enhancement.

Wood flour originating from the softwood has higher in comparison to the hard-
wood cellulose content, what leads to higher adhesion between two phases—wood
particles and polymer matrix. On the other hand, materials with softwood filler have
lower mechanical properties. Hardwood fillers with a lower cellulose content have
poorer interfacial adhesion but better mechanical properties [14, 15].
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3 Methods of Wood Flour Management

Before concern for the environment began, wood powder was a mainly waste stream
from wood processing plants such as sawmills and furniture factories. In the last
few decades, many common applications of wood flour have been found. Due to
its unique properties and chemical composition, wood powder has a wide range of
applications not only in material production.

One of the most popular applications of wood flour is combustion and co-firing.
This process is conducted in specially designed boilers and furnaces, often with the
addition of coal. Nowadays, 64% of wood and wood waste are subjected to this form
of processing. Before combustionwood should be pulverized,which is a very energy-
consuming process. In this process, the key parameters are particle size, shape, and
density. Currently, the state-of-the-art for this method is obtaining wood pellets in
the process of torrefaction. This process combined with pelletization changes wood
properties to provide a better fuel quality for combustion and gasification applica-
tions. Torrefaction produces a relatively dry product, which reduces or eliminates its
potential for organic decomposition. The possibility of replaceing or supplementing
coal with biomass in coal-based power plants with existing equipment is consid-
ered [16, 17]. Nevertheless, according to the normative acts about hierarchy in waste
management, priority is given to preparing wastes for re-use and recycling than
for energy recovery (Directive 2008/98/EC). Importantly, the opinion that energy
recovery and reprocessing into materials to be used as fuels is a form of material
disposal, not form of recycling, becomes more and more popular. For this reason,
new methods of wood waste managing are being developed [18, 19].

Another management method of wood flour is the conversion to chemicals and
biofuels. Liquefaction, saccharification, and gasification are the three most popular
approaches to utilizing lignocellulosic biomass. These methods are based on thermal
processing of wooden biomass under high pressure, generally with addition of auxil-
iary substances such as solvents, catalysts, mixture of gases, enzymes, or even
bacteria [10]. This type of processing allows obtaining valuable intermediates in the
production of synthetic chemicals. These products include conversion of biomass
into simple sugars via acidic or enzymatic hydrolysis and further fermentation to
methanol, ethanol, or butanol [20], preparation of bio-polyols [21] to production
of bio-polyurethanes and their composites [22] or generation of syngas (mixture of
hydrogen and carbon monoxide) during gasification [23]. The other uses of wood
flour include lignophenol production [24], which is a valuable intermediate used
for further production, obtaining absorbers and ion exchangers to remove organic
pollutants and heavy metals from aqueous systems.
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4 Wood Plastic Composites

Polymer composites reinforcedwithwood fiber or flour are generally known aswood
plastic composite—WPC. These composites are made of wood fibers/flour (or other
cellulose-based fillers, such as bamboo, peanut hulls) and preferably waste plastics.
As the material of matrix, the most frequently used plastics are polyvinyl chloride
(PVC), polyethylene (PE), polypropylene (PP), polystyrene (PS). The search for
more environmentally friendly solutions led to the gain in importance of biodegrad-
able plastics produced from renewable resources. Examples of suchmaterials include
polylactic acid (PLA), starch acetate, non-biodegradable bioplastics such as bio-
derived PE and polyamide [25]. The plastics mentioned above are chosen due to
their low temperature of processing, which is between 150 and 220 °C, what prevents
wood from decomposition during processing. While temperature arises over 200 °C,
wooden materials are starting to release volatile products [26]. Degradation of the
least stable ingredients of wood (hemicellulose and extractives) starts at 210 °C [27].
Cellulose and lignin have more stable structure and starts to degrade over 270 °C.
Processing of the composites filled with these substances over 220 °C leads to the
generation of volatile degradation products. This effect causes foaming of product
and decrease of material properties [28]. Moreover, both materials before processing
should be dried and kept sealed, because more than 1% of moisture in material
could lead to foaming of the product. The presence of water may cause generation
of micro voids and lead to porous structure with irregular shapes, what will result in
deterioration of mechanical properties of the product [29].

Nowadays, the most popular method of production ofWPC is two-step extrusion.
First, the prepared blend is subjected to pelletizing, and then obtained pellets are
used to extrude into a final product. Pelletized material is more homogeneous and
it is easier to control moisture content. In order to facilitate the production, instal-
lations enabling the processing of untreated wood in a single-stage process were
developed. The main ingredients in the composition of WPC are wood flour and
plastic matrix. In commercial WPC products, the addition of wood flour reaches up
to 70%.This amount varies due tomaterial ofmatrix, application and required appear-
ance. Moreover, to enhance properties, extend product life, improve processing, or
facilitate material maintenance, a number of different types of additives are used
during processing. Themost popular additives during processing are coupling agents,
which can improve the dispersion of the wood inside matrices, bonding on the
matrix/reinforcement border and reduces the rate of water uptake. Due to possible
incompatibility between matrix and reinforcement, coupling agents should work as a
connection of their surfaces. The most popular coupling agents are: silanes, titanites,
and functionalized polymers (e.g. polyolefins). Other additions include lubricants,
foaming agents, pigments, fire retardants, antioxidants, biocides, and UV stabilizers.
It should be remembered that the addition of these substances may be associated
with an increase in the price of the received material [29].
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4.1 Properties of WPC

Due to subjection ofWPCs to the thermal andmechanical loadings, this kind ofmate-
rial should be characterized by appropriate flexural, impact and compressive strength,
hardness, resistance to aging, and thermal stability. Listed properties greatly depend
on the type of matrix and type of reinforcement. The most important properties of
woof flour that affect are content of wood flour, aspect ratio, geometry of filler, type
of wood (softwood/hardwood), and interfacial properties between phases.

The major advantage of wood polymer composite over wood is the possibility of
forming composite to every projected shape. Designed properties of WPCs hardly
depend on their predicted application. Unlike wood, this material needs no applica-
tion of additional preservatives on surface, what makes it environmentally friendly
and material requires less maintenance. The addition of filler also provides WPCs
excellent resistance to splitting and cracking. Moreover, it looks and behaves like
wood but it does not have the same rigidity as wood.

The use of waste from the wood industry in these materials may reduce the rate of
deforestation due to obtaining full value products with possibility of modification of
material properties bymodification of composition. The right mix and proportions of
wood, matrix, and additives can lead to receiving materials with the better or equiv-
alent properties to wood. Unfortunately, due to the addition of non-biodegradable
plastic binder of wood (phenol-formaldehyde, urea-formaldehyde and melamine-
formaldehyde resins, polyurethane), thesematerials are only partially biodegradable.
To obtain fully biodegradable materials, it is suggested to use plastics such as PLA
or thermoplastic starch.

5 Reinforced Phenolic Foams

Phenolic foams are gettingmore andmore popular material all over theworld. Nowa-
days, scientists are looking for materials that will meet more restrictive requirements.
Due to unique combination of properties, phenolic foams (PF) have a number of engi-
neering applications. These materials are used in energy adsorption, insulation, fire
protection, and lightening of structures. The most important advantages of this mate-
rial include high thermal stability, low thermal conductivity, and tremendous fire
resistance. Moreover, generation of toxic gases during combustion process is very
low and material shows no dripping behavior. Unfortunately, phenolic foams have
a number of disadvantages such as brittleness and tendency to pulverization, what
limits wider application. In order to solve this problem, scientists in their research
present methods to improve the properties of these materials [30].

Two methods of improving the properties of these materials have been distin-
guished. The first one relies on the appropriate choice of method of production. For
example, free rise/closed mold method will influence on homogeneity and density
of obtained foam. The second one is based on the modification of formulation of
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foam to improve properties of the product. Such methods include modification of the
foam composition, which affects its chemical and physical structure and includes the
addition of other components to the material to improve their properties. The most
common modifications include addition of fillers (fibers, particles, etc.) to the mate-
rials to improve flexural and compressive strength of material, addition of nucleating
agents to increase density of the material, or addition of flame retardants [30].

Moreover, fillers are not only added to increase mechanical properties but also
for reduction of material price. In the case of phenolic foams, the main purpose
of addition of fillers is to increase compressive strength and decrease excessive
friability. The most popular additives are glass fiber, aramid fiber, multiwall carbon
nanotubes, and other organic and inorganic fillers intentionally added to the material.
Recently, scientists are interested in preparation of phenolic foams using common
and natural fillers such as wood flour, cellulose fiber, or even lignin. Addition of these
substances is associated with a slight decrease in thermal stability and fire resistance,
improvement of mechanical properties, and increase of viscosity.

6 Wood Flour Reinforced Phenolic Foams

Currently, there are only a few studies describing the influence of wood flour on the
properties of phenolic foams. However, due to the unique properties of PF filled with
wood flour, there is a possibility that this material will become more popular in the
near future.

In some research [31], wood flour derived from Pinus Radiata was incorporated
in phenolic foam matrix. Wood flour was obtained by milling wooden chips in a
mill and then sieved to a size lower than 0.15 mm. To obtain phenolic foams,
the authors used a petrochemical system with addition of hardener (ACE 1035),
catalyst (phenol-4-sulfonic acid), and blowing agents (Tween® and n-pentane). The
ratio of phenolic:surfactant:catalyst:blowing and agent:hardenerwas 100:2:4:1.1 and
3.9:20 (by weight). Selected substances were mixed with mechanical stirrer and then
obtained mixture was poured into a mold. Material was cured for 1 h at 80 °C and
then further post-cured for 24 h at 105 °C. To study the influence of variables on
the reinforced PF properties, the author changed the weight fraction of wood flour
(1.5–8.5 wt.%) and blowing agent amount (1.5–3.5 wt.%) in the composition.

Author has shown a decrease of density of WRPF with an increase in amount of
wood flour and blowing agent. This can be due to the performance of wood flour as
a nucleating agent, which promotes generation of bubbles in the foam. Moreover, a
greater addition of blowing agent caused an increase in the quantity of gas. This effect
caused a decrease in the density of foams. This effect was also observed when lignin
nanoparticles were added to the matrix [32]. On the other hand, the addition of glass
or aramid fibers in phenolic foams did not show this effect but some works showed
that it is necessary to add more blowing agents to maintain previous density [33].
It is also shown that with an increase in amount of blowing agent and wood flour,
compressive strength and modulus decrease. Contour maps of change of properties
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Fig. 4 Contour maps for WRPF a apparent density (kg/m3), b compressive modulus (MPa), and
c compressive strength (MPa) [31]

with different amount of filler and blowing agent are shown in Fig. 4. Author noticed
that changes in mechanical properties of obtained composites are differed depending
on the material density. This can be caused by change of cell wall thickness, which
can be responsible for reinforcing effect of fiber.

Themicrostructure of thesematerials has been determined using scanning electron
microscopy. It was noticed that wood flour can be found inside cell walls and among
cells. Due to the hydrophilic nature of wood and phenolic foam, the compatibility
between these two phases is very good. This is confirmed by the absence of voids in
the obtained material. Moreover, observation of the cellular structure of the obtained
composites with different addition of reinforcement and blowing agent showed that
mean cell size decreases with lower addition of wood flour (0.05–5 wt.%). Higher
addition (5–9.95 wt.%.) of wood flour barely changes the cell size distribution. On
the other hand, the addition of more blowing agent is associated with a continual
increase in cell size. SEM images forWRPFs formulatedwith the addition of blowing
agent and wood flour are shown in Fig. 5.

The other work [34] compared the effects of wood flour and lignin particles on
the friability, thermal stability, and effect of hygrothermal aging on structure and
properties of material.

High friability is one of the biggest disadvantages of phenolic foams. Literature
indicates that average friability varies between 15 and 40% depending on chemical
structure and used additives. In thiswork, it is shown that the addition of small amount
of wood flour does not significantly influence on friability but higher addition is
associated with strong increase of this parameter. This effect is caused by generation
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Fig. 5 SEM images for WRPFs formulated with 2.5 wt.% of blowing agent and a 0.05, b 5, and
c 9.95 wt.% of wood flour and d cell size distributions, SEM images for 5 wt.%WRPFs formulated
with a 1.09, b 2.5, and c 3.91 wt.% of blowing agent and d cell size distributions [31]
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Fig. 6 a Mass loss during friability test for unreinforced and reinforced phenolic foams, b Friability
test specimens of unreinforced phenolic foam, 8.5 wt.% lignin particle and 8.5 wt.% wood flour-
reinforced phenolic foams [34]

of defects (cracks etc.) and modification of crack propagation, which favors higher
wear of material during friability tests. On the other hand, the addition of lignin
particles caused a decrease in friability. The observed change of parameters may be
caused by the modification of the cell edge thickness and cell size of the foam cells
caused by the addition of fillers. The values of weight loss for these materials are
shown in Fig. 6.

Thermal stability of the material was studied by thermogravimetry (TGA).
Obtained thermograms were characterized by a three-stage course. The first step
(below 150 °C) is related to the moisture and volatile products (formaldehyde,
phenols, etc.) losses. The second step (between 150 and 500 °C) is associated with
degradation of the polymer, while polymer bonds brake and formaldehyde and water
particles are generated. During the last step of degradation at temperatures over
500 °C, generation and release of carbonaceous substances occur. It was also shown
that addition of lignin particles negligibly changed T5% and ash content (ASH900°C),
however, T25% decreased. Authors observed that wood flour reinforced foams had
higher T5% and ash content but T25% has been significantly lowered. Although both
substances modified thermal stability of materials, significant reinforcement effect
is visible only in the temperature range of 250–500 °C in which wood flour particles
and lignin decompose faster than phenolic foam.

Regarding hygrothermal aging, authors noted that strain–stress curves of themate-
rials after aging were more similar to the plastic foams but unaged materials showed
the nature of brittle foams. It can be concluded that water shows a plasticizing effect
on polymeric material. This effect is confirmed by decrease in mechanical proper-
ties of the materials after aging in comparison to the unaged materials. Compres-
sive modulus and strength before and after hygrothermal aging for PF, 8.5 wt.%
LRPF and 1.5 wt.% WRPF are shown in Fig. 7. For reinforced materials, a greater
decrease in properties is observed, but still, these samples have better properties than
an aged material without any filler. SEM micrograms of samples subjected to the
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Fig. 7 Compressive mechanical properties for unreinforced and reinforced phenolic foams before
and after hygrothermal aging: a Modulus, b Strength [34]

hygrothermal aging showed that all foams maintained similar cell size to the unaged
materials.

The other paper [35] investigated the thermal stability, changes in chemical struc-
ture during thermal degradation, and the kinetics of thermal degradation of a wood
flour reinforced phenolic foam.

Changes in chemical structure during thermal degradation were studied by FTIR
analysis. The tests of phenolic foams, reinforced foams, and reinforcement have been
conducted in room temperature, 225 °C, 375 °C, 500 °C, and 800 °C. For the phenolic
foam, the spectrum obtained at room temperature was similar to the spectrum at
225 °C, indicating that the foam did not undergo changes in its chemical structure
below 225 °C. Significant differences were noticed at 375 °C, when intensity of band
at 1200 cm−1 was reduced. This can be due to pyrolysis of phenolic structures present
in obtained materials. Furthermore, band at 800 cm−1 fully disappeared, which indi-
cates consumption of low molecular weight structures and phenolic monomers. At
500 °C, it was noticed that band at 1200 cm−1 fully disappeared, which is associated
with fully degradation of phenolic structures, and the intensity of band at 1581 cm−1

was significantly reduced. It was noticed that the FTIR spectrum of the wood rein-
forced material was similar to the spectrum of the PF foam. This indicates that the
amount of wood flour was not high enough to cause significant structural changes
during the pyrolysis process.

The thermal stability and degradation process of reinforced foams and wood flour
were analyzed using the thermogravimetric analysis (TGA). For the wood flour,
the study proved degradation of each component at different temperature ranges.
Obtained thermograms showed that hemicellulose degrades first (between 250 and
300 °C), then degradation cellulose (between300 and400 °C). The thirdmain compo-
nent of wood flour—lignin degrades between 250 and 450 °C and shows a maximum
degradation rate at approximately 350 °C.

The study showed that the phenolic and reinforced phenolic foams degrade differ-
ently. Again, it was confirmed that three peaks found in the DTG curve for tempera-
tures less than 900 °C indicate three different degradation stages of the samples. Due
to moisture release during measurement, results below 150 °C have been removed
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from all the thermograms. The results of previous studies about degradation of unre-
inforced and reinforced phenolic foams have been confirmed. Again, the first degra-
dation stage occurred between 150 and 250 °C, and it is attributed to the volatilization
of molecules of low molecular weight; however, it was added that responsible for
this phenomenon is emission of monomeric phenol and formaldehyde, present in the
structure of the foam during the curing/manufacturing process.

In the second stage of degradation, it was added that the mass loss that occurred
during this stage ismainly due to the release of formaldehyde andwater. It is causedby
bond breaking (mostly methylene ether) and conversion into more stable structures.
In this stage, the authors conclude that the mass loss could be associated with the
decomposition of the material and transformation into carbonaceous structures and
products low molecular products, such as water, carbon monoxide, carbon dioxide,
methane, and phenol. The generation of CO2 can be attributed to the breaking of the
bridges connecting phenolic rings and of the bond joining the hydroxyl radical to the
aromatic ring. It is considered that these reactions can take place at high temperatures
(>500 °C) under an inert atmosphere. The radicals generated during these reactions
can react with each other, leading to the formation of compounds whose functional
groups are oxidized and giving rise to aldehyde groups, which can also easily oxidize
carboxyl groups [36, 37].

Obtained by MFK methods, the values of activation energies are in a range of
110–170 kJ/mol. For almost all conversion ranges, the activation energies obtained
for the reinforcement are constant and are about 162 kJ/mol. The results obtained
using Flynn-Wall-Ozawa MFK and Kissinger–Akahira–Sunose methods showed
high correlation coefficientswhen compared to the data. Research has also shown that
the 2-Gaussian DAEM model is suitable for thermal degradation of manufactured
phenolic foams and activation energy values vary between 108.6 and 175.6 kJ/mol.

7 Conclusions

Phenolic foams can be very useful materials; however, their common use is limited
by disadvantages such as their high friability and low mechanical properties. A way
to reduce or eliminate the drawbacks of this material may be the addition of particle
reinforcement, especially wood flour. The use of this type of reinforcement not only
has a pro-ecological character but also, as proved in the studies described above,
has the potential to obtain materials with the desired characteristics. With this type
of treatment, it is possible to obtain a material with increased compressive strength
and Young modulus, reduced amount of foaming agent, and modified abrasion. It
should also be remembered that the addition of wood flour increases the density of
the material, which may limit its use. There is also a high possibility of an increase
in the flammability of the obtained materials. Change of this parameter has not been
extensively examined and requires attention in future research. Moreover, there is a
lack of studies describing the biodegradability, decomposition of this material, and
the effect of aging (UV, thermal, etc.) on the properties of this type of material.
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Chapter 18
Lignin Nanoparticle-Reinforced Phenolic
Foams

Masoumeh Kiyanfar, Hoda Daneshvar, Seyyedeh Fatemeh Hosseini,
and Mir Saeed Seyed Dorraji

1 Introduction

Foams consist of two phases: a continuous solid phase (matrix) and a discontinuous
gaseous phase (cells). For the formation of foams, gas bubbles diffuse in the matrix
and make open and close cells. This process directly influences the properties of
the final yields such as the cell size distribution, cell type, and density of foams
[1, 2]. Foam preparation conditions, materials used in its preparation, and structural
parameters are effective factors in the structure and characteristics as well as the
final application of foams. Phenolic compounds are widely used for the preparation
of various products, including adhesives and foams. Phenolic foams (PFs) are one
of the most commonly used polymeric foams [3].

Polyurethane, polyvinyl chloride, or polystyrene foams compared to PFs have less
brittleness and friability, higher density, and better thermal and mechanical proper-
ties. However, they have low heat resistance and generate toxic gases during combus-
tion. These features limited their applications where fire resistance is critical so that
PFs are suitable substitutions for industrial applications especially in the area of the
insulating material. Therefore, PFs attracted more attention compared to the other
commercial polymeric foams because of their advantageous properties such as low
flammability and outstanding fire, chemical resistance, low fire propagation speed,
low smoke density, nontoxicity, high thermal stability over a broad range of tempera-
tures, low cost, and non-dripping during combustion [4–13]. Phenolic foam’s specific
features make them attractive for several applications such as insulation, decontam-
ination, fire protection, packaging, structural and domestic elements, agriculture,
horticulture, and energy absorption. Phenolic resins are produced by an exothermic
reaction of phenol with formaldehyde. It is a polycondensation reaction and depends
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Fig. 1 Synthesis conditions for producing resol and novolac resins. Reproduced from [9] with
permission from Springer

on the pH of the mixture, catalyzer, and reactant molar ratio. In the presence of
acidic catalysts, two types of resin could be produced which depends on the ratio
of formaldehyde to phenol (F/P, Fig. 1). If the molar ratio of F/P is less than one, it
leads to the production of novolac-type resin, and if it is higher than one, it leads to
the production of resol-type resin. Resol-type resins have methylol groups and they
are the most used to produce foam [4, 9].

After preparing phenolic resins, the next necessary step in preparing PFs is the
productionof gases as an expansion agent.Gases canbeobtainedby evaporating a low
boiling point solvent or by thermal decomposition of chemical blowing agents [9].
An emulsifier is also used to emulsify the expansion agent, and stabilize the forming
foam. Other materials involved in the phenolic foam formation are a catalyst and
optionally some additives for improving its final features [14].

It is noteworthy that the brittleness, friability, and pulverization tendencies are the
weaknesses of PFs that restrict their applications [15]. Therefore, researchers have
focused on improving themechanical properties of PFs such as compressive strength,
flexural strength, and friability, without deteriorating its excellent fire resistance. In
recent years, the use of various fillers to improve the properties of phenolic foams has
attracted much attention. On the other hand, the emphasis on producing the biocom-
patible products has led to investigate the effect of various bio-based reinforcements
like inert natural filler (e.g., wood flour, lignin) and natural fibers (e.g., cellulose,
kenaf) into the PFs [12, 16].
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Fig. 2 a Cellulose strands surrounded by hemicellulose and lignin. b Monolignol monomer
species: a p-coumaryl alcohol (4-hydroxyl phenyl), b coniferyl alcohol (guaiacyl), c sinapyl alcohol
(syringyl). Reproduced from [22] with permission from Elsevier

In addition, the overconsumption of petroleum and other fossil fuels and also
rising environmental concerns have led to increase efforts to find green and new
sustainable raw material resources [17, 18]. It has been found that by biomass chem-
ical substitution, the reduction in the use of phenol and the associated environmental
pollution, and improvement in its performance can be observed [19]. Lignocellu-
losic biomass can be considered as one of the worldwide accessible substitutes for
fossil fuels [20]. The cell walls of natural lignocellulosic biomass are composed of
cellulose, hemicellulose, and lignin (Fig. 2). Researchers use lignocellulose directly
or indirectly in the synthesis of foams. For example, in the synthesis of bio-foam,
nanoparticles of lignin are directly added into the polymeric matrix to improve its
mechanical behavior or they convert it to bio-polyols, which are used in the forma-
tion of foams [12, 21]. The amount of lignin used in the foams is less than 37%
[3]. There are many phenolic hydroxyl groups in the lignin molecule, which leads to
more activity of the C3 and C5 positions of guaiacol and p-hydroxyphenyl groups
[6].

Lignin is the most available biopolymer, after cellulose [23, 24]. It is an amor-
phous polymer and is present in many different plants. The type of plant (hard-
wood/softwood/grass) and the extracting process affect its overall properties as well
as its applications [25, 26]. Lignin is widely generated as by-products in different
industries such as pulp and paper-making, ethanol production from biomass, etc. In
the process of bioethanol production, the annual consumption of 225 million tons
of dry biomass can produce 62 million tons of lignin [27]. Generally, the functional
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groups, elemental composition, and molecular weight of lignin isolated from various
resources are different [28]. In recent years, only a small portion of industrial lignin
is used for processes other than heat generation such as value-added products [29].

The similarity of lignin structure to phenol led researchers to study the substi-
tution of phenol by lignin in the synthesis of lignin-based phenolic resins [30–
32]. Lignin-based materials have more attractive properties compared to synthetic
materials such as high abundance, low weight, inexpensive, eco-friendly, and rein-
forcing capability [33]. Some of the lignin-producing processes are, namely, Kraft,
sulfite, soda, organ solve, hydrolysis, and steam explosion [3]. The insolubility of
lignin in water limits its use in an industrial scale. Fortunately, it is now possible to
prepare lignin nanoparticles dispersed in water. Researchers could successfully use
the aqueous lignin nanoparticles as an improving agent in PFs [34–36]. The presence
of different polar functional groups in lignin (alcohols, ketones, and aldehydes) is
effective in their compatibility with the polymer matrixes [37]. The conversion of
lignin into nanoparticles improves its properties compared to the rawmaterial. Lignin
nanoparticles have a higher surface area and more available functional groups (e.g.,
thiols, aliphatic hydroxyl, and phenolic). These features make it easier to modify the
lignin surface and improve its blending properties. Also, they increase the potential
applications of lignin in different fields [38].

2 Preparation of Lignin Nanoparticle-Reinforced PFs

To prepare lignin nanoparticle-reinforced phenol–formaldehyde foams, first phenol–
formaldehyde resins consisting of nano-lignin are synthesized and then they are
converted into the foams by incorporating other components. Phenol and formalde-
hyde are reacted together in an acidic or alkaline medium to form phenolic resins.
Also, lignin nanoparticles are mixed with the resol resin in this step. Phenolic resins
act as a solid matrix in which gas diffuses into it. Other basic components that are
used in this synthesis include a blowing agent, surfactant, catalyst, and curing agent
[39, 40]. The blowing agent expands that its evaporation can form a cellular struc-
ture. Some of the blowing agents are n-pentane, cyclopentane [41], hexane [42], and
petroleum ethers [10]. Having the lowest boiling point (36 °C), n-pentane is the most
common blowing agent for the preparation of PFs [14, 43].

The curing agent affects the final density of the foam. Therefore, depending on the
desired density, the blowing agent can be used with/without the curing agent. During
the foam formation process, surfactants are also used to control the characteristics
of the foam by making a stable and homogeneous emulsion between the phenolic
matrix and the blowing agent. Tween 40 and Tween 80 are the most used surfactants
[44–46]. Catalysts increase the curing process rate. Also, they reduce the gelation
time and take part in the foam expansion. Recently, acids like p-toluene sulfonic acid
[47] and phenol sulfonic acid [13], compared to sulfuric acid or hydrochloric acid
[13] are more used. When all of the components are mixed, the mixture is poured
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into a mold and is held for 1 h in a pre-heated oven at 80 ºC and post-cured for 24 h
at 105 °C [40].

3 Microstructure of Lignin Nanoparticle-Reinforced PFs

The foaming process basically consists of two main steps: (a) bubble nucleation and
(b) bubble growth. In the nucleation process, a new phase (bubble phase) is gener-
ated from the initially homogeneous polymer–gas mixture. In the second process,
the bubble nuclei grow into final bubbles. Both processes are affected by many phys-
ical properties such as viscosity, gas solubility, surface tension, and glass transition
temperature. Therefore, a change in any of these factors can affect the foam-forming
process, the microstructure, and properties of foams [48]. Considering nanoparti-
cles, they can greatly alter the physical properties of the polymer mixture and also
themicrostructure and density of the foams. Therefore, gaining a clear understanding
of these changes is critical to study the properties of the foams. Del Saz-Orozco et al.
[39] investigated the effect of formulation parameters, namely, stirring speed and
blowing agent content on the microstructure of unreinforced and lignin-reinforced
PFs. As shown in Fig. 3, the cell size distribution of PFs (containing 2.5wt.%blowing
agent, without lignin nanoparticles) changes by altering the stirring speed. The SEM
images revealed the increase in stirring speed results in finer cells in nanocomposite
foam structure. Particularly, the mean cell size decreased from 0.103 to 0.07 mm
when the stirring speed increased from 609 to 750 rpm. The authors stated that at
elevated stirring speeds, the surface tension of the formulation mixture decreased
which favors the nucleation of bubbles in the foaming process and decreased the
mean cell size in the foam structure [49].

The SEM images also reveal that the effect of blowing agent content is not
as significant as the stirring rate; however, when the blowing agent content was
decreased, the mean cell size increased. The possible explanation could be the higher
gas supply in the formulation mixture at higher blowing agent content [50].

As illustrated in Fig. 4, the mean size of the cells in the foam decreased as the
lignin nanoparticle percentage decreased from 0.05 to 9.95 wt.%. It is reported that
lignosulfonates can have surfactant properties decreasing the surface tension of the
formulationmixture,which the sameas stirring speed favors the nucleation of bubbles
in the foaming process resulting in finer cell size [49, 51].

In another study conducted by the same group later in 2015 [52], the effect of
hydrothermal aging (the samples were placed in an environmental chamber at 38 °C
and97%of relative humidity for 2weeks) on themorphology andcell size distribution
of unmodified PFs and lignin-modified PFs (8.5 wt.%) was investigated. The results
suggested that hydrothermal aging did not affect cell size distribution. It can be seen
in Fig. 5 that both unmodified andmodified foams exhibited similar diameters before
and after aging.

Moreover, the same as their previous study, the cell size of the foam decrease
from 0.085 to 0.061 mm after the addition of lignin nanoparticles.
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Fig. 3 SEM images of PFs formulated at stirring rate of a 609, b 750, c 891 rpm, and d their
respective cell size distribution. SEM images of PFs formulated with e 1.09, f 2.5, g 3.91 wt.%
blowing agent and stirring rate of 750 rpm and h their respective cell size distribution. Reproduced
from [39] with permission from Elsevier

4 Physical Properties

4.1 Mechanical Properties and Friability

PFs are one of the best options to use in structural and insulating applications, espe-
ciallywhen the fire resistance is crucial,mostly because of their high thermal stability,
low thermal conductivity, and significant fire-resistant properties [53]. Nevertheless,
as a severe drawback, the low mechanical properties of PFs compared to polymeric
foams should be overcome to fabricate tougher PFs. The aromatic structure and
rigidity of lignin nanoparticle make it an exceptional candidate to be used as a rein-
forcing component in polymer composites. In this context, Del Saz-Orozco et al.
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Fig. 4 SEM images of lignin nanoparticle-reinforced PF containing a 0.05, b 5, c 9.95 wt.% lignin,
and d their respective cell size distribution. Reproduced from [39] with permission from Elsevier

[39] applied the ANOVA method to determine the influence of the formulation vari-
ables of lignin nanoparticle-reinforced phenolic foam (LRPF) such as stirring speed,
blowing agent amount, and lignin nanoparticle percentage on the mechanical prop-
erties and density of the prepared foams. Based on the results of the experiments the
modulus and strength of LRPFs were enhanced compared to pure PFs up to 128%
and 174%, respectively. Moreover, the amount of needed blowing agents reduced by
31% with the use of lignin nanoparticles as a reinforcing agent, which reduced the
used chemicals and fabrication costs.

In their next work, Del Saz-Orozco et al. [52] studied the effect of LRPF and
wood flour-reinforced phenolic foam (WRPF) on the friability of PFs, and the effect
of hydrothermal aging on mechanical properties. Friability is of great importance as
it indicates the capacity of being easily disintegrated in small particles, and materials
with high friability can generate a considerable amount of dust during work which
is dangerous for human health.

The values of mass loss for the PF and LRPF and WRPF (reinforced with 8.5
wt. %) were measured to be 32.2%, 22.2%, and 42.8%, respectively. Besides, PF/8.5
wt.%LFPF and 8.5wt.%WRPFbefore and after the friability test are shown in Fig. 6.
The presence of lignin particles decreased mass loss of the phenolic foam which
can be due to the agglutinating properties of lignin nanoparticles, which increases
the toughness of the material [22]. Interestingly, wood flour adversely affects the
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Fig. 5 SEM images and cell size distribution of pure PF and lignin-reinforced PF before and after
hydrothermal aging. Reproduced from [52] with permission from Elsevier

friability and increased by 30% concerning PF. This could be a result of defects in
the material such as cracks, which can favor the mass loss of the foam during the
friability test.

To make sure that PFs are the right choice to use in the insulating application,
investigating their behavior under moister and pressure is essential. The strain–stress
curves of unreinforced and 8.5 wt.% lignin nanoparticle-reinforced PFs, before and
after the hydrothermal aging, are shown in Fig. 7.

The LRPF and PF transformed from rigid brittle foams to plastic foams after
hydrothermal aging as it is evident from strain–stress curves [54]. This change in
behavior could be the result of the plasticizing effect of water on polymeric materials
[55]. It can be seen that the mechanical properties for both modified and unmodified
PFs decreased after hydrothermal aging. In particular, the change in compressive
modulus after hydrothermal aging was 61% and 69% for PF and LRPF, respec-
tively. The reduction of stress values after hydrothermal aging in LRPF was also
due to a weakened interface of matrix reinforcement as a result of the interaction
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Fig. 6 Friability test of PF and reinforced PF containing 8.5 wt% lignin nanoparticle and wood
flour. Reproduced from [52] with permission from Elsevier

Fig. 7 Strain–stress curves of a PF and b LRPF before and after hydrothermal aging. Reproduced
from [52] with permission from Elsevier

between water molecules and the lignin particles. Although the reduction in mechan-
ical properties of lignin-reinforced foams was higher than for the unreinforced foam
after hydrothermal aging, modulus and strength of the reinforced foams were signif-
icantly improved after the addition of lignin nanoparticle. The modulus and the
strength of 5.72 and 0.388 MPa were achieved for LRPF which were considerably
improved compared to PF with modulus and strength of 4.95 and 0.256 MPa. The
best overall performance before and after hydrothermal aging was obtained when
8.5 wt.% of lignin particles were incorporated in PFs.
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Fig. 8 Thermograms of PF and LRPF with different weight fractions. Reproduced from [52] with
permission from Elsevier

4.2 Thermal Stability and Degradation

As mentioned before, PFs are mainly used in insulating applications. Therefore,
thermal stability in a broad range of temperature and fire-resistance properties are
important features to study [52]. Del Saz-Orozco et al. [52]studied the thermograms
of PF and LRPFs containing several reinforcement weight fractions as shown in
Fig. 8. The similarity thermograms of both foams are because they have similar
polyphenolic chemical structure [56]. It can be seen that thermal degradation happens
in three steps. The first step occurs at temperature below 150 °C and corresponds to
the loss of volatile compounds and moisture.

The second step which takes place between 150 and 500 °C is due to the degrada-
tion of the polymer, cleavage of weak polymer bonds, and the release of water. And
last the release of carbonaceous substances which happens [7, 40]. Moreover, T5%,
T25%, and Ash 900 °C of PF were measured, and in the temperature range between
250 and 500 °C, LRPF degrades significantly faster than PF. In short, it was noted
that lignin nanoparticles did not significantly influence the thermal stability, except
for the range of 250–500 °C.

5 Conclusion

In this study, the developments and general views concerning the fabrication of
lignin/PF nanocomposites and the influence of nanoparticles onmechanical, thermal,
and structural properties of PFs have been discussed in detail. It can be concluded
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from the above studies that the use of lignin nanoparticles as an improving agent in
the PF structure can significantly increase their mechanical and thermal stabilities,
compared to the pure PFs. In addition, the microstructure of the PFs improves with
an increase of lignin nanoparticle loading. It can be explained by the good disper-
sion of lignin nanoparticles in PF matrix and creating the strong crosslink between
nanoparticles and resin.

Briefly, the lignin nanoparticles/PF composites present both serious challenges
and excellent potential, so it can be considered as a research field for years to come.
Moreover, the outstanding progress in the applications and improvement of these
foams will strongly depend on how we can solve the challenges.
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Chapter 19
The Role of Polyurethane Chemistry
on the Properties of Phenolic Foams
Applied in the Thermal Insulation
Industry

Chiacchiarelli Leonel Matías

1 Introduction

Phenolic foams (PFs) represent the material of choice whenever fire resistance is
a fundamental design requirement. The combination of a very low-flame spread
velocity, almost null smoke or toxic gas emissions, no liquid drippingwhen subjected
to high temperatures, and high insulation value represent the key distinct properties
that differentiate PFwith respect to other insulationmaterials available in the industry
[1, 2]. According to the European Phenolic Foam Association (EPFA), the main
applications of PF are insulation, mining, and floral.

The use of urea–formaldehyde PF in housing and industrial structures was intro-
duced in the 1960s in northern Europe [3, 4], while in the 1970s, Canada and theUSA
continued this path. However, the emissions of formaldehyde gas provoked by poor
industrial application standards in the interior of residential houses caused a severe
setback in the residential industry in Canada and the USA. Another issue was raised
in the 1990s, where the application of PF in decking caused corrosion in metallic
structures. Recent research programs led mostly by the Department of Energy of the
USA [1] are aimed at the development of PFwith a higher pH and improved adhesive
as well as mechanical properties. The recent transition of the construction industry
from traditional wet construction systems to industrialized building systems (IBS)
will lead the way to increased growth of the PF industry in sandwich structures
[5]. The main advantage of this approach is that the structural panel is manufac-
tured continuously in an industrial environment. Due to the fact that it is possible to
introduce high-quality standards and to maintain this in a localized manufacturing
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facility, future initiatives in the development of PF applied in sandwich construction
will certainly pave the way to a new growth stage. One of the key issues to catalyze
this growth is related to the highly friable nature of PF. The use of polyurethane chem-
istry is a key aspect to reduce the friability of PF without a simultaneous deleterious
effect on flammability performance. To achieve this objective, reactive routes based
on the use of isocyanate prepolymers represent the state-of-the-art. Other method-
ologies based on the use of composites and nanotechnology will also be discussed in
this chapter, emphasizing the interplay between these strategies and the cure kinetics,
friability, flammability, and environmental impact of PF and PUF.

Another relevant application of PF is in underground mining [1]. During normal
operations, if mineworkers stumble into an unstable crumble rock face or lair, it is
frequent to use foams so as to eliminate a plausible accident. To this effect, PF foams
are usually sprayed in situ so as to increase structural stability. The main advantage
of PF applied in this industry is related to the fact that when it is accidentally ignited,
no volatile emissions are released. Finally, PF is also used for the growth of flowers
and all sorts of floral arrangements. It is important to highlight that, due to the niche
nature of these last applications, in this chapter our discussion will be centered on
PF applied in thermal insulation.

In contrast to PF, polyurethane foams (PUF) also findwidespread uses in industry,
such as spray-up thermal insulation as well as structural panels [6, 7]. Even though
both PF and PUF share a common chemical precursor, that is, benzene, initial R&D
efforts were not focused on using both systems synergistically. This has led to the
development of parallel industries known as the phenolic and polyurethane foam
industries.Nowadays, theR&Defforts focus on the development of PFwith improved
toughness retaining as well as high fire resistance. To achieve this goal, it is important
to apply a synergistic approach using polyurethane chemistry as an ally. For example,
the introduction of isocyanate prepolymers and glycols in the molecular structure
of PF can help to improve toughness without altering significantly other relevant
properties.

Themain objective of this chapter is to highlight how PF properties can be tailored
using the flexibility of polyurethane chemistry. To this effect, Sect. 2 will deal with
a brief introduction on polyurethane chemistry, emphasizing the principal concepts
and ideas which are frequently used by polyurethane specialists. Due to the fact that
this book is specialized in phenolic foams, the reader can consult specific aspects of
PF chemistry in other chapters. The following section will focus on correlating the
properties of PF and PUF, particularly on the areas of formulations, blowing agents,
cure kinetics, friability, environmental impact, and flammability. Section 4 will deal
with how reactive routes are applied in PF chemistry. The section starts laying out the
main principles associated with the use of reactive routes and how those are related
to polyurethane chemistry. Then, study cases are presented so as to illustrate the
main application of those principles. Finally, the chapter finalizes with a conclusion
section so as to emphasize the main concepts that were studied in this chapter.
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2 A Brief Introduction to the Polyurethane Chemistry

The polyurethane chemistry was born when Dr. Otto Bayer, around the year 1938,
reacted a diisocyanate with a natural polyester polyol, that is, castor oil [7]. Nowa-
days, the polyurethane industry represents one of the most relevant polymeric
commodities and their applications range from flexible to rigid foams, coatings, ther-
moplastic and thermosetting polymers, adhesives, sealants, as well as other applica-
tions. This versatility is based mostly on the chemistry of the diisocyanate precursor,
where its facile reaction with a wide range of functional groups has led to such
different applications and uses.

Polyurethanes are obtained through the reaction of two main chemical precur-
sors, diisocyanates (from now on isocyanates) and polyols. Blowing agents (BAs),
catalysts, surfactants as well as other additives are usually employed and dispersed
within the polyol component. In industry, both physical and chemical BAs are usually
employed. The physical BAs rely on the evaporation of a low melting point liquid
(such as a hydrocarbon) and the chemical BAs are based on the reaction of isocyanate
with water, forming carbon dioxide during PUF cure [7]. Hence, polyurethane chem-
istry can be significantly altered mostly by chemical BAs, because the in situ forma-
tion of CO2(g) can compete with the chemical reactions of the polyol with the
isocyanate precursor [6]. In PUFs, catalysts are usually employed to increase the
gelling and blowing reactions [8]. In this regard, tin-based catalysts are frequently
employed to increase the cure kinetics of reactions between isocyanates and hydrox-
ides (polyol). On the other hand, amine-based catalysts are usually responsible to
improve the kinetics of blowing reactions, such as the formation of CO2(g) from
isocyanate and water. Typical formulations of PUFs usually employ both catalysts,
whereas the specific concentrations are carefully determined so as to have the right
balance between the gelling and blowing reactions. Surfactants are a key aspect for
the development of a closed and homogeneous cell structure. These usually don’t
have a substantial effect on polyurethane chemistry, but instead, have a preponderant
role in the formation of a PUF with a high content of closed cells.

From an industrial point of view, polyurethanes are usually two-component
systems, where component A is usually a mixture of different types of isocyanates
and component B represents the polyol and all the remaining additives and cata-
lysts. The preferred isocyanate used for the thermal insulation industry is polymeric
methylene diphenyl diisocyanate (pMDI). Due to the fact that MDI is solid at room
temperature, eutectics are usually employed to obtain a pMDIwith low viscosity, that
is, within the range of 200–400 cp (at 25 °C). The main characteristic of pMDI is the
isocyanate number (NCOnumber), which is a measurement of how many isocyanate
groups are available to react on aweight basis. This value should not be confusedwith
the isocyanate index, which is referred to as the stoichiometric relationship between
isocyanate and hydroxide (or other reactive) groups present in the component B. On
the other hand, the polyol is usually a blend of a wide range of monomers character-
ized mainly by its molecular weight, functionality, and viscosity. A higher molecular
weight polyol is usually employed to mitigate the effect of a highly crosslinked
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structure, which will inevitably lead to fragile material. This characteristic is of
paramount importance for the reactive modification of PF precursors. Further details
will be explained in Sect. 4. The functionality has also a relevant impact on the
final properties of the material. Due to the fact that both PF and PUF are crosslinked
polymers (thermosetting), polyols with functionality above 2.0 aremostly employed.
The chemical nature of the functionality is also relevant; hydroxides being the main
radical group that is used to react with the isocyanate moiety. Viscosity plays a
fundamental role, particularly when processing technology is taken into account. In
this regard, polyols with either low, medium, or high viscosities can be employed
(200–4000 cp). A summary of the properties of the precursors frequently used for
PUF systems is depicted in Table 1.

Polyurethanes can be prepared using the one-shot [9], quasi-prepolymer [10], and
prepolymer techniques [11]. The distinction between these three types of techniques
is fundamental, especially when PFs are taken into consideration. Further details
about the relationship between these techniques and PF synthesis will be discussed
in the next section. The one-shot technique [6] is usually employed for the preparation
of either flexible or rigid polyurethane foams (RPUF). In this method, the precursors
need to be of relatively low viscosity (<1000 cp) so as to achieve good physical
mixing using conventional or high-pressure dosing equipment. The properties of a
typical PUF precursor used for the one-shot technique are reported in Table 1. As
it can be deduced, the isocyanate component (A) has a high NCOnumber (29.0%),
which is an indication that no reaction has taken place so as to change the properties
of this component. With respect to the polyol (B), in this case the hydroxide number
(#OH) and functionality indicate that the polyol has been formulated for in situ spray
foaming.

The quasi-prepolymer technique is based on the use of precursors which are
the reaction products of a blend of polyols with a large excess of isocyanate. The
term adduct is usually employed to identify this intermediate, which has a lower
NCOnumber, between 15 and 29 wt%. The main objective of this technique is to
circumvent one of the great disadvantages of isocyanates, that is, the unstable nature
of isocyanate moieties. These are prone to react with water, forming both carbon
dioxide and polyamines. In addition, a reduced volatile organic content (VOC) can
also be achieved, reducing the environmental impact of the formulation. Further
details can be consulted in Table 1.

Finally, the prepolymer is an isocyanate adduct with a lower NCOnumber, between
1 and 14 wt%. These are usually synthesized by the slow addition of specific polyols
to isocyanates in reactors under a controlled atmosphere (dry nitrogen gas) and
temperature (around 60 °C). The resulting monomers are usually applied in urethane
elastomers, coatings, adhesives, sealants as well as toughening agents of PF (Sect. 4).
The main advantage of using this approach relies on the fact of a reduced cured
exotherm, which leads to a widespread family of versatile polymers. These materials
are also reacted with chain extenders, i.e., long aliphatic monomeric species which
serve to increase molecular weight and to cause significant toughness improvements.
In PF chemistry, it is usual to apply this technique, whereas the main disadvantage
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of using it relies on its impact on fire performance (Sect. 3). Specific details of an
isocyanate prepolymer are reported in Table 1.

3 Correlating Cellular Structures Based on Polyurethane
and Phenolic Chemistry

The phenolic chemistry is based on the chemical reaction of a phenol and formalde-
hyde in either acidic (Novolak) or basic conditions (resole). One of the key features
is that the reaction can be performed either in acidic or basic conditions by changing
the molar ratio of the phenol and formaldehyde precursors (P/F ratio). When the
P/F ratio is less than 1, the molecular structure of the resulting phenolic resins is
very stable (Novolak), whereas its subsequent use as a precursor for other materials
is based solely on the use of catalysts. Taking into account the molecular structure
(Fig. 1A) of the resulting precursor, Novolak resins can also be understood as low
molecular weight and highly aromatic polyols [12], giving rise to a highly friable
structure. Hence, the use of Novolak resins in the formulation of PF is not frequently
employed, because it increases the crosslinking and aromatic content, giving rise to
an extremely friable PF [1].

On the other hand, when the P/F ratio is higher than 1, the resulting molecular
structure of the phenolic resin is not stable (resole), giving rise to resole-type precur-
sors (commonly known in the industry as resins). The main reason associated with

Fig. 1 Rigid polyurethane foams (rPUF) and phenolic foams (PF) obtained from its chemical
precursors
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this characteristic is the presence of unstable methylol groups, which can further
react without the addition of specific catalysts and those can crosslink solely by a
slight temperature increase. This is a key feature for the plausibility of using this
precursor for the preparation of phenolic foams (PFs). Taking into account that this
precursor is the most relevant precursor of PF, the subsequent discussion will focus
on resole precursors (resins). Further details can be consulted elsewhere [1].

The resins used for PF are mostly obtained from the resole chemistry. In this
regard, the P/F lies within the range of 1:1.3 to 1:2.1 [1], and hydroxide salts are
employed as catalysts so as to achieve a highly crosslinked network (Table 1). The
typical viscosity of such resins lies within the range of 1500–12,000 cp. Hence, it
can be understood that, from a processing point of view, PFs have precursors with
a moderate to high viscosity. In contrast, polyurethane precursors used for spray
foam applications have working viscosities well below those values (200–400 cp).
It is important to notice that the solid content is a key aspect to consider to actually
contrast polyurethane and PF precursors. Indeed, in both cases, processing viscosity
can be effectively reduced by the use of non-reactive diluents [1, 6]. However, the
use of such diluents has been a cause of severe critics, due to the fact that non-
reactive diluents can be extremely toxic. Nowadays, strict emissions control enforced
by the United Nations Environment Program (UNEP) is currently being deployed
worldwide so as to reduce environmental impact.

3.1 Systems Based on PF and PUF Precursors

The resulting monomers obtained from the synthesis of precursors used to manu-
facture either phenolic or polyurethane foams are usually not suitable by themselves
to this effect. Then, blends of different components are usually employed so as to
circumvent the disadvantages of each precursor and improve processing properties as
well as reduce toxicity or emissions. These are denominated systems or formulations.

For the case of PFs, these are based on catalyzed one-component systems (Fig. 1).
In this regard, a typical formulation is composed of the resole phenolic resin, an
emulsifier, and a blowing agent (BA). The resin is inherently unstable, due to the
presence of methylol groups which can react and crosslink the molecular structure of
the precursor solely by temperature. The emulsifier is used to improve the miscibility
of the BA and the resole resin and to avoid phase separation. Nowadays, the vast
majority of PF are prepared using pentane as a BA and ethoxylated ricin-based
emulsifiers which enhance emulsion stability [1]. When the manufacture of the PF
is desired, an aqueous acid catalyst is added to this component and the temperature
is raised in the mold so as to achieve higher cure conversions. Typical processing
temperatures of PF are well above 60 °C, reaching in some cases up to 140 °C [1].
Even though higher amounts of catalysts can be added into the system to improve cure
kinetics, most systems need much higher temperatures to achieve good conversions.

In contrast, PUF formulations are two-component systems (Fig. 1). One compo-
nent is a mixture of isocyanates (A) while the second component is composed of one
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or more polyols, catalysts, blowing agents as well as surfactants and other additives
(B). To manufacture the foam, the systems are usually formulated so that equals
amounts (in volume) of component A are mixed with equal amounts of component
B. The cure can be performed in a wide range of temperatures. It is possible to
formulate the system so as to have a cure temperature as low as 5 °C, but most PUF
systems cure at 20–25 °C. No post-cure is necessary to achieve the final mechanical
properties.

3.2 Blowing Agents

The cure reaction of both PF andPUF is exothermic,which gives rise to the possibility
of using this energy for the volatilization of physical foaming agents. In contrast to
PUF, the expansion of the polymeric mass during cure for PF is exclusively from
the expansion of physical blowing agents (BAs). As already explained in Sect. 2, the
isocyanate precursor has the capability of producing carbon dioxide gas through its
chemical reaction with water. The boiling temperature of the BA must be slightly
higher than 25 °C and the BA in the liquid state must have a suitable solubility
with the precursor as well as low flammability and toxicity. The earlier adoption of
BA based on chlorofluorocarbons (CFCs) has led, nowadays, to stringent worldwide
regulations regarding the use of BAs with low ozone depletion potential (ODP) as
well as low global warming potential (GWP). Then, the main difference between
PF and PUF is that the former uses mostly physical BAs, whereas the latter can use
either chemical or physical ones. Within the PF industry, the most common BA is
pentane as well as liquid carbon dioxide. Even though it is known that pentane has
a high explosive risk, the vast majority of industrial production of PF are performed
under strict industrial conditions, particularly when pentane is used as the exclusive
BA. In contrast, PUF is more flexible in this regard, whereas its application can be
performed in situ (spray foam) as well as in industrial conditions.

3.3 Cure Kinetics

The underlying behavior of thermosetting polymers which undergo the cure process
ismostly influenced by how themolecular structure of the precursors evolves to a final
crosslinked network. In this regard, resole phenolics undergo both polyaddition and
polycondensation reactions. However, it is important to highlight that temperature
is a key variable that controls the preponderance of both reactions [1, 2, 13]. If the
reaction evolves at temperatures below 60 °C, polyaddition of methylol groups will
certainly be the most relevant reaction mechanism [1]. On the other hand, when the
reaction temperature is higher than 60 °C, polycondensation might play a relevant
role in cure kinetics. At the first sight, the occurrence of both phenomena might
be intranscendental. However, it is important to highlight that polycondensation
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reactions in phenolic chemistry indicate the formation of a subproduct, which in
this case is water. As already noticed in the previous section, the cure enthalpy is
frequently employed to aid the volatilization of blowing agents, which, in turn, lead
to the formation of a cellular structure. If the cure reaction generates liquid H2O,
the cure enthalpy will also be used to heat the liquid H2O produced in situ. This
combined effect will lead to a decrease in the efficiency of the foaming process [1,
14]. In addition, if the PF main application is insulation, the high conductivity of
liquid H2O will have a deleterious effect on the thermal properties of the final PF
structure.

On the other hand, PUF chemistry is exclusively based on polyaddition kinetics.
This indicates that the reaction between the precursors does not generate undesirable
subproducts. However, as already noticed in the previous section, the volumetric
expansion during cure is based on the use of both physical and chemical BAs.
Indeed, small additions of water are intentionally added in the formulation of the
polyol precursor so as to purposely cause the formation of carbon dioxide, which
causes volumetric expansion. PUF cure kinetics is mainly dependent on temperature,
polyol functionality, catalyst, filler content, and blowing agent [7]. An increase in
temperature causes an overall increase of cure kinetics, but it is not frequent to use
higher temperatures in this regard [6]. Instead, catalysts have the main role in PUF
cure kinetics. The concentration added is specified according to the location of the
manufacturing site as well as the desired final structure. For example, for spray-up
PUFs, a higher content of tin-based catalysts is usually employed if the application
is performed for temperatures in the range of 0–20 °C. On the other hand, the polyol
functionality also has a fundamental role in PUF cure kinetics [15]. If a highly func-
tional polyol is employed, cure kinetics will be certainly faster, and reduced amounts
of catalysts will be employed to achieve the desired final mechanical properties. The
BA can also have a role in PUF cure kinetics [16]. Due to the fact that physical BA
relies on the absorption of heat to volatilize, a higher content of BA will certainly
decrease the PUF cure kinetics. If this aspect is not taken into account, an incomplete
cure will lead to an unstable PUF structure.

3.4 Friability

Polymeric cellular foams can be extremely fragile. In this regard, when the cell walls
and struts do not have enough deformation to rupture, the overall cellular structure
tends to break down into small pieces, forming dusty fragments after the application
of small forces caused by handling or manipulation. This effect is usually noted as
friability (brittleness, pulverization) and it ismeasured by the tumbling box technique
following the guidelines of ASTMC421 [17]. However, it is frequent in the literature
to evaluate foam pulverization using other tailored methods [10, 18, 19]. The main
parameter measured is weight loss as a function of how the abrasion experiment is
being performed (pulverization ratio). If a higher weight loss is measured, then the
foam is said to have a higher friable or fragile nature.
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Phenolic foams have always been extremely friable. The high aromatic content
of the PF precursor (Fig. 2), its low molecular weight, and the highly crosslinked
network after cure are the main causes of a very friable cellular structure. To circum-
vent this important issue, several strategies have been tested [14]. The first one is
the reactive route, which is related to a change in the molecular structure of the PF
precursor. However, the main drawback of this strategy has to do with the impact
of such modification on the flammability of the resultant PF. Indeed, if conventional
reactive routes are implemented, the flammability might be significantly reduced.
Due to the relevance of this issue, further details on this will be discussed in Sect. 4.
Another strategy is based on the development of particulate composites [20], whereas
both granular particulates andfibers [19, 21–24] can be used in the precursor to reduce
friability. This approach has been extensively studied in the literature and this chapter
will focus mostly on the reactive route.

On the other hand, for the case of PUF, friability can always be modified through
a change in the molecular structure of the polyol component. However, when it
comes to polyurethane foams with high flame resistance, the polyisocyanurate foam
(PIR) is widely employed (Table 1). The molecular structure of PIR is based on
the trimerization of the isocyanate precursor, forming a highly crosslinked structure
without the need of high weight content of polyol in the network [25]. The PIRs
are known for being highly flame-retardant and heat-resistant [25]. However, the
initial developments led to extraordinary friable foams which were of no practical
or industrial use [25]. This changed after Ashida developed urethane-stabilized PIR
foams. The first PIR foams were commercialized by Nisshinbo Inc. of Tokyo, Japan
using the technology disclosed by the Ashida patent [26].

3.5 Environmental Impact and Renewable Content

When it comes to the evaluation of the environmental impact of a product, it is
important to perform a lifecycle analysis, which is the most comprehensive and
suitable tool so as to evaluate the whole value chain of the product under analysis
[27, 28]. Our discussion will only focus on the industrial production of the precursor,
how it is processed in the industry to obtain a final product, and the properties of the
final product by itself.

The industrial production of both PF and PUF chemical precursors shares a
common origin. Indeed, both phenolic resins and isocyanates are obtained from the
same hydrocarbon, benzene [7]. In addition, this chemical is obtained from crude
oil, a non-renewable resource. The first aspect to notice is that for the case of pheno-
lics, most of the weight content of the formulation is solely obtained from benzene
using the cumene process [1]. Indeed, both phenol and acetone are synthesized from
benzene and propylene using this path. Phenols are also obtained from renewable
resources, such as coal tar or the liquid byproducts of gaseous processes. However,
the main drawback of these renewable paths is that the phenols obtained are of low
purity.
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Fig. 2 Conventional A PF route, reactive routes B, and composites and nanocomposite routes C
used for the preparation of PF
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Another relevant PF precursor is formaldehyde. As already noticed above, resoles
are synthesized using a stoichiometric excess of formaldehyde. Even though the
objective of the chemical process is to completely react the aldehyde, leaving only
unreacted methylol groups, this is not usually the case and the PF precursors are
usually characterized to evaluate its free formaldehyde content [29]. It is important to
notice that formaldehyde has been classified by theEnvironmental ProtectionAgency
(EPA, USA) as a “probable human carcinogen”. This precursor is the main reason
why PF participation in the thermal insulation market has been reduced significantly.
Nowadays, formaldehyde ismainly produced frommethanol, which is obtained from
natural gas. Renewable resources, such as syngas, can be used to obtain methanol.

For the case of PUF, the development of isocyanates from renewable resources
has not been studied extensively either in academia or in the industry [5]. In this
regard, a non-isocyanate route [30–32] to polyurethanes has emerged as a possible
substitute for the use of the isocyanate moiety as an intermediate in the manufacture
of polyurethane foams. On the other hand, the polyol component can be completely
obtained from renewable resources, such as soybean, sunflower, castor, and other
natural oils [5, 33–36].

When it comes to the environmental impact of insulation applied in residential
structures, it is important to highlight the history of insulation materials used in this
field. One of the first insulation foams applied in residential buildings was the urea–
formaldehyde foam (UFFI). The initial development of UFFI goes back to 1933 [3,
4, 37, 38]. The residential use in northern Europe flourished during the 1960s and,
then, in the USA during the 1970s. The UFFI is based on the in situ application
of a mixture of urea, formaldehyde, and aqueous acid catalysts. Due to the highly
unstable nature of formaldehyde and to the lack of stringent industrial application
standards, the application of UFFI inside residential homes in the 1970s led to the
release of a significant amount of that gas in household environments. In turn, this led
to an increasing health impact on house owners. The increasing relationship between
health issues and UFFI led to the banning of the use of UFFI in Canada and the USA
in 1980 and 1982, respectively.

One of themost relevant aspects regarding the use of PF and PUF is the processing
technologies involved in the transformation of the liquid polymer into foam. Even
though the use of industrialized building systems (IBS) has led to the development of
sandwich structures using either PF or PUF as a core material, the in situ application
of foams still remains a convenient way to insulate either commercial, industrial,
or residential buildings. The processing technology used to apply foams in situ has
evolved significantly from the initial application of sprayed foams in the 1930s.
The main concept behind this technology is the atomization of two components that
are simultaneously sprayed onto the surface which needs to be insulated. The main
advantage of this technology is that it can be applied to any surface, improving its
insulation properties dramatically and also generating a sealed environment, which
reduces convective air circulation from the outside atmosphere. All these improve-
ments can be obtained at a low cost, which can be amortized through an increase in
energy efficiency. However, the main drawback of this technology has to do with the
fact the unreacted precursors are sprayed on the surface and it is generally assumed
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that those precursors will react completely forming either PF or PUF foams. This is
certainly not the case and external auditors are needed to control that no toxic emis-
sions are present after the application of the foam. For example, the use of spray foam
polyurethane (SPF) insulation in residential houses in the USA usually involves the
fact that the owners have to leave their residency for at least a couple of days so as to
perform the foam application. Due to the fact that the formulation of PUF systems
involves the use of amines as catalysts, it has been reported that if the application of
SPF is not performed under standard procedures, then the toxic amines or unreacted
isocyanates might remain in the atmosphere of the house. This has led to several
complaints of house owners, and in some cases, a complete removal of the insulation
material had to be performed.

3.6 Flammability or Fire Resistance

Fire propagation is a key aspect when cellular foams are applied in infrastructural
applications. The performance evaluation tests are strongly related to regulations
imposed by each country or state. For example, in the UK, phenolic insulation foams
must be tested according to the BS476 standard. In the USA, the Ohio State Univer-
sity (OSU) 65/65 heat release standard is usually employed, and in Argentina, the
DIN4012B2 is required by state law. Nonetheless, all these methods share a common
scientific basis. The key aspect is to quantify the amount of heat released over time
of a material subjected to a specific ignition or burning scheme. For example, the
DIN4012 standard involves suspending the sample vertically and igniting it at the
lower end. The speed at which the flame propagates is estimated and the emission
of toxic gases as well as the dripping of burned material can also be quantified. All
these measurements must comply with the specific regulation of each country and it
is common to test not only the foam by itself but to analyze how the material behaves
in real applications, where the foam can be combined in a sandwich structure with
composite or steel facings.

Nowadays, PF is still the highest performance material whenever flammability is
taken into account. Its use in infrastructure is highly associatedwith local regulations.
As a matter of fact, the UK applies the highest standards in the world regarding
foam flammability requirements. Hence, PF has found widespread application in
that country. However, in the rest of the world, PIR foams or even conventional
PUR foams with anti-flame additives are also widely used. To aid the worldwide
development in this field, limiting oxygen index (LOI) and UL94 experiments are
frequently reported in the literature. The LOI experiments are obtained following the
guidelines of ISO 4589. In this analysis, a long sample is tested vertically and it is
located inside a tight glass container. The atmosphere of the container is controlled
by changing the volumemixture of nitrogen and oxygen gases. The LOI index is then
obtained for the minimum oxygen concentration within the chamber which sustains
the combustion of the polymeric foam. An LOI index below 21% is a characteristic
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of flammable material, and flame-retardant materials usually have indexes above
approximately 27% [1].

4 Synergistic Reactive Routes to Improve the Properties
of PF Using the Polyurethane Chemistry

When it comes to analyzing how to improve the properties of PF, it is important to
establish benchmark parameters. Taking into account that our discussion is centered
on thermal insulation panels applied to IBS, the minimum properties of the foam
shall be deduced from the requirements associated with that application.

The first important properties are obtained from compressive and flexuralmechan-
ical tests. The compressive strength (σc) of foamed materials is measured following
the guidelines of ASTM 1621. In a typical compressive mechanical test, the stress–
strain curve presents three stages. The initial is a linear-elastic response followed by
a plateau regime, finalizing with a densification stage at higher deformations [39].
This measurement is usually performed at 25 °C and the sample is oriented at the
direction of cell growth. It is important to highlight that foams are anisotropic mate-
rials whereas the principal direction is oriented parallel to cell growth. To obtain
the compressive strength, two methods are usually employed. The first one is to
use directly the peak stress measured when the linear-elastic response finalizes and
the second one is to report the stress at 10% deformation. Taking into account this
last definition, foam cores for thermal insulation should have compressive strengths
above 1.0×10–1 MPa [40]. Another frequently employed mechanical test is three-
point bending [14]. The most relevant parameter obtained from this test is flexural
strength, which is the stress associated with the yielding point of the stress–deforma-
tion curve. A higher flexural strength indicates that the foam will be able to tolerate
higher loads within its linear-elastic regime. In addition, the flexural strain at break is
also an indication of the maximum deformation that the foam will be able to tolerate
before rupture. Even though several research groups have studied the flexural prop-
erties of the foams, it is important to highlight that the foams are mostly applied in
sandwich construction. Hence, the evaluation of the flexural properties of the foam
alone is not as relevant as to evaluating the sandwich structure. Another important
factor in this test is the span to length ratio (SLR). In order to compare the results of
one work with another, it is important to use similar SLR values. A low SLR value
will cause a relative increase of shear stress with respect to applied flexural bending
stress [41]. Comparison of mechanical properties deduced from this mechanical test
should be based upon similar SLR values.

With respect to flammability performance, the results of both UL94 and limiting
oxygen index (LOI) experiments are usually reported. As a reminder, flame-retardant
materials need to haveLOI values above 27%.The higher the LOI value, the better the
materialwill behavewith respect to flamepropagation. It is important to highlight that
the minimum requirements of this property are strictly related to state regulations.
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The final decision associated with the use of the foam in the industry is related
to the approval of certified tests performed by third-party institutes specialized in
this area. However, in R&D studies, the LOI technique is usually employed so as to
compare the results obtained from laboratories all around the world. The heat release
rate measured with the cone calorimeter test is also widely employed; however, this
chapter will focus only on LOI indexes.

With respect to friability, even though the standard experiment is the tumbling
box, this technique is not frequently employed in R&D studies. Indeed, most of the
researchers perform different experiments to assess the friability of a specific foam,
which is based on erosion caused by a specific cyclic state of stress. The pulveriza-
tion ratio, which is a weight relationship describing the weight loss associated with
that experiment, is usually regarded as the friability indicator. Hence, it is difficult
to establish a benchmark in this particular measurement, and the analysis will be
centered on relative measurements.

Oneof themost relevant properties of PF applied in thermal insulation applications
is their insulation value. The cellular nature of polymeric foams has the advantage of
generating a microstructure will small and closed cells, such as the ones depicted in
Fig. 3. This structure is composed of struts and cell walls, and within each cell, gases
are entrapped, preventing convective among the whole volume of the foam. The
thermal conductivity (λ) is defined and measured as the heat energy passing through
a plate of standard dimensions. In polymeric foams, the thermal conductivity has the
contribution [7] of radiate, solid, gas, and convective heat transfer. The most relevant
value is the gas conductivity (λgas) and its value defines the overall conductivity of a
polymeric foam [5]. Hence, the composition of the gas within the cell is a key aspect
to take into account. In addition, if the gas within the cell diffuses or permeates
outside the cell, a change of thermal conductivity will be measured (aging effect).

Fig. 3 Typical geometry of PUF polymeric cellular structures
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Indeed, the most relevant features of thermal insulation foams are their initial λ

value and variation as a function of time (thermal aging). Typical values of thermal
conductivity for either PF or PUF are reported in Table 2. For the benchmark, a λ

value less than 25 mW m−1 K−1 should be achieved. Another relevant property is
closed-cell content. In order to achieve a negligible increase of thermal conductivity
as a function of time (thermal aging), the cells need to be closed. If the processing
technology or the system creates a foamwith a high content of open cells, the internal
gases will tend to migrate and generate convective flow, reducing significantly the
thermal insulation value of the foam. Higher closed-cell contents of around 85% can
achieve this requirement [7].

The strategies that are used in the literature to improve the previously mentioned
properties are based mostly on changing the molecular structure of the polymer (also
known as reactive routes) and through the preparation of composites (Fig. 2). The
reactive route is the main scope of this chapter (Fig. 2b). Hence, further details of this
technique will be discussed below. The other route is related to the composite field
(Fig. 2c). Composites are a class of materials that have the main purpose of using
polymers, ceramics, and metals synergistically [42]. The constituents of a composite
material are reinforcement, matrix, and interface. The threemain families of compos-
ites materials are based on the structure of the matrix constituent. Polymeric matrix
composites (PMC), ceramic matrix composites (CMC), and metal matrix compos-
ites (MMC) are the three main families associated with polymeric, ceramic, and
metallic matrices, respectively. In phenolic and polyurethane foams, the matrix is
then polymeric. On the other hand, the reinforcement can be either particles or short
fibers with different aspect ratios [19, 21–23, 43–60]. Another relevant possibility
relies on the use of nanotechnology (Fig. 2c). Any constituent can be nanostructured
using a wide range of nanoparticles, which gives rise to the nanocomposites field
[61, 62]. It is important to emphasize that any constituent can be nanostructured;
hence, when the term nanocomposite is used, either the reinforcement or the matrix
could be nanostructured. Another important aspect relies on the type of nanoparticles
employed. If the surface functionality of the nanoparticle alters the chemistry of the
matrix being studied (phenolic or polyurethane), then the nanoparticle will be treated
as a reactive route because the molecular structure of the polymer is being changed
by the incorporation of nanoparticles. Several articles have been published on this
topic [63–74] and further details of this approach will be discussed below.

4.1 Principles Associated with the Development
of Synergistic Routes

First, it is important to emphasize the most relevant aspects of the PF and PUF
chemistry and how those can be combined synergistically. As already noticed in the
previous section, the resole PF is solely based on the polyaddition and condensation
of methylol groups. In this regard, the chemical properties of this PF precursor are



19 The Role of Polyurethane Chemistry on the Properties … 347

Ta
bl
e
2

Su
m
m
ar
y
of

ph
ys
ic
al
pr
op
er
tie
s
of

th
e
st
ud
y
ca
se
d
de
ve
lo
pe
d
in

th
is
w
or
k

Sy
st
em

R
ou

te
To

ug
he
ne
r

co
nc
en
tr
at
io
n

(w
t.
%
)

A
pp
ar
en
t

de
ns
ity

(k
g
m

−3
)

C
om

pr
es
si
ve

st
re
ng
th

(M
Pa
)

Fr
ia
bi
lit
y

(p
ul
ve
ri
za
tio

n
ra
tio

,%
)

L
O
I
in
de
x

(%
)

T
he
rm

al
co
nd

uc
tiv

ity
(m

W
m

−1
K
−1

)

C
lo
se
d
ce
ll

co
nt
en
t(
%
)

rP
U
F
[5
]

In
si
tu

0
25
–3
5

>
0.
3

<
2.
0

<
20

[8
3,

84
]

24
–2
8
0.
10

–3
>
90

rP
IR

[5
]

In
si
tu

0
35
–4
0

>
0.
3

<
2.
0

<
25

[8
4]

24
–2
8
0.
10

–3
>
90

PF
-P
E
G
;M

W
60
0–
40
0
[7
6]

R
ea
ct
iv
e

0–
4

60
–7
0

0.
10
–0
.1
5

2.
2–
5.
8

25
–3
1

N
.M

30
–8
0

PF
B
PE

G
;M

W
20
0–
60
0
[1
8]

R
ea
ct
iv
e

0–
6

25
0.
05
–0
.1
1

2.
1–
3.
5

35
.5
–3
9.
0

N
.M

N
.M

PF
-P
PE

G
;M

W
40
0–
60
0
[7
5]

R
ea
ct
iv
e

3–
10

36
.5
–4
5

0.
11
–0
.1
5

N
.M

40
–5
1

N
.M

N
.M

PF
-P
SI
P
[1
1]

R
ea
ct
iv
e

pr
ep
ol
ym

er
2–
5

32
.6
–6
0.
2

0.
12
–0
.3
5

1.
75
–5
.0

43
–4
7

N
.M

N
.M

PF
-G

F-
PT

D
I
[4
4]

R
ea
ct
iv
e

pr
ep
ol
ym

er
co
m
po
si
te

0–
10

47
.7
–5
8.
2

0.
15
–0
.2
8

N
.M

41
–5
2

N
.M

N
.M

PF
-G

O
-L
D
H
[6
5]

R
ea
ct
iv
e
na
no

0–
1.
5

40
0.
05
–0
.0
8

6–
14

38
–3
9.
5

N
.M

N
.M

PF
-N

Si
-G

O
[6
6]

R
ea
ct
iv
e
na
no

0–
2

16
0.
06
–0
.0
7

1.
5–
5.
5

38
–4
1.
0

N
.M

N
.M

PF
-B
io
-o
il
M
M
T

[6
9]

R
ea
ct
iv
e
na
no

re
ne
w
ab
le

0–
8

55
.5
–6
2.
5

0.
14
–0
.1
7

5–
9

29
.8
–3
9.
7

N
.M

N
.M

PF
-C
N
T
[8
1]

R
ea
ct
iv
e
na
no

0–
2.
0

48
.7
–1
03
.2

0.
11
–0
.2
4

N
.M

N
.M

57
–9
1

N
.M

PF
-R
G
O
[8
2]

N
an
o

0.
08
–0
.1
5

58
.8
–7
0.
0

N
.M

N
.M

N
.M

89
–1
13

N
.M



348 C. L. Matías

much more similar to the structure of a polyol rather than an isocyanate. Indeed, the
resole precursor can be understood as a highly aromatic polyol with a tailored molec-
ular weight. The high specific content of benzene rings and the highly crosslinked
nature of the resulting PF are the main reasons why PFs are highly friable (fragile).
From this argument, the simplest reactive route can be deduced. That is, to decrease
the aromatic content and increase molecular weight by adding an aliphatic chain into
the molecular structure of the resole precursor (toughening). This route is straight-
forward and it might severely affect flammability performance, altering one of the
key design features of PF. One of the most applied techniques has been the use of
aliphaticmonomers [13, 18, 75, 76], such as polyethylene glycol (PEG), incorporated
directly in the formulation of resole PF. In order to attenuate a poor flammability
performance, boron and phosphorous have been incorporated into the molecular
structure of those aliphatic monomers [18]. This approach can be considered simple
and straightforward, not having substantial changes in the chemistry of the resole
precursor. Finally, let’s compare this approach using the principles of polyurethane
systems. In polyurethanes, the main contributor to aromatic content is the isocyanate
precursor (hard segment), while in some exceptional cases aromatic polyols are
also the source. The molecular structure which has the highest aromatic content is
polyisocyanurate foams (PIR), where the isocyanate precursor trimerizes, obtaining
highly crosslinked and friable materials [25]. In this case, if a reduction in friability is
desired, the common strategy is associated with a change in the molecular structure
of the polyol. As it can be understood from these statements, in both systems, PF and
PUF, similar chemical strategies are implemented so as to reduce friability. Another
example of this strategy involves the use of either epoxy, phenoxy, and dicyandiamide
[77] groups.

A second strategy employed by several researchers is to exploit the versatility of
isocyanate chemistry so as to achieve complex molecular structures. In literature,
the term prepolymer or quasi-prepolymer is usually used to identify this path. The
main idea of this route is related to the reaction of any isocyanate precursor with
other monomers so as to create a tailored molecular structure. Finally, this tailored
molecule is inserted within the PF resole precursor, and the crosslinking reaction
proceeds using similar cure procedures. The first important aspect to consider is the
type of isocyanate being used. Two main types of isocyanates are available: aliphatic
and aromatic [6]. The aliphatic isocyanate, such as isophorone diisocyanate, is the
best choice because it does not have aromatic rings; hence, it is unlikely to increase
the fragile nature of the PF matrix. However, the main drawbacks rely on its high
cost and low reactivity. Aromatic isocyanates, such as pMDI or toluene diisocyanate
(TDI), are frequently employed in the literature as a starting point for the development
of molecular structures which can improve the properties of PF. The main drawback
of this isocyanate is its high aromatic content, which means that the use of aliphatic
polyols with medium or high molecular weight and low functionality is mandatory.
Otherwise, the properties of the final material will not be improved. It is important to
highlight that the use of TDI as a starting material might generate an increase in the
volatile organic content (VOC) of the PF precursor. In this regard, only prepolymers
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are suitable to achieve this objective. As already noticed earlier, quasi-prepolymers
have a high NCOnumber, then higher VOCs should be expected (Table 1).

Another aspect to consider with respect to this route is that the tailored molecule
which is synthesized has to be hydrophilic or at least with a high hydrophilic char-
acter. Otherwise, even though after using surfactants or emulsifiers, the resulting
PF precursor might not be a colloidal stable dispersion, leading to phase separation
and to the impossibility of producing PF with suitable thermomechanical proper-
ties. This characteristic is not easy to achieve, because the isocyanate precursor is
highly hydrophobic. Hence, the synthesis path will have to involve the formation of
hydrogen liable groups so as to reduce its hydrophobic character.

Finally, it is important to discuss the role that nanotechnology can have in the
change of molecular structure of PF. There are several nanoparticles that can be
applied in this field so as to obtain substantial improvements of either mechanical
properties, flammability, or insulation value [5, 63, 65–69]. One important feature
of nanoparticles is their geometry. Spherical nanoparticles, such as nanosilica, have
diameters within the orders of 5–10 nm and are frequently dispersed in the matrix as
aggregates (tactoids) [78]. Nanoclays are lamellar nanostructures that have a thick-
ness of around 0.1–0.5 nm and usually conglomerate into a layered structure that
needs to be exfoliated in the matrix being reinforced. Finally, carbon nanotubes
(CNT) are tubular structures with diameters ranging in the order of 10 nm with vari-
able lengths [79]. However, the most relevant feature that needs to be considered
when using nanoparticles is surface functionality. The extremely high area per unit
weight of nanoparticles indicates that the interfacewill have a fundamental role when
it comes to analyzing the performance of a nanoparticle as a reinforcement. Hence,
taking into account the previous analysis, it can be inferred that nanoparticles that
have a suitable surface functionality (such as hydroxide groups) can be considered
as an alternative reactive route toward the synthesis of nanostructured PF. On the
other hand, if the nanoparticle does not have any surface functionality which cannot
covalently react forming a network, then the nanoparticle will behave as a second
phase (Fig. 2c).

4.2 Study Cases

The reactive route based on the incorporation of aliphatic chains using PEG was
studied by Hu et al. [76] for the development of urea–formaldehyde PF (Table 2).
The main scope of the study was centered on evaluating the effect of PEG molecular
weight (from 600 to 4000) and concentration (up to 4 wt%). The reported apparent
density fell within the range of 60–70 kg m−3, whereas its variation followed a
non-monotonous increase as a function of PEG weight content. The compressive
strength of the pristine PF was superior to the benchmark (Sect. 4.1) and it reached
a maximum with a PEG concentration of 2 wt% and a molecular weight of 1000.
This reflected the presence of a compromise relationship between this property, PEG
weight content, and molecular weight. Intermediate values of these properties were
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the most appropriate to increase compressive strength. A similar trend was also
deduced from friability measurements (pulverization ratio). This ratio decreased as a
function of PEG weight content and molecular weight, with a minimum located at a
PEG content of 2wt% and a 1000molecular weight. The LOI indexes showed clearly
how the gradual increase of PEG content in the PF caused a deterioration of the fire
performance of the foam. Comparing the reported values with the benchmark, it can
be deduced that for PEG contents higher than 2 wt%, the LOI index fell below the
benchmark value (27%). These results clearly reflect the compromised relationship
between adding aliphatic chains into the PF molecular structure and its concomitant
reduction of flammability performance. A summary of the properties of this work
and all the others reported in this section can be consulted in Table 2.

Liu et al. [18] studied the incorporation of a borate PEG into a resole PF precursor
(Fig. 2a). Startingwith a PEGmonomer, boric-acid-assisted esterificationwas imple-
mented so as to introduce boron into the molecular chain of the aliphatic monomer
(borate-PEG).Then, the strategywasbasedon the reductionof the aromatic content of
the resole PF precursor so as to reduce friability as well as the incorporation of boron
backbones so as to attenuate the concomitant flammability reduction. The reported
compressive strength of the pure PF was 0.06 MPa (apparent density 25 kg m−3),
which was significantly lower than the minimum required by the benchmark. The
incorporation of PEGwith amolecularweight of 200, 400, and 600 proved to increase
that value, but only for the case of a borate-PEG with a molecular weight of 400,
the compressive strength accomplished the minimum established by the benchmark.
Friability measurements indicated that the incorporation of PEG and borate-PEG
in the molecular structure contributed to a reduction of the pulverization ratio. LOI
and UL94 tests were performed and in all cases, the values were higher than the
benchmark.

Yang et al. [75] studied the incorporation of phosphorous-functionalized PEG
(PPEG) monomers using phenyl dichlorophosphate as the precursor. The reported
PF had apparent densities which varied in the range of 36–46 kg m−3 as a function of
increasing PPEGweight content (0–10 wt%). The compressive strength of all the PF
prepared in this work surpassed the value established by the benchmark, proving also
that an increase of PPEG also caused significant improvements. LOI and UL94 tests
corroborated that both the pristinePFand thePPEG-PF foams achieved and surpassed
the minimum requirements of the benchmark. Comparing the results obtained in this
work and those obtained by Liu et al. [18], it is important to mention that in this last
case, the foam density was fixed at 25 kg m−3.

Another work of the same group [11] reported the implementation of a reactive
route exploiting the chemistry of polyurethane systems (Fig. 2b). A prepolymer
obtained from TDI and the reaction of phosphorus and silicon-containing poly-
dimethylsiloxanes (PSPUP) was incorporated in a PF system with the objective of
improving its compressive strength, pulverization ratio, and fire performance. The
apparent density of the PF ranged from 32.6 kgm−3 for the pristine PF to 60.2 kgm−3

for the PF modified with 5 wt% of PSPUP. In all cases, the compressive strength
of the foams surpassed the minimum established by the benchmark. It is important
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to emphasize that the incorporation of the polyurethane prepolymer caused substan-
tial improvements in both the compressive and the specific compressive strength.
As already noticed by Lobos et al. [80], the comparison of different foams is valid
only when specific properties are reported. An additional advantage of this approach
was associated with the dramatic reduction of the pulverization ratio, whereas its
reduction was proportional to the PSPUP weight content. Finally, in all cases, the
LOI indexes were much higher than the benchmark, indicating that the prepolymer
route did not adversely affect fire performance.

A synergistic approach combining the polyurethane prepolymer (Fig. 2b) reac-
tive route and the composite one (Fig. 2c) using chopped fiberglass as reinforce-
ment was studied by Yuan et al. [44]. Due to the fact that chemical flame retardants
usually have a highly aromatic structure, it is important to increase their molecular
weight so as to avoid further embrittlement of the PF matrix. In this regard, the
study presented the preparation of a polyurethane prepolymer (DOPU) reacting a
phosphaphenanthrene oxide (DOPO-BQ) with isophorone diisocyanate (IPDI). The
isocyanate moieties of IPDI reacted with the hydroxyl functionalities of the DOPO-
BQ, producing a precursor with increased molecular weight and reduced aromatic
content. On the other hand, chopped fiberglass (GF) was used to combine both an
increase of compressive strength and fire performance. A fixed concentration of GF
(0.5 wt%) was implemented for all the synthesized foam and the effect of increasing
amounts of DOPU (up to 10 wt%) was the main variable under scrutiny. Under these
conditions, the reported density ranged between 47.7 and 58.2 kg m−3, increasing
as a function of higher DOPU content. With respect to the compressive strength, all
the foams analyzed in this work had values that were better than the benchmark. The
incorporation of both GF and DOPU up to 10 wt% caused a monotonous increase
of the compressive strength. Even though the specific compressive strength was
not reported, our calculations based on the experimental results indicated that the
specific compressive strength increased significantly as a function of DOPU content.
LOI tests indicated that for all the foams prepared in this work, the values were much
higher than the benchmark, even for the case of no incorporation of DOPU into the
molecular structure of the PF. This suggested that the small addition of GF had a
relevant effect on the fire performance of the PF.

A reactive route based on the use of nanotechnology was studied by Wang et al.
[65]. The approach was centered on the use of a nanohybrid based on graphene
oxide (GO) immobilized with layered double hydroxides (CoAl-LDH/GO). The
functionalization of GO with the LDH helped to create a reactive route as well as to
avoid the poor fire performance of GO. The PFwas synthesized with a fixed apparent
density of 40 kg m−3. The reported compressive strength presented improvements
as a function of increasing weight content of the CoAl-LDH/GO, reaching a peak
value at 0.9 wt%. Comparing the results with the benchmark, it can be deduced
that, in all cases, the reported values were inferior to the minimum established by
the benchmark. On the other hand, the reported pulverization ratio was significantly
reduced as a function of increasing CoAl-LDH/G weight content, indicating that the
reactive path produced a less friable PF. Finally, all the reported LOI indexes showed
values well above the benchmark, indicating that all the PF developed in this work
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had excellent fire performance. Similar results were also obtained in another work
published by the same group using nanosilica instead of LDH [66].

A reactive route based on the use of nanotechnology and renewable resources
was recently published by Xu et al. [69]. The strategy of this work was centered
on an increase of the renewable content of the PF precursor through the use of
biomass obtained from the pyrolysis of Larix gmelinii. In addition, montmorillonite
(MMT) lamellar nanoparticles were also used in the PF system. Taking into account
that the MMT nanoparticles had hydroxyl functionality, the strategy used by the
researchers can be classified as a reactive route. Indeed, the authors corroborated that
the MMT was covalently bonded to the PF matrix. The reported apparent density
ranged between 55 and 62.5 kgm−3 and its variationwasmainly due to the incorpora-
tion of MMT in the PF system (up to 8 wt%). The compressive strength of the foams
prepared in thisworkwas higher than the benchmark, and a substantial increase of the
specific compressive strength was found as a function of increasing MMT content,
peaking at a 4 wt%. The friability analysis revealed that small contents of MMT (<4
wt%) caused a decrease in the pulverization ratio. On the other hand, higher MMT
loadings caused a significant increase of this property, increasing friability above
benchmark values. The LOI index showed that in the PF prepared in this work, the
reported values were better than the benchmark. In addition, the LOI index reached
a plateau of approximately 37% even for a low MMT concentration (2 wt%).

The properties of PF foams nanostructured with multi-wall carbon nanotubes
(MWCNT) or graphene were studied by Song et al. [81]. The reported apparent
density ranged between 48.7 and 103.2 kgm−3 and its variationwas a strong function
of nanoparticle type and content. The highest density was attained when MWCNT
was used at 2 wt%, while the lowest density was measured at MWCNT of 0.5
wt%. The incorporation of graphene in the PF matrix caused a similar apparent
density variation, whereas the lowest apparent density was measured at 1 wt%. The
reported compressive strength of all the foams studied in this work was higher than
the benchmark. In addition, the incorporation of nanoparticles caused an increase
of the compressive strength, however, reducing significantly the specific compres-
sive strength of the resulting foam. This work also highlighted the measurements
of processing viscosity and final thermal conductivity of the PF. In this regard, it
is important to emphasize that the incorporation of nanoparticles caused a signifi-
cant reduction in thermal conductivity. However, the reported λ values are still high
compared to other PF foams available in the industry.

A recent work applying nanotechnology to produce nanocomposite foams based
on PF precursors was performed by Sandhya et al. [82]. To avoid the use of poisonous
reducing agents, such as hydrazine, the starch potato was used to chemically reduce
graphene oxide (GO). The reported apparent density ranged from58.8 to 70.0 kgm−3,
whereas its variation changed non-monotonously as a function of reduced graphene
oxide (RGO) content (from 0.08 up to 0.15 wt%). The reported thermal conductivity
ranged between 0.089 and 0.113 W m−1 K−1. The incorporation of RGO into the
microstructure permitted a change in thermal conductivity so as to produce foams
with tailored electrical properties.
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5 Conclusions

The path to the new generation of PF is based on synergistic strategies using
the tools that have been laid out in this chapter. To achieve a PF with improved
friability (reduced pulverization rate), it is crucial to use the polyurethane chem-
istry for the development of additives that can be incorporated into the PF precursor,
decreasing the overall degree of aromatic content of the final polymeric network
without affecting other properties. Several study cases have been analyzed which
emphasize how it is possible to increase specific compressive strength, attain a high
fire performance, and reduce friability significantly by the use of reactive routes based
on the versatility of the isocyanate chemistry. Combining this reactive route with the
use of composite and nanocomposite technology can give rise to PFwith outstanding
properties. These aspects have been emphasized by establishing a benchmark and by
comparing the results available in the state-of-the-art with respect to the benchmark.

Even though substantial R&D efforts have been devoted to study the thermome-
chanical properties, fire performance, thermal degradation, and friability, it is impor-
tant that future efforts should focus on how to increase the thermal insulation value of
PF. To this effect, further studies should deal with the new safe blowing agents with
low ODP as well as GWP values. In addition, further aging studies which reflect the
performance of PF as a function of time should also be conducted. New materials
based on PF precursors should have a higher solid content so as to achieve a decrease
of organic volatile emissions in the manufacturing process. Finally, the change from
using precursors obtained mostly from oil and gas has already been taking place and
future PF precursors will certainly contain a higher content of renewable resources,
leading the way to a sustainable industry.
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Chapter 20
Phenolic Foams: The Insulating
Materials to Reduce the Frost
Penetration, Skidding, and Flooding Risk
of Road and Airfield Pavements

Shohel Amin and Mohamed Heweidak

1 Introduction

The polymeric foams are formed using distinctive techniques including injection
and extrusion molded foam process and the use of supercritical fluids over solid
counterparts and the molding process made it light with enhanced structural stability
[19, 44, 54]. The PFs are classified into three groups based on the potential end-
user applications such as structural, flexible, and speciality foams. The structural
or rigid foams, for example, rigid polyvinyl chloride and polyurethane foams are
used in both construction and appliances as these have higher stiffness modulus and
low thermal conductivity resulting in higher energy efficiency. The flexible foams
including flexible polyurethane and polystyrene foams are used in cushion packaging
and energy absorption applications for their low stiffness modulus and open-cell
structure [32]. Speciality foams including PF are designed to meet predetermined
cellular size and specific properties to perform functions in various applications.

The applications of PF in polymeric industries observe a growth from 5% to 6.5%
during the last 5 years for their better performance in fire resistance, thermal insula-
tion, filtration, absorbing practices, and environmental safety and cost [1, 32]. The
ability to dissipate the kinetic energymakes the PF as a soft ground arrestor in airfield
pavement to avoid over running of aircraft and ensure safety. In addition, the PF has
a potential as a geotextile layer in permeable pavement systems (PPS) to minimize
the flooding risks and a thermal insulation layer in tunnels and pavements to avoid
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frost damage. The PF can improve the mechanical properties of foamed tar pave-
ment optimizing its stability and resilience. This chapter discusses the applications
and benefits of PF in materials of roads and airfield pavements.

2 Physical Properties of Phenolic Foams

The cell morphology is crucial for the functionality of PF as its cellular structure
provides versatile applications in market areas such as thermal insulation, absorbent
materials, safety applications, and fresh flower support. The chemical process and
constituents employed to producePFdetermine two significant cellular structures: (1)
open-cell foamwith high liquid absorption and retention capacity within its structure
and (2) closed-cell foam used as thermal insulation material in construction [46].

The main constituents to manufacture the PF are phenolic resins, acid catalyst,
inorganic filler, and blowing agents [18]. Phenolic resins comprise of approximately
80% solid and a combination of volatile components including phenol, water, and
formaldehyde [46]. The catalyst component stimulates the process of converting
phenolic resins to foam. Sulfonic acids such as phenol and xylene have proven effi-
ciency in foam curing over inorganic acid catalyst where corrosion problems are
exhibited. Inorganic fillers enhance PF properties, for example, calcium carbonate
produces PF with densities over 50 kg/m3 [46]. The blowing agents such as aliphatic
hydrocarbon and fluorocarbons (HCFC-141b and HCFC-22) are the principal mate-
rials for defining the properties and morphology of PF [46, 49]. The closed-cell PF
has the ability to maintain its properties for long periods as long as blowing agents
are confined within the foam structure while water evaporation and formulation
of formaldehyde (CH2O) primarily control the production of open-cell PF such as
floral foam [11, 27]. Utilization of fluorocarbons (PFCs) as the blowing agents in
closed-cell PF exhibits poor performance in terms of mechanical properties such as
density and thermal conductivity comparing to the tetrafluoroethane blowing agent
(CFC-114) [27, 46].

Each product of PF has identical physical properties that allow its utilization for a
particular function (Table 1). Closed-cell PF with low thermal conductivity (0.018–
0.02W/mK) and high compression strength (2.8–7 kg/cm2) is suitable for insulation
applications [11, 46]. The open-cell floral or absorbent foams possess an excellent
ability in absorbing and retaining liquids within the foam structure for long periods
but with lower compression strength and friable structure (Table 1).
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Table 1 Physical properties of PF [21, 46]

PF
applications

Density
(kg/m3)

Compression
strength
(kg/cm2)

Thermal
conductivity
W/mK

Closed/opened
cell content

Water
absorption

Insulation 32–50 2.8–7 0.018–0.02 More than 90%
closed

Very low

Floral and
absorbent

16–32
0.4

0.7–1.2 0.02–0.025 Less than 5%
closed

Very high

Orthopedic 8–12 0.2–0.3 Low thermal
conductivity

Open/closed Low

Foamed
concrete for
ground
arrestor
systems

200–800 4.2–5.6 0.1–0.66 Up to 75
% open

Very low

3 Airfield Soft Ground Arrestor, Skid Resistance,
and Safety

The highest rate of aircraft accidents (more than 25% of all commercial aircraft
accidents annually) occurred due to runway excursion [12]. The runway excursion
mainly occurs during aircraft take-off or landing in the form of runway overruns
resulting from inappropriate aircraft handling techniques, aircraft malfunction, poor
visibility, and airfield pavement condition. The Ascend World Aircraft Accident
recorded 141 runway excursion accidents (85% of these accidents occurred during
landing) during the period 1998–2007 that led to 550 casualties [14]. A total of 28
overrun aircraft accidents occurred in the United States during the period 2008–2017
and 4 of those accidents resulted in 17 casualties [3]. The aircraft overrun accidents
have had a long history, which urges the aviation industries to find out the best
practices eliminating the disastrous consequences of aircraft overrun.

The International Civil Aviation Organization (ICAO) recommends 305 m length
safety area beyond the runway. Some airports find it difficult to comply with the
ICAO standard due to the topographical locations and urge alternative solutions to
overcome this problem. The runway arrestor systems are widely used techniques to
effectively decelerate aircraft speed and ensure safe stopping. There are two tech-
niques commonly used in the runway arrestor systems, active arresting system, and
passive ground system. The active arresting systems such as deck cables and large net
barriers are mostly developed for jet aircraft [20, 24, 45]. Active arresting systems
are not adequate for passenger aircrafts as deck cables are not economically feasible
and the large net barrier obstructs aircraft passengers from using emergency egress.
In addition, the net barrier adversely affects the aircraft wing flaps due to the applied
load by the net barrier system. The passive ground system applies engineering mate-
rials to prevent the aircraft overrun and eventually reducing the length of runway
safety area [20].
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Several studies in the United Kingdom tested soft ground materials including
gravel, sintered fuel, and aerated concrete during the period from 1968 to 1971 [4,
35]. The urea–formaldehyde foam was used as ground arrestor material and the trial
was proceeded by Comet 38 aircraft in 1974. There was no damage in aircraft engine
turbine due to the efficiency of foam in reducing the predictable peak drag force
acting over leading and trailing wheels [20]. Cook et al. [6] compared various mate-
rials such as water, gravel, soft soil (clay and sand), PF, and foamcrete to determine
the advantages and disadvantages of materials in terms of workability, maintenance
cost, resistance to erosion. Cook et al. [6] recommended the PF as a ground arrestor
material for its stable mechanical properties and its ability to decelerate the commer-
cial aircraft with a coefficient of friction equals to 0.4 denoting a good braking action.
Cook et al. [6] examined the performance of PF as a ground arrestorwith compressive
strength of 380 kPa and 50 cm depth. The analytical models estimated the stopping
distance of aircraft entering the PF arresting systemwith 50 knots and 60 knots speed.
The Boeing 727 safely stopped at 128 m and 165 m distance with 50 knots and 60
knots speeds, respectively [6].

The aircraft stopping distance inside the bed arrestor subjects to deceleration rate,
materials strength and thickness, aircraft weight, and landing gear loads [10]. The
increase in foamed concrete bed depth can significantly offset the aircraft load but
landing gears subjects to additional loads. The rebounding force over landing gear
was not evidently defined by Cook et al. [6]. Cook et al. [6] argued that PF had
rebounding properties that might exhibit additional force over landing gear resulting
in the damage of landing gear [22]. The Federal Aviation Administration (FAA) and
Engineering Arresting Systems Corporation (ESCO) jointly worked on improving
the rebounding characteristics of PF employing the crushable lightweight concrete to
disperse the energy instead of returning to aircraft body [23]. The bed arresting system
consists of precast blocks formed from closed cell concrete foam that is bonded by
silicon sealer [22]. A protective layer is provided as a waterproof paint to improve
the durability of material subjected to severe weather conditions [36]. The crushable
concrete foam is the only engineering material arresting system (EMAS) that is
accredited and recommended by FAA and is used in 59 runways at 40 airports [37].
However, the bed arrestor system with concrete foam requires at least 4–12 weeks
to install and is expensive [22, 36]. The concrete foam causes a cloud of dust during
aircraft landing that enters inside the aircraft engine risking the aircraft operation
[15]. Moreover, the humid weather adversely impacts the foam reducing its long-
term performance and requires maintenance for moisture infiltration and membrane
peeling [22]. The foamed concrete arrestor does not perform safely for all types of
aircrafts, for instance, the landing gear of puddle jumper aircraft may experience
fatal damage when crash into the ground arrestor system [51].

Several studies examined the application of alternative materials for improving
the ground arrestor system [10, 15, 22, 51]. Yang et al. [15] investigated the use of
polyurethane foam as a ground bed arrestor due to its low strength and energy dissi-
pation capacity. Yang et al. [15] asserted the importance of ground arrestor material’s
strength on aircraft crash ignoring other factors such as material durability, cost, and
maintenance as well as stopping distance of aircraft inside the arrestor bed. A study
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examined the performance of tire-honeycomb material as a ground arrestor against
the friction between the material and aircraft undercarriage and compared the results
with traditional EMAS [51]. Yang et al. [51] argued that the manufacturing tire-
honeycomb material was more environment friendly due to low haze production
and effective in stopping overrunning aircraft. The FAA approved EMASMAX®

and greenEMAS® as the EMAS. The EMASMAX® is nontoxic and composed of
lightweight blocks made from cellular cement material with higher durability and
fire and extreme weather resilient. The greenEMAS® is manufactured from recy-
cled glass, bonded together with high-strength plastic, covered by cement layer, and
treated by topcoat sealant [12]. The Zodiac Aerospace has installed EMASMAX®

bed arrestor at 112 runways in 67 airports in the USA [12, 42]. There were 15 inci-
dents recorded in U.S airports until April 2019 where overrun aircrafts safely stop
within EMAS with almost no passengers injured and undamaged aircraft body [50].

4 Frost Penetration Below Highways and Airfield
Pavements

Frost penetration, which occurs due to seasonal freeze–thaw cycles, reduces the life
service of highways and airfield pavements [20, 25, 41]. The freeze–thaw cycles
saturate the subgrade soil with excessive water and affect the mechanical prop-
erties of subgrade soil beneath the pavement structure without the existence of a
proper drainage system [26]. During the cold season, the formation of ice lenses in
the unbounded layer increases the bond between the particles of subgrade soil and
subsequently improves the bearing capacity of the soil. The fine particles in subgrade
soil, high thermal conductivity, the moisture content in pavement, and ice formation
in the pavement subsurface are the main factors of frost heave. However, the work-
ability of pavement may be weakened due to thermal cracks and uneven frost heave
[26]. The increase of temperature causes ice thawing resulting in soil saturated with
water. The impact of ice thawing may cause potential settlement of pavement struc-
ture under heavy traffic loads due to poor drainage system and structural inadequacy
[26]. In northern Sweden, around 40% of road network was inaccessible during the
frost thawing period in the year 1994 and the Swedish national road administration
estimated that the annual maintenance and reconstruction cost was approximately
25% of the road construction budget [26].

Several studies measured the frost penetration depth in the pavement structure [5,
16, 20, 40]. Equations 1–4 show that soil thermal conductivity is one of the major
determinants of frost penetration.

X =
√
48K (F I )

L
Freitag and McFadden [33] (1)
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X = λ

√
48K (F I )

L
Aitken and Berg [35] (2)

F I = di Li

24nλ
+ R Bianchini and Gonzalez [34] (3)

X = a(F I )b Baladi and Rajaei [32] (4)

where X is the frost penetration depth; FI is the freezing index; K is the thermal
conductivity; n is the factor that transfers air FI to surface FI; λ is the correction
coefficient; d is the layer depth; R is the thermal resistance; L is the latent heat; a
and b are constant.

During the late 1960s, several studies in cold regions examined the application
of insulation materials including polymeric foams to reduce the frost penetration
depth in pavement foundation [2, 33]. Penner [2] examined the impact of installing
extruded polystyrene and polyurethane foams between the subsoil and gravel base to
evaluate the pavement performance in Ontario, Canada. Penner [2] observed that the
insulation foams reduced the frost heave at a significant level. In Alaska, Esch [33]
investigated the usage of 5 cmof urethane foamand8 cmof styrofoamas the subgrade
insulation layer and identified that the frost penetration depth was reduced by 48.5%
and 81%, respectively. However, Esch [33] observed that the polyurethane foam, a
mixture of urethane and styrofoam in liquid state, had lower structural strength and
thermal conductivity. A recent study monitored the impact of extruded polystyrene
foam on the frost heave for 3 years in France and asserted its ability to reduce the
frost penetration [13].

The application of polyphenolic foam in reducing the frost damage at Galongla
tunnel located in China was experimented applying the finite element method (FEM)
[8]. Thermal sensors were installed at 10 sections along the tunnel axis at depth
of 370 cm. Tan et al. [8] compared the polyphenolic foam and concrete as insu-
lation layers to study temperature distribution in rock surrounding tunnel lining.
The polyphenolic foam performed better in sustaining very low temperature in rock
layer for 1 year and thus avoid freezing–thawing damage. Li et al. [43] examined
the thermal conductivity of three insulation foam materials such as polyurethane,
phenolic, and floquet in dry, wet, and freezing conditions using the hot disk thermal
physical property analyzer. The relationship between thermal conductivity and gray
volume moisture content ratio (Gv) was applied to evaluate the impact of water
content on insulation foams. The average thermal conductivity for phenolic and
polyurethanematerials under dry conditions was 0.040W/(m.K)and 0.029W/(m.K),
respectively [43]. The experiments revealed that thermal conductivity increased
with an increase in of iced mass moisture content. Although the PF is applied in
wider range as the thermal insulator, the application of extruded polystyrene foam to
reduce the freezing–thawing damage is more advantageous. For example, in Norway,
polystyrene foam is one of the common insulation materials used in pavements [28].
The insulation materials such as foam glass aggregate are used as the alternative
materials to extruded polystyrene foam in cold regions of Europe since the materials
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are economical and have been manufactured as an environmentally friendly solution
[].

5 Permeability and Sustainable Drainage System

Impermeable pavement surfaces hinder the infiltration of stormwater runoff and
cause surface runoff of pollutants such as nutrients, heavy metals, and motor oil to
the water bodies resulting in risk to marine life and human health if untreated [17,
34, 48]. Impermeable pavement surfaces also increase the volume of stormwater
runoff that overburdens the capacity of drainage networks and eventually causing
floods particularly in urban areas [34, 48]. Sustainable drainage system (SuDS) is
a contemporary challenge that considers permeable pavement system (PPS) as the
environmentally and economically beneficial approach for minimizing flood risks
[38]. The most practiced PPS in the United Kingdom is a geotextile layer beneath
the pavement structure because geotextile materials retain stormwater pollutants and
enhance the process of biodegradation within the pavement structure [29, 39, 47].
Several materials such as polyethylene, polypropylene, and polyester are used to
manufacture the geotextile layer that acts as the filtration or separation layer of PPS
[29, 30, 47]. The three-dimensional structure of OASIS® PF can increase thematerial
ability to absorb and attain stormwater up to a saturation limit [9, 47].

Nnadi et al. [47] examined the hydraulic properties of OASIS® material with
1.3 cm and 2 cm thicknesses under rainfall intensities of 100 mm/ hr, 200 mm/hr,
and 400mm/hr and stated thatOASIS® material retained stormwater.Nnadi et al. [47]
identified that one-centimeter increase of depth in OASISmaterial would increase its
stormwater storage capacity by37%.Asimilar studywas conductedbyHeweidak and
Amin [31] examining the infiltration rate and steady-state behavior, water storage
capacity of different thicknesses of OASIS® material, and the effect of OASIS®

material in deferring the water peak flow during rainfall intensities of 100 mm/hr,
243mm/hr, 400mm/hr, and 563mm/hr. Heweidak andAmin [31] stated that a 35mm
thickness of OASIS® layer could absorb approximately stormwater with rainfall
intensity of 100 mm/hr for 15 min duration, and a 10 mm increase of OASIS® layer
thickness can increase the water storage capacity by 12%. The PF can effectively
retain rainwater delaying water peak flow that minimizes the flooding risk (Table 2).
The PF materials have structural strength bearing static loads, but pavement surface

Table 2 Properties of absorbent PF [32]

Material Density
(kg/m3)

Polymer
density
(kg/m3)

Expansion
ration

Cell
diameter
(microns)

Void
fraction
%

Volume of
foam
In3

Volume of
solid
In3

Absorbent
PF

32.04 1188.57 37.1 250 97.3 64 1.73
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is subjected to both dynamic and static loads [31]. The PF layer may increase the
probability of void clogging that affects the performance of PPS [53].

6 Conclusions

The low thermal conductivity, effective energy absorption, and liquid absorption
of PF provide a wider range of its application in building and infrastructure mate-
rials. This chapter discusses the applications and benefits of PF in materials of roads
and airfield pavements. The PF as an EMAS in airfield pavements demonstrates
an efficient material to safely stop the aircraft within the PF bed arrestor system.
However, the drag force generated from the aircraft undercarriage leads to serious
damage to landing gear. The EMASMAX, approved EMAS by FAA, improves the
rebounding properties of the bed arrestor in the airfield pavement. The EMASMAX
is composed of cementitious cellular foam with sufficient capacity to dissipate the
energy instead of returning to aircraft and the cellular cementitious foam is recy-
clable and environment friendly. The commercial availability of EMASMAX is very
limited causing a higher cost of installation and maintenance. Foam glass could be
an alternative EMAS but it possesses high strength. The cementitious foams are
subjected to moisture infiltration, membrane peeling and freeze–thaw effects.

The PF has low thermal conductivity but the XPS is commonly utilized as an
insulation layer in pavement structures in Nordic countries and Canada. The XPS
has some technical difficulties such as weak joints due to geometry and possible
loss of material efficiency over time as a result of XPS chemical decomposition.
The application of PF to reduce frost penetration in pavement structures can be
a sustainable solution as PF reduces the environmental impacts through recycling
waste materials.

The experimental results of PF application in PPS argue its efficiency in mini-
mizing flood risk, however, further studies require to understand its performance
under dynamic traffic loads with extreme rainfall intensities. The manufacturing
process and residual after the life cycle of PF hinder its applicability in road and
airfield pavements. The contaminated waste of PF is non-recyclable and sends to
the depot. Future studies require to addressing the material durability, response to
vehicles and aircraft loads and speed, the environmental impacts, and the installation
and maintenance costs.
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