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Abstract

Although rigid polyurethane foams (RPUFs) have great thermal insulating properties, they have limited usage because pristine PU foams are
highly flammable. Therefore, in order to have widespread applications, much attention has been invested in the discovery and study of a vast
number of flame retardants. Though there have been countless reports of novel flame retardants, it has been a challenge to select the most
appropriate flame retardant for the RPUF of interest. While several comparison studies have been documented in the literature, the focus is on
the microstructure, mechanical, and thermal properties. Herein, a relatively comprehensive flame retardant selection process is introduced,
which includes more physical and chemical properties characterisations, enabling one to make informed decisions when selecting flame

retardants.

Keywords: Polyurethane foam, Flame retardant, Microstructure, Mechanical, Thermal properties

Introduction

Polyurethane (PU) foam is synthesised via a polymerisation
reaction of polyol and isocyanate, in the presence of various
formulations of catalysts and surfactants [1]. For this reason,
depending on the composition, PU foam can be tailor-made
into flexible foams, semi-rigid foams, and/or rigid foams,
resulting in a wide range of products with unique properties
[2].

As an example, rigid polyurethane foams (RPUFs) generally
display high specific strength, are lightweight, and are suitable
for thermal, acoustic, and electric insulation [2]. Thus, RPUFs
are used extensively in numerous fields and with a broad range
of applications, such as in construction, automotive, furniture
and household appliances, and packaging [1]. Despite these
advantages, the high flammability of pristine RPUFs due to the
high carbon and hydrogen content [3] presents a significant
obstacle, which greatly limits their application. Therefore, a
productive way of enhancing their flame resistance is via the
addition of flame retardants into the RPUFs [3].

Hence, in this commentary, we compare the classes of flame

retardants, and discuss in particular, the flame retardant
selection process for RPUF.

Types of Flame Retardants

In the plastics industry, it is common to incorporate various
additives into the polymer blend, in order to enhance/impart
desired characteristics to the final product. Flame retardants
that are chemically bonded to the polymer matrix, are known
as reactive flame retardants; while those that are added into
the polymer mix, are known as additive flame retardants. As
reactive flame retardants are generally custom synthesised
for the specific polymer matrix, a reactive flame retardant that
works well for a certain type of polymer might not work for
another type of polymer.

Consequently, in view of its relative versatility and cost-
effectiveness, additive flame retardants are one of the
important additives being added into the polymer mixture to
inhibit or resist the spread of fire.

Since the early 1930s, halogenated flame retardants [4-6]
have been industrially recognised and commonly used due
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to its low cost, ease of processability, and with little or no
reduction in the intrinsic physical/mechanical properties of
the RPUF [1]. However, due to serious concerns about their
toxicological and environmental impact, usage of halogenated
flame retardants has been restricted in many countries, such
as the EU and US [7]. As a result, enormous research effort has
been invested in the development of non-halogenated flame
retardants.

To date, there have been extensive reports on numerous
classes of non-halogenated flame retardants, such as minerals
[8-10], phosphorus/nitrogen based compounds [11-16],
intumescent agents [17-21], boron based compounds [22-24],
nanofillers [25-29], as well as the incorporation of silica aerogel
[30-32] into RPUFs.

Challenges Faced in the Flame Retardant Selection
Process

Ideally, the incorporation of flame retardant additives
should not be at the expense of the other outstanding
properties of RPUF. However, with a myriad of promising
flame retardants being reported, and as some come with its
own set of advantages and disadvantages (such as increased
flame retardance at the cost of lower mechanical strength),
it is sometimes difficult to make informed decisions about
choosing the most appropriate flame retardant for the RPUF
in question. Therefore, it is pertinent to perform comparative
studies on the effect of the various flame retardants for the
same type of RPUF, in order to reduce the number of variables,
for a clearer comparison.

Expandable graphite (EG), being one of the more favourable
intumescent agents, has been evaluated against other types
of flame retardants, such as hollow glass microspheres [33],
decabrominated diphenyl ethane (DBDPE) [34], ammonium
polyphosphate (APP) [35], and multi-walled carbon nanotubes
(MWNT) [36]. Besides MWNT, other nanofillers that have been
analysed include titania and halloysite clay nanotubes [26].
While these previous attempts at comparison focus mainly
on the microstructure, thermal, and mechanical properties, it
is crucial that the other exceptional RPUF properties (such as
its low water absorption and low water permeability), are not
missed out so that the comparison is more inclusive.

Selecting the Appropriate Flame Retardant

Recently, Thong et al. [37] described a broader comparison
study of several established flame retardants, such as
halogenated tris(2-chloroisopropyl) phosphate (also known
as TMCP or TCPP), intumescent EG, and silica aerogel (SA).

Other than the characterisations performed to determine
the microstructure, mechanical, and thermal properties of
the RPUF, the study was also supplemented with the inclusion
of water contact angle measurements to determine the
surface wettability of the RPUFs (Figure 1). While pristine PU

is hydrophobic (with a contact angle of 113°), addition of the
studied flame retardants further enhanced the hydrophobicity
by 6 — 11°.Not only does this imply that all the flame retardants
added are intrinsically hydrophobic, but also addition of the
flame retardants provided the added benefit of enhancing the
hydrophobicity of the composite.
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Figure 1: Surface wettability of RPUF samples. Figure is reproduced
with permission [37].

In addition, Fourier transform infrared spectroscopy (FTIR)
with attenuated total reflection mode was used to determine
the interfacial chemical bonding between the RPUF matrices
and additives (Figure 2). Since the FTIR spectra of the foam
samples were almost unchanged, it can be inferred that the
chemical structures of the RPUF were not affected by the
inclusion of the various additives [38].
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Figure 2: FTIR spectra of RPUF samples. Figure is reproduced with
permission [37].

The addition of TMCP and EG was observed to have a positive
effect of increasing the compression strength of pristine PU
by approximately 35% and 10% respectively; possibly due
to the increase in viscosity of the PU blends, which stabilised
the structure of the resulting foam [21]. On the other hand,
the compression strength of the PU/SA sample was found to
decrease by 17% relative to pristine PU; postulated to be due
to the absorption of the PU precursors by the SA [39], which
inevitably altered the mixing ratio, reduced the crosslinking
density of the polymer matrix, and resulted in diminution of
the compression strength.
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By heating at 10°C/min from 25-900°C in an inert
environment, the initial weight loss up to 287°C, indicated the
removal of moisture and other volatiles present in the RPUF
samples. While significant weight loss observed between
287-425°C was primarily due to degradation of the samples,
it is obvious that EG and SA are better at decelerating the
degradation rate (compared to TMCP), from the relatively
higher char yield at 900°C.

Photographs of the RPUF samples before and after the
vertical burning tests provide a visual comparison of the
flammability of the samples. Upon ignition, pristine PU burned
rapidly with flaming drips, lighting the cotton indicator below,
and showed a V-2 rating (Table 1). While the PU/TMCP sample
seemed to display better thermal stability relative to pristine
PU according to the thermogravimetric data, it yielded
no improvement in the flame retardance (with the cotton

indicator similarly ignited by flaming drips), and likewise
recorded a V-2 rating. On the other hand, ignition of both the
PU/SA and PU/EG samples did not produced flaming drips,
which exhibited enhanced flame retardance, and logged a V-1
and V-0 rating respectively. For the PU/SA sample, improved
flame retardance relative to pristine PU, was due to the
formation of a more rigid and compact silica-rich hybrid char
by the SA [40], while the excellent flame retardant properties
of EG was due to the formation of a graphite worms char layer
on the foam surface that acts as a barrier to retard the spread
of fire.

Hence, together with the compression strength (Figure 3),
thermal stability (Figure 4), and flammability (Figure 5, Table 1)
test results, it is possible to come up with a comparison table
(Table 2) and be able to select the best flame retardant with
greater confidence.
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Figure 3: Compression strength of RPUF
reproduced with permission [37].
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Figure 4: TGA thermogram curves of RPUF samples. Figure is repro-
duced with permission [37].

reproduced with permission [37].

Figure 5: RPUF samples of pristine PU (a), PU/TMCP (b), PU/SA (c), and PU/EG (d), before (i) and after (ii) vertical burning tests. Figure is
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Table 1: Vertical burning test classifications of RPUF samples. Table is reproduced with permission [37].

Sample UL-94 classification Presence of flaming drips
Pristine PU V-2 Yes
PU/TMCP V-2 Yes
PU/SA V-1 No
PU/EG V-0 No

Table 2: Summary of the performance of the RPUF composites relative to pristine PU. Table is reproduced with permission [37].

Sample Surface wettability Compression strength Thermal stability UL-94 rating
PU/TMCP Yes Yes Yes No
PU/SA Yes No Yes Yes
PU/EG Yes Yes Yes Yes

Yes: represented enhanced performance, No: represented reduced/comparable performance.

Conclusion

In summary, the inclusion of more physical and chemical
properties characterisations, makes contrast between the
flameretardants distinct. Thus, ensuring that the selected flame
retardant is the one that has the best overall performance.

Of the studied flame retardants, EG exhibited enhanced
flame retardance without compromising the other
outstanding properties of RPUF, making its reputation as the
more favourable intumescent well deserved. On the other
hand, while the highly touted SA demonstrated better flame
retardance relative to TMCP, it did not outperform EG, losing
out in terms of reduced compression strength. Although it
might be possible to modify the SA such that absorption of
the PU precursors does not occur, more work is still required
to determine if modifying the SA makes it surpass EG as the
better flame retardant.
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