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Abstract: The effect of the addition of new flame retardant systems on the properties of
rigid polyurethane (RPUF) foams, in particular, reduction in flammability, was investigated.
The modification included the introduction of a flame retardant system containing five parts by weight
of expanded graphite (EG) (based on the total weight of polyol), one part by weight of pyrogenic
silica (SiO2) and an ionic liquid (IL): 1-ethyl-3-methylimidazolium tetrafluoroborate ([emim] [BF4]),
in an amount of 3:1 with respect to the weight of added silica. The kinetics of the synthesis of
modified foams—including the growth rate and the maximum temperature—were determined and
the physicochemical properties, such as the determination of apparent density and structure by optical
microscopy, mechanical properties such as impact strength, compressive strength and, three-point
bending test were determined. An important aspect was also to examine the thermal properties such
as thermal stability or flammability. It has been shown that for rigid polyurethane foams, the addition
of expanded graphite in the presence of silica and ionic liquid has a great influence on the general use
properties. All composites were characterized by reduced flammability as well as better mechanical
properties, which may contribute to a wider use of rigid polyurethane foams as construction materials.
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1. Introduction

Nowadays, where materials are increasingly demanding, applications are constantly striving to
improve their properties. This is why the purpose of this work was to prepare rigid polyurethane foams
(RPUF) with improved performance. RPUFs are materials with very large application possibilities.
However, a certain limitation in their use is the flammability of RPUF, which results from their porous
structure. For this reason, one of the inseparable elements of any RPUF composition intended for
foaming is the flame retardant, also known as an anti-pyrene (FR) [1]. To improve fire resistance, it is
necessary to reduce the number of flammable products, as well as to reduce the rate of their release and
avoid prolonged burning [2]. Smoke retarders are usually used as reactive and additive additives [3].
These additives have very high requirements for thermal resistance and high resistance to alkaline
conditions occurring during the formation of foams.

Reactive flame retardants have functional groups capable of reacting with components involved
in the foaming process of polyurethane foam [4]. Reactive antipyrine contains elements such as
phosphorus in their structure, which are incorporated into the polymer structure, thus causing
permanent binding so that they are not susceptible to volatilization during further application.
Currently, the most commonly used reactive retardants are phosphoric acid derivatives that contain
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hydroxyl groups [5]. Unlike reactive retarders, additive retarders do not have reactive functional
groups capable of being incorporated into the polyurethane structure [6]. One of the most popular
additive flame retardants includes halogen-derived liquid phosphates, whose task is to limit the
combustion of the substance to a strictly insulating carbon layer, which prevents the access of oxygen
and heat energy. In the case of such additives, the synergistic effect of phosphorus and halogen atoms
is used to delay or diminish the intensity of the smoking process [7].

In line with the principle of sustainable development and environmental protection, great emphasis
is placed on the use of halogen-free phosphorus-based flame retardants, including phosphamides
and phosphazenes [8]. Expanded graphite is another anti-pyrene that is also very popular in the
production of polyurethane foams. Its operation consists in creating a charred layer that acts as an
“insulator” before further degradation of the polymer matrix due to the emerging small air gaps
between individual layers of graphite [9]. The addition of graphite greatly reduces heat dissipation,
weight loss and smoke production. In industry, low-temperature expanded graphite is most commonly
used [10].

In previous studies, we indicated a positive effect of ionic liquids (IL) on the thermal stability and
mechanical strength of porous polyurethane composites due to better dispersion of filler particles in
the polymer matrix [11–13].

Graphite is a commonly used and effective flame retardant for PU foams, but it does not show
reinforcing properties. Therefore, it seems advantageous to combine graphite with a reinforcing silica
filler, which can improve the mechanical properties of rigid PU foams and with a small amount of ionic
liquid, an improvement in the dispersion of low-molecular weight substances in the polyol can be
expected. Therefore, in order to obtain foams with increased fire resistance and improved mechanical
properties, we have proposed a modification system consisting of expanded graphite, pyrogenic silica
and an ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate [emim] [BF4]). The effect of the
components of the synergistic flame retardant system on morphology, thermal properties, physical and
mechanical properties as well as fire behavior of the resulting PU composites have been thoroughly
studied. The results presented in the paper show that the application of the proposed modification
methods leads to the production of porous polyurethane composites with improved performance
parameters. The modifiers used are generally low-price and available, which will not translate into a
sharp increase in the price of the potential product. It is also worth adding that thanks to the proposed
modifications it is possible to adapt RPUF to specific applications. In addition to improving the
mechanical and functional properties, it was possible to reduce the average intensity of heat release
from modified foams during combustion, which can directly increase the application safety of materials
used in construction

2. Experimental

2.1. Materials and Manufacturing

RPUFs were synthesized from a modified polyisocyanurate rigid foam formulation based on
petrochemical components provided by Purinova Sp. z o.o. Izopianol 30/10/C (Purinova Sp. z o.o.)
used in the reaction is a fully formulated mixture containing a mixture of polyester polyol (hydroxyl
number ca. 230–250 mgKOH/g, the functionality of 2), catalyst (N,N-dimethylcyclohexylamine), flame
retardant (Tris(2-chloro-1-methylethyl)phosphate) and chain extender (1,2-propanediol). Purocyn B
(Purinova Sp. z o. o.) used in the synthesis is a polymeric diphenylmethane 4, 4′-diisocyanate (pMDI)
containing 31 wt% of free isocyanate groups. The formulations were modified with expanded graphite
[EG] S7 treated with sulfuric acid—(generously donated by the S.Z.T.K. ‘TAPS’—Maciej Kowalski,
Poland), fumed silica [SiO2] with a specific surface area of 380 m2/g (Aerosil 380, Evonic Industries)
and ionic liquid [IL], 1-ethyl-3-methylimidazolium tetrafluoroborate [emim] [BF4] (Fluka).

Four series of foams were made. The first reference series without the addition of a modifier and
3 with modifiers. Both graphite and silica were added based on the weight of the polyol, while the
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ionic liquid was added based on the weight of the silica. The compositions of RPUFs are presented in
Table 1.

Table 1. Formulations of rigid polyurethane foams (RPUF) prepared in the study.

Sample
Codes Comments

Mass Content (by Weight, wt% )

Polyol Isocyanate Expanded
Graphite

Fumed
Silica

Ionic Liquid
(emim) (BF4)

PU–0 Reference foam (unfilled) 100 160 - - -
PU–EG Foam with graphite 100 160 5 - -

PU–EG+SiO2 Foam with graphite and silica 100 160 5 1 -

PU–EG+SiO2+IL Foam with graphite, silica and
ionic liquid 100 160 5 1 0.33

All RPUFs were prepared in a plastic container. An adequate amount of fillers (EG/SiO2/IL)
were added to the polyol and the mixture (labeled as a component A) was mixed with the stirrer at
800 RPM for 60 s. Then, the isocyanate (labeled as a component B) was added to component A and the
formulation was mixed at 2000 RPM for 10 s. The PU mixture was poured into an open mold and
allowed to expand freely in the vertical direction. All PU foams were conditioned at room temperature
for 24 h. A schematic procedure of synthesis of RPUF is presented in Figure 1.
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Figure 1. Scheme for drawing-up the RPUF.

2.2. Characterization Techniques

The absolute viscosities of polyol and isocyanate were determined corresponding to ASTM D2930
(equivalent to ISO 2555) using a rotary viscometer DVII+ (Brookfield, Lorch, Germany). The torque of
samples was measured as a range of shear rate from 0.5 to 100 s−1 in ambient temperature.

The structure and size distribution of the foam cells was examined on the basis of the images of
the cell structure of the foam, made with the Leica MZ6 optical microscope at two magnifications:
50x and 250x and the JEOL JSM-5500 LV scanning electron microscopy (JEOL, Ltd., Peabody, MA,
USA). All microscopic observations were made in high vacuum mode and with an accelerating voltage
of 10 kV. The samples were scanned for free growth. Mean pore diameter, wall thickness and pore size
distribution were calculated with ImageJ software (Media Cybernetics, Inc., Rockville, MD, USA).

The apparent density of foams (5 specimens per sample were measured and averaged) was
determined accordingly to ASTM D1622 (equivalent to ISO 845).

The compressive strength (σ10%) of foams (averaged 5 measurements per each sample) was
determined accordingly to the ASTM D1621 (equivalent to ISO 844) using Zwick Z100 Testing Machine
(Zwick/Roell Group, Poland, Łódź). The compression strength was measured as a ratio of the load
causing a 10% deformation of sample cross-section in the parallel and perpendicular direction to the
square surface.

A three-point bending test was carried out using Zwick Z100 Testing Machine (Zwick/Roell Group,
Ulm, Germany) at room temperature, according to ASTM D7264 (equivalent to ISO 178). The obtained
flexural stress at break (εf) results for each sample were expressed as a mean value. The average of
5 measurements per each type of composition was accepted.
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The thermal conductivity of the foams obtained was determined based on the measurement of
the thermal conductivity (λ). The test was carried out for 200 × 200 × 50 mm3 samples using a FOX
200 apparatus (LaserComp, Inc., Saugus, MA, USA). Thermal conductivity was determined at 10 and
20 ◦C in the range from 20 to 100 mW/(m*K).

The fire behavior was analyzed using a cone calorimeter apparatus according to ISO 5660 in
S.Z.T.K. ‘TAPS’—Maciej Kowalski Company (Saugus, Poland). Each specimen with dimensions of
100 × 100 × 50 mm3 was wrapped with aluminum foil and burned at an external heat flux of 35 kW m−2.
The parameters were recorded during the time. The measurement for each specimen was repeated
three times, and the error values of the typical cone calorimeter were reproducible within ±5%, and the
reported results are the average of three measurements.

The thermal stability testing of rigid polyurethane foams was performed using a Mettler Toledo
thermogravimetric analyzer TGA/DSC1. Thermal decomposition was carried out in the range of
25–600 ◦C in an inert gas atmosphere with a flow of 50 mL/min and a heating rate of 10 ◦C/min.
The measurement consists of analyzing the change in mass as a function of temperature during the
thermal decomposition of the sample. The initial decomposition temperatures, T5%, T10%, T50%,
and T70% of mass loss were determined.

3. Results and Discussion

3.1. Rheological Properties of the Polyol Premixes

The factors determining the course of synthesis—including foaming, and RPUR processing—is
the viscosity of the polyol blends. Therefore, the influence of all additives on the dynamic viscosity of
the polyol was investigated.

Based on the obtained data, a graph of the dynamic change in viscosity as a function of shear
was prepared for the tested polyol mixtures. In Figure 2, it can be seen that the addition of solids
increases the viscosity of the system, which may also indicate the reactivity of the modifiers towards
the polyol. Moreover, the dependence of the decrease in viscosity of the polyol mixtures as a function
of the increasing shear rate is clearly visible, especially in the initial phase, when the shear rates are not
high. The observed tendency indicates that the tested mixtures are typical for non-Newtonian shear
thinned liquids. The addition of IL reduces the dynamic viscosity of the polyol due to the addition of
graphite and silica. However, with increasing shear rate, the viscosity for this system decreases the
least, and above 2 PRM the highest values are obtained.

A similar trend of increase in polyol viscosity due to the addition of solid modifiers was also
observed in previous studies [14–16].
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Figure 2. Viscosity of the polyol system modified with graphite, silica and ionic liquid.

3.2. Growth Kinetics of PU Systems

Foaming behavior was determined by measuring temperature and processing time—start,
growth and tack-free time.
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The reaction of the synthesis of rigid polyurethane foams is classified as highly exothermic,
during which large amounts of heat are released. Based on the growth rate of the foams and the
temperature during RPUF synthesis, the reactivity of the polyol-isocyanate system can be determined.
Analyzing the obtained results, it can be easily seen that for all modified samples the maximum
temperature was decreased during the synthesis. The effect of the addition of expanded graphite on
the maximum temperature is very visible and additionally intensified by the addition of silica and
ionic liquid. Thanks to its very good thermal conductivity, EG has the ability to dissipate part of the
heat generated during synthesis to the outside of the foam, which is manifested by a reduction in the
maximum temperature of RPUF synthesis. In turn, a further decrease in the temperature of modified
systems is associated with the introduction of further fillers containing additional groups that react
with isocyanate, leading to side reactions, which release less heat than in the case of polyurethane
bond synthesis.

The characteristic times in Table 2 indicate that the addition of fillers increases the foam start and
rise times. This is most likely due to the formation of additional nucleation centers, such as active solid
filler particles. This consequently leads to increased bubble formation and to an extended start and
rise time. Increased viscosity of mixtures containing solid fillers also inhibits further bubble growth,
which significantly determines the foam behavior and extends the synthesis time. Moreover, the rate
of PU polymerization itself is slowed down due to the presence of fillers which limit the mobility of
the molecules leading to phase separation and an increase in the isocyanate conversion time during
the reaction. Despite the fact that the addition of graphite, silica and ionic liquid affects the processing
time, the total preparation time of PU foams is still within the permissible operating conditions [17,18].
The presented results are consistent with other materials described in the literature.

Table 2. Growth kinetics and structure parameters of RPUFs.

System Tmax
[◦C]

Processing
Times [s] Cell Size

[µm]
Wall

Thickness
[µm]

Total
Porosity

[% ]

Apparent
Density
[kg m−3]Start Rise Gelling

PU–0 140 49 ± 3 262 ± 8 448 ± 14 472 ± 10 62 ± 4 91 41
PU–EG 134 56 ± 4 277 ± 8 498 ± 13 296 ± 7 67 ± 3 83 46

PU–EG+SiO2 133 54 ± 3 338 ± 9 564 ± 11 282 ± 7 69 ± 3 81 48
PU–EG+SiO2+IL 132 58 ± 4 342 ± 8 594 ± 12 304 ± 8 71 ± 4 82 47

3.3. Apparent Density of RPUFs

The apparent density is a parameter that determines the physical properties of foams. It is closely
related to such foam properties as dimensional stability, thermal insulation as well as all mechanical
properties. By analyzing the results presented in Table 3, it can be stated that for all tested foams,
the apparent density increased from 41 kg/m3 for the reference foam to a maximum value of 48 kg/m3

for the series containing graphite and silica. The increase in apparent density is the result of increased
system viscosity, hindered expansion of bubbles, as well as an additional mass of fillers with higher
densities compared to the PU matrix.

Table 3. Mechanical properties of PU foams.

System Apparent Density
(kg m−3)

Hardness
(◦Sh)

Compressive
Strength
(Parallel)

(kPa)

Compressive
Strength

(Perpendicular)
(kPa)

Flexural Strength
(MPa)

Impact Strength
(kJ/m2)

PU–0 41.1 67.6 162 122 0.41 141
PU–EG 45.7 74.7 243 153 0.51 227

PU–EG+SiO2 47.3 75.6 261 164 0.49 222
PU–EG+SiO2+IL 46.4 74.4 258 163 0.46 215
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3.4. Morphology of RPUFs

Figure 3 shows the structure parameters of RPUF obtained using an optical microscope. As shown
in Figure 3a, the unmodified foam has a high regularity of the porous structure for which no cell
elongation in the direction of foam growth was observed. Their diameter is about 0.47 mm. Moreover,
the rib structures separating individual pores are visible. They are characterized by a fairly large
thickness, which indicates good stability of the entire structure. The photo also shows that standard
foam has a high percentage of closed-cell cells. The structure of the RPUF modified with EG is shown
in Figure 3b. It was noticeable that the inclusion of a modifying additive caused less uniformity of
RPUF structure. The structure of RPUF with the addition of EG was more heterogeneous, with a
simultaneous increase in the number of damaged cells. A similar phenomenon was visible for PU
foams with the addition of EG+SiO2 (Figure 3c) and EG+SiO2+IL (Figure 3d), in which the structure
was more irregular and damaged or defective cells were visible. In addition, the incorporation of
fillers reduced the porosity of PU foams. As shown in Table 3, the total porosity of PU–0 was about
91%, while the porosity of modified RPUFs was slightly reduced and depended on the type of filler
was in the range 81–83%. Moreover, the modified foams were characterized by a higher anisotropy
coefficient due to the higher viscosity of the modified systems and the more heterogeneous structure
of the obtained foams. Summing up the analysis of pore size and surface structure of synthesized
foams, it could be stated that the addition of selected modifiers significantly affects the morphology of
the obtained RPUFs. The degree of cell opening depends on many factors—and among them—the
viscosity of the reaction mixture, as well as its reactivity, was of great importance. If the increasing
viscosity of the reaction mixture was not properly correlated with the increase in bubbles, they break
and consequently open pores form. The more irregular structure and elongation in the direction of
growth of modified foams relative to the reference foam were due to the nature of the reactions taking
place, which were more violent by increasing the reactivity of the system [19].
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3.5. Mechanical Properties of RPUFs

Cell morphology is a very important factor that translates into the later properties of RPUF.
The close correlation with the structure is the apparent density of PU foam, which is one of the most
important parameters describing porous materials. It is directly related to such foam properties as
dimensional stability, thermal insulation as well as all mechanical properties. By analyzing the results
presented in Table 3. It can be stated that for all tested foams the apparent density increased from
41 kg/m3 for PU–0 foam to a maximum value of over 47 kg/m3 for the series containing EG and Si.
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The increase in density in modified systems was the result of increased system viscosity, impeded
bubble expansion, as well as the additional mass of fillers with specific densities. The addition of
modifiers also increased the hardness of RPUF, which was the result of increased apparent density,
because the higher the apparent density of the composite, the more compact it was and thus the higher
the hardness. In addition, the presence of reinforcing fillers in the form of expanded graphite and silica
capable of creating secondary structure and for polymer–filler interactions, increasing the hardness of
synthesized foams.

Due to cell anisotropy, the compressive strength (σ10%) was measured in two directions: parallel
and perpendicular to the foam growth direction. As shown in Table 3, the compressive strength
(measured in parallel and perpendicular direction) of modified foams was higher than σ10% PU–0.

The results distinctly point out that there is a correlation between σ10% and the density of RPUFs.
Samples with higher density had higher values of σ10%. In addition, it was seen that the mechanical
strength of rigid polyurethane foams—measured in a direction perpendicular to the growth of the
foam—was greater than in the parallel, which was associated with cellular anisotropy manifested in
the cell lengthening in the direction of foam growth. The reference foam had a resistance of 162 kPa,
which was the minimum compressive strength value declared by PUR manufacturers. In the case of
modified foams, a tendency to increase mechanical strength was visible along with the introduction of
another modifier. The addition of EG and SiO2 had a positive effect on increasing the compressive
strength up to a maximum value of 261 kPa. This value was over 60% higher than in the case of PU–0
foam. The improvement in σ10% for modified foams may be due to the increased content of polar urea
groups that can form hydrogen bonds and stiffen the structure. Undoubtedly, the tested mechanical
properties were also affected by the increasing viscosity of the systems together with the increase in
the content of modifiers that could more stabilize the structure of the resulting foam. An analogous
improvement in properties could also be seen in the measurement of impact strength and flexural
strength of modified PU foams.

This reinforcing effect could also be explained by the mechanism for introducing fillers into the
matrix of porous material. Namely, the filler particles, which due to interfacial adhesion were located
in the cell struts of the polyurethane matrix, could disperse and transfer stress, which increased the
resistance to mechanical stress. A similar trend was also seen in previous studies [20–23].

3.6. Thermal Conductivity of PU Foams

Low thermal conductivity (λ) is a key parameter indicating the use of rigid polyurethane foams as
insulation materials in construction. The value of thermal conductivity is the result of several factors,
namely: apparent density, number of closed cells and cell size [24,25]. To investigate the effect of used
modifiers on the insulating properties of PU foams, the value of thermal conductivity was measured at
10 and 20 ◦C.

The results in Table 4, shows that as a result of the introduction of modifiers, the heat transfer
coefficient changes. This was the result of a change in the foam structure due to the addition of
additives, which was manifested in a change in foam density and porosity. It could be seen that as the
amount of modifiers increased, the density and therefore the thermal conductivity coefficient increased
(Figures 4 and 5).

Table 4. Thermal conductivity coefficient at a temperature difference of 10 ◦C.

System Thermal Conductivity λ (mW/(m*K)

10 ◦C 20 ◦C

PU–0 23.8 24.5
PU–EG 23.4 24.8

PU–EG+SiO2 23.6 24.9
PU–EG+SiO2+IL 24.0 25.3
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Figure 4. Dependence of the thermal conductivity coefficient at 20 ◦C on the apparent density of
PU foams.
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Figure 5. Dependence of the thermal conductivity coefficient at 20 ◦C on the total porosity of PU foams.

This is because the value of the thermal conductivity coefficient depends on the share of individual
phases and their thermal conductivity. The skeleton has a much higher thermal conductivity than the
gas component, so the greater the proportion of the skeleton, the greater the thermal conductivity
of the porous composite. The increase in thermal conductivity caused by the introduction of a large
amount of solid fillers of both organic and inorganic nature is widely described in the literature.
Kurańska et al. [26] showed that despite the high content of closed cells, the thermal conductivity
coefficient increased for samples modified with basalt waste in the amount of 3–40% by weight. In turn,
Modesti et al. [27] showed the effect of expanded flake aggregates as carriers for heat transport through
the solid material, which resulted in increased thermal conductivity. Nevertheless, the value of thermal
conductivity (about 0.025 (mW/(m*K)) is in the range that is acceptable from an application point of
view [28]. A similar relationship was also observed in the case of our study.

3.7. Fire Behavior of RPUFs

The flame retardant behavior of RPUFs was determined using a cone calorimeter test, which is
recognized as the best method to simulate small-scale fire conditions. The results of ignition time (TTI),
peak heat release rate (pHRR), total heat release (THR), the maximum average rate of heat emission
(MAHRE) as well as the total smoke release (TSR) and char residue are presented in Table 5.

The cell structure had a great impact on the fire behavior of PU foam; however, the addition of a
filler could change it significantly [26]. As can be seen in Table 5, the ignition time (TTI) was increased
by the addition of EG and EG with Si and the peak heat release rate (pHRR), total heat release (THR),
total smoke release (TSR) decreased with addition each modifier. This phenomenon probably resulted
from the effective heat assimilation by expanded graphite and silica, which delay the burning of foams.
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Table 5. Parameters determined during the combustion process of RPUFs.

System TTI (s) pHRR
(kW/m2)

THR
(MJ/m2)

MAHRE
(kW/m2)

TSR
(m2/m2)

Char
Residue (%)

PU–0 2 213 21.9 180.0 37.9 13.1
PU–EG 4 71 17.9 70.8 16.1 28.7

PU–EG+SiO2 5 62 17.2 61.7 15.6 31.8
PU–EG+SiO2+IL 5 64 17.7 63.9 16.3 27.6

The parameter that should be taken into account is the heat release rate—defined by the peak
heat release rate, which provides information on the spark ignition of the exposed burned material.
Based on the results presented in Table 5, it can be noticed that the addition of the modifiers to the
RPUFs decreased the pHRR value compared to the unmodified foam.

Namely, for PU–EG, PU–EG+SiO2 and PU–EG+SiO2+IL samples, the pHRR value was 71, 62 and
64 kW/m−2, respectively, which means a reduction of approximately 67, 71 and 70% compared to
reference foam. The decrease in pHRR was due to the fact that the expanded graphite exposed to
the heat source expands into the carbonaceous layer on the RPUF surface. The formed char layer
effectively hinders the diffusion of oxygen and the transfer of mass and heat between the flames and the
polyurethane matrix, thus interrupting the self-sustaining combustion of the foam [29]. The addition
of an additional filler, i.e., pyrogenic silica, resulted in the creation of an additional thermal barrier,
because in addition to the high thermal stability of silica, it also favored the ceramization process, which
further enhanced the barrier effect. In contrast, no positive effect of IL on pHRR was observed. Probably,
despite the content of anion [BF4]−, the ionic liquid decomposed during the combustion process,
as evidenced by a slightly lower content of carbonized residues than in the case of PU–EG+SiO2.
However, as could be predicted at the end of combustion, RPUFs with addition only EG and EG
in the presence of SiO2 or SiO2+IL retained more carbonized residues than PU–0 foam. This trend
was comparable to the residual weight obtained from TGA, although the TGA residue was slightly
lower compared to the results of the cone calorimeter. This was probably the result of oxidative
decomposition which enhances pyrolytic decomposition under forced-flame conditions. As shown in
Table 5 the total char residue of the PU–0 sample was about 13.1%, and the addition of flame retardants
increased the char yield by up to 31.8% for the PU–EG+SiO2 sample. The increased char yield of PU
foams containing expanded graphite may be due to the presence of a protective char layer acting as a
swelling, thermal barrier, which contributes to a reduction in the diffusion rate of volatile compounds
as well as a significant reduction of oxygen supply to the interior of the sample. As a result of this
action, the further distribution of the sample was reduced, and the weight loss of modified foams
was less than for a sample without the addition of a graphite flame retardant. It should be noted that
for RPUF used as insulation materials the available pHRR value was 300 kW m−2 [30], while for the
analyzed PU foams the pHRR values did not exceed 71 kW m−2. In addition, the THR value was
obtained much lower for modified foams in comparison with PU–0 foam. The smallest amount of total
heat released was obtained for the PU–EG+SiO2 sample, which decreased by over 20% compared to
the PU–0 sample. Other modified samples had similar THR values.

The most common cause of death in a fire is smoke, therefore total smoke release (TSR) is very
important for the safety and fire resistance assessment of materials. Based on the data contained
in Table 5, it can be seen that the use of fillers effectively reduced smoke during the combustion
process. All modified PU foams had significantly lower TSR values. For PU–0, the TSR value was
about 37.9 m2 m−2 and significantly decreased to 15.6 m2 m−2 for the PU–EG+SiO2 sample, which was
probably the result of the formation of a dense carbon layer on the polymer surface, which may limit
the total amount of smoke released during the combustion process.

The fire-retardant properties of the test samples can also be well assessed on the basis of the
observation of the residual samples after combustion in the calorimetric cone test. Figure 6 shows
comparative digital photos of PU–0 and PU–EG residues after the cone calorimeter test. Differences
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in the appearance of the two samples can be seen, indicating two different combustion mechanisms.
In Figure 6a it can be seen that the unmodified PU–0 sample was burned almost to the very end.
On the other hand, the photo 6b shows a charred boundary layer that does not let fire into the sample,
making the intact part larger than the photo on the left.
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Figure 6. Digital images. (a) PU–0; (b) PU–EG after cone calorimeter test.

To obtain a more detailed structural analysis and determine the mechanism of action of the
modifiers used, SEM analysis was performed after the combustion selected samples; the images
are presented in Figure 7. By analyzing the following pictures, it can be seen that the microscopic
pictures of the tested composites differ from each other. It can be seen that in the case of PU–0,
the carbonized residue has a porous structure with broken cells. The PU–0 structure (Figure 7a) had
rough characteristics and presents an indistinct “molten” network, without clear cell structure features.
In the case of a sample containing expanded graphite, a clear flame retardation mechanism was visible.
The pictures (Figure 7b–c) show the characteristic structure in the form of charred ribs between the
cells of the porous structure, which prevented the spread of fire into the burning sample.
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3.8. Thermogravimetric Analysis (TGA) of PU Foams

To better understand the role of EG and silica to the flame-retardant behavior of PU composite,
the thermal stability of these composites was studied by TGA. Thermogravimetric analysis (TGA)
and differential thermogravimetry (DTG) analysis of neat RPUF (PU–0) and RPUF filled EG and EG
with silica or silica in presence IL on–air atmosphere are illustrated in Figures 8 and 9. Table 6 shows
the individual temperatures with a specific weight loss, namely 5% (T5%), 10% (T10%), 50% (T50%),
70% (T70%) as well as the char residue at 600 ◦C.

Thermal degradation of RPUFs took place in three stages. The first stage of decomposition
manifested by about 10% loss of initial mass indicated dissociation of urethane bonds occurring at a
temperature of 150 to 250 ◦C. The second degradation stage corresponding to a weight loss of about
50% occurs at a temperature between 250 and 400 ◦C and is attributed to the distribution of soft polyol
segments [29,31]. At this stage, the hydrocarbon chains in PU foam are initially broken down and
EG is activated and begins to expand, creating a protective carbon layer and stabilizing the foam
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surface. EG pyrolysis consists of SO2, CO2 and water that is trapped when escaping near the edge of
the graphite structure, which leads to the irreversible expansion of the graphene structure and the
formation of a graphite carbonized layer on the foam surface. This layer prevents heat transfer through
the solid phase and stops the fire. This effect can be seen when the foam surface expands during
combustion [32]. This is followed by the third degradation stage, during which the fragments formed
during the second stage are degraded at 500 ◦C, corresponding to a 70% weight loss [31,33] and is the
result of further breakdown of the RPUF structure and charring. At this stage, also other products
that come from isocyanate groups (e.g., amines or benzene alkyl) decompose into volatile products
(HCN, CO2 or NO2) [34]. Compared to the PU–0 reference foam, foams containing only EG and EG
with the addition of Si showed slightly less weight loss, suggesting increased carbon stability. In turn,
the ionic liquid did not affect and even reduced the thermal stability of the foams compared to foams
containing EG or EG+SiO2, in which the thermal stability of PU foams is observed to increase with
increasing temperature.

Table 6. Results of the thermogravimetric analysis of PU foams.

System T5% T10% T50% T70%
Char

Residue
(◦C) (◦C) (◦C) (◦C) (%)

PU–0 202 241 399 580 23.4
PU–EG 213 250 467 592 28.3

PU–EG+SiO2 219 257 480 598 29.4
PU–EG+SiO2+IL 209 247 420 591 27.8
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Figure 8. TGA graph plotted for PU foams.
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4. Summary

Based on the analysis of the presented results—including both the synthesis and physicochemical
tests of RPUFs—it can be concluded that the synergistic flame retardant system based on expanded
graphite with the addition of silica and ionic liquid had a positive effect on the properties of the porous
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composite. It was observed that the introduction of fillers has a meaningful impact on the structure and
further mechanical and thermal properties of RPUFs. Although the addition of graphite expanded alone or
in the presence of silica and ionic liquid can interfere with the foam structure and increase apparent density,
this can also improve its strength properties. As a result of the introduction of the synergistic system,
it was noted that the compressive strength improved by approximately 60% for PU–EG+SiO2 samples
compared to the reference sample. Higher three-point bending strength, impact strength, and higher
hardness were also observed. The modified RPUFs were characterized by similar values of thermal
conductivity and better thermal properties. The RPUFs modification has, above all, a positive effect on
the fire resistance of composites. The results showed that the fire resistance of PU foams containing EG
and SiO2 is significantly improved, namely the incorporation of expanded graphite and silica significantly
reduced the peak heat release rate (pHRR) by about 70% in relation to the reference sample. Based on
SEM images, it can be seen that the introduced graphite can form an expansion carbonizing layer during
combustion, which can significantly reduce the spread of fire in the foam.
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28. Janik, H.; Sienkiewicz, M.; Kucińska-Lipka, J. Polyurethanes. In Handbook of Thermoset Plastics;
William Andrew: San Diego, CA, USA, 2014; pp. 253–295.

29. Thi, N.H.; Pham, D.L.; Hanh, N.T.; Oanh, H.T.; Duong, T.H.Y.; Nguyen, T.N.; Tuyen, N.D.; Phan, D.L.;
Trinh, H.T.; Nguyen, H.T.; et al. Influence of Organoclay on the Flame Retardancy and Thermal Insulation
Property of Expandable Graphite/Polyurethane Foam. J. Chem. 2019. [CrossRef]

30. Qian, L.; Feng, F.; Tang, S. Bi-phase flame-retardant effect of hexa-phenoxy-cyclotriphosphazene on rigid
polyurethane foams containing expandable graphite. Polymer 2014, 55, 95–101. [CrossRef]

31. Jiao, L.; Xiao, H.; Wang, Q.; Sun, J. Thermal degradation characteristics of rigid polyurethane foam and the
volatile products analysis with TG-FTIR-MS. Polym. Degrad. Stab. 2013, 98, 2687–2696. [CrossRef]

32. Levchik, S.V.; Weil, E.D. Thermal decomposition, combustion and fire-retardancy of polyurethanes—A
review of the recent literature. Polym. Int. 2004, 53, 1585–1610. [CrossRef]

33. Septevani, A.A.; Evans, D.A.C.; Chaleat, C.; Martin, D.J.; Annamalai, P.K. A systematic study substituting
polyether polyol with palm kernel oil based polyester polyol in rigid polyurethane foam. Ind. Crops Prod.
2015, 66, 16–26. [CrossRef]

34. Acuña, P.; Li, Z.; Santiago-Calvo, M.; Villafañe, F. Influence of the Characteristics of Expandable Graphite on
the Morphology, Thermal Properties, Fire Behaviour and Compression Performance of a Rigid Polyurethane
Foam. Polymers 2019, 11, 168. [CrossRef] [PubMed]

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

http://dx.doi.org/10.1016/j.polymertesting.2018.05.013
http://dx.doi.org/10.1016/j.polymertesting.2019.01.021
http://dx.doi.org/10.3390/polym11071092
http://www.ncbi.nlm.nih.gov/pubmed/31252660
http://dx.doi.org/10.1002/app.11322
http://dx.doi.org/10.1002/app.10312
http://dx.doi.org/10.1016/j.compscitech.2008.07.003
http://dx.doi.org/10.1016/j.msea.2006.11.121
http://dx.doi.org/10.1016/j.compscitech.2006.03.009
http://dx.doi.org/10.1016/j.jnoncrysol.2017.01.037
http://dx.doi.org/10.1002/app.37508
http://dx.doi.org/10.1177/0021998309345342
http://dx.doi.org/10.1016/j.polymertesting.2019.02.008
http://dx.doi.org/10.1016/S0141-3910(02)00034-4
http://dx.doi.org/10.1155/2019/4794106
http://dx.doi.org/10.1016/j.polymer.2013.12.015
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.032
http://dx.doi.org/10.1002/pi.1314
http://dx.doi.org/10.1016/j.indcrop.2014.11.053
http://dx.doi.org/10.3390/polym11010168
http://www.ncbi.nlm.nih.gov/pubmed/30960151
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials and Manufacturing 
	Characterization Techniques 

	Results and Discussion 
	Rheological Properties of the Polyol Premixes 
	Growth Kinetics of PU Systems 
	Apparent Density of RPUFs 
	Morphology of RPUFs 
	Mechanical Properties of RPUFs 
	Thermal Conductivity of PU Foams 
	Fire Behavior of RPUFs 
	Thermogravimetric Analysis (TGA) of PU Foams 

	Summary 
	References

