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The rigid polyurethane foams (RPUFs) filled with organoclay cloisite 20A and expandable graphite (EG) were prepared by the
one-step expanding foam method. Flame behavior, mechanical properties, and thermal conductivity of the composites were
investigated. The vertical burning test (UL-94V) and limiting oxygen index (LOI) showed that the flame retardancy was increased
proportionally with the content of EG in PU composite. However, the presence of EG filler impaired the thermal insulation and
the compressive strength of the composite. In this report, we proved that organoclay could improve the compressive strength,
thermal insulation, and flame retardancy of EG/polyurethane composites. This work can contribute to the development of
environment-friendly flame-retardant products for green growth.

1. Introduction

Rigid polyurethane foams (RPUFs) are commonly used in
the construction industry as an insulating and soundproof
barrier because of their low thermal conductivity, low
density, high compression strength, and excellent adhesion
[1, 2]. Additionally, RPUF can be frequently found as an
insulation layer in pipes, tanks, refrigerators, boats, and
aircraft [3, 4]. However, RPUFs are flammable materials and
release polluted gases if burned, limiting its application [5].

The most effective and simplest method to improve the
flame-retardant properties of RPUF is the addition of flame-
retardant additives into the polymer matrix. The common
additives include halogen, phosphorus, and nitrogen com-
pounds [6-12]. Unfortunately, these flame-retardant

compounds generate toxic gases in the burning process
which are harmful to people and the environment [13, 14].

Expandable graphite (EG) is an intumescent fire re-
tardant material and has been widely utilized in the poly-
urethane matrix. When EG is exposed to a heat source, it will
be expanded to a carbonaceous layer on the surface of the PU
composite. This char layer prevents oxygen diffusion and
mass and heat transfer between the flame and PU matrix,
thus discontinuing the self-sustained combustion of the
composite [15-20]. Modesti et al. [13, 16] investigated the
fire behavior of low-density EG/PUF and proved that good
flame-retardant composites could be acquired by increasing
EG loading. However, the presence of EG reduced the
compressive strength of EG/PUF composites [13, 15, 19-
21]. Moreover, it was also found that the thermal
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conductivity of the EG/PUF composites increased in
comparison with pure PUF [13, 15, 20-24]. The higher
thermal conductivity could hamper the application of PUFs
as a thermal insulation material. So, it is necessary to develop
novel EG/RPUF composites that meet the requirement of
high flame retardancy while retaining mechanical strength
and thermal insulation. Nonetheless, there have been few
reports devoted to solving the problem.

Organoclay is known as a common reinforcement for
polymers because of its unique properties such as nanoscale
lamellar structures, high aspect ratio, and high tensile
strength [25, 26]. Besides, it was also found that the flame-
retardant properties of PU foam were enhanced upon the
incorporation of nanoclay [27, 28]. In this work, we dem-
onstrated that incorporation of organoclay into EG/PU
composite is an effective, simple, and scalable method to
improve the mechanical, thermal insulation, and flame-
retardant properties of the polyurethane foams.

2. Materials and Methods

2.1. Materials. The polyol used for RPUF preparation
was a polypropylene glycol with the viscosity at
20°C=1500+300cps (MCNS Inc.) containing n-pentane
(technical grade) as a blowing agent. The isocyanate used
was 4,4'-diphenylmethane diisocyanate (MDI) with NCO
% = 31% and average functionality = 2.8 (Tosoh Corporation,
Japan). Additional components used for RPUF composites
were expandable graphite flakes (EG): +50 mesh (>300 ym,
>75% minimum), pH =5+ 10 (Sigma-Aldrich), and cloisite
20A: d-spacing (001) = 31.5 A (Southern Clay Products Inc.,
Texas, USA).

2.2. Preparation of the Rigid Foam. Rigid polyurethane foam
was prepared by the one-step expanding foam method using
cast molding. EG and cloisite 20A were dispersed into the
polyol before adding isocyanate. Polyol, blowing agent, and
additives were mixed and stirred together until a uniform
mixture was obtained. Afterward, a certain amount of
isocyanate MDI (MDI/polyol = 1.4 w/w) was added into the
mixture with vigorous stirring for 10 s. The mixture was then
quickly poured into a mold to produce PU foam. For the
completion of the polymerization between MDI and polyol,
the molds containing PU were kept in an oven at 70°C for
24 h. Finally, the PU foams were separated from the mold
and the hard surface of the foams was removed. The
components of the flame-retardant foam are given in
Table 1.

2.3. Characterizations. The horizontal and vertical burning
tests were carried out with the GT-MC35F-2 horizontal and
vertical flame chamber, according to the standard horizontal
burning test (ASTMD 635-98) and the standard vertical
burning test (ASTMD 3801-96). The size of the specimen
was 130 x 13 x 3 mm® (length x width x thickness). Limiting
oxygen index (LOI) was determined by a Yasuda 214 in-
strument on the sample whose size was 130 x 10 x 10 mm”
according to ASTMD 2863-97. Thermal gravimetric analysis
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(TGA) was performed on a LABSYS Evo STA under air
with the heating rate of 10°C-min~" from 30°C to 800°C. The
thermal conductivity of the foams was measured with a
THB-500-Transient hot bridge (Linseis) instrument
according to standard DIN EN 993-15. The size of the
samples was 60 x 40 x 5mm”. The sensor was sandwiched
between two sheets of the sample. The compression test of
the composites was taken on an Instron 3383 system,
and the size of samples was 50 x 50 x 50 mm” according to
the standard ISO 4898. The rate of compression was
5mm-min~". The surface morphology of RPUF composites
before and after burning was observed by using a Hitachi
S-4800 scanning electron microscope instrument with an
accelerating voltage of 5kV at the room temperature.
Transmission electron micrographs (TEM) were taken by a
JEM 1400 (JEOL, Japan) of 70 nm thick layers of the
composites. The TEM specimen was prepared by an epoxy
embedding method at ambient temperature. The crystal
structures of PU composites were determined by ADS8
Advance diffractometer with scan detectors and Cu Ka
radiation (A=1.5406 A), a tube voltage of 40kV, and a
current of 40 mA.

3. Results and Discussion

3.1. Flame-Retardant Properties of the Foams.
Flame-resistant properties of RPUF composites with dif-
ferent contents of EG and Cloisite 20A were investigated by
the horizontal-vertical burning test (UL-94) and the LOI
test. The results of the burning test are presented in Figure 1
and Table 2. The surface of burned composites was covered
by worm-like structures of the expanded graphite char layer
which could protect the PU matrix. The horizontal test
(Figure 1(a) and Table 2) exhibited that the pure RPUF
burned very fast and completely. By contrast, the flame of
EG-filled composites was stopped in front of the first mark
and the flame retardancy of the EG-containing composite
reached UL94HB rating. In the case of the vertical burning
test, the neat RPUF and the RPUF filled with 5 wt% EG burnt
up to the holding clamp, so the samples failed according to
the classification of UL94V test. When the loading of EG was
10 wt% or higher, the burning of samples stopped imme-
diately after taking out from the flame source, implying that
the sample passed VO-rating (Figure 1(b)).

The flame retardancy of PU composites was further
investigated by LOI experiments (Figure 2). According to
the ASTMD 2863-97 standard, a material is classified as
flame retardant if the LOI value is above 23%. As indicated in
Figure 2, the inclusion of EG significantly enhanced the
flame retardancy of the foam, changing pure RPUF from a
highly flammable material (LOI value: 20.2%) to a flame-
resistant composite. The LOI value was increased propor-
tionally with the content of EG. In particular, RPUF with 20
wt% EG showed the LOI value up to 30.5% (Table 2).

To clearly understand the flame-retardant behavior, the
structure of EG/RPUF composites before and after burning
test was observed by SEM images (Figure 3). Initially, EG stiff
flakes with the size of 300-500 ym was distributed at some
locations in the PU matrix as shown in Figures 3(a) and 3(b).
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TaBLE 1: Compositions of RPUF samples.

Flame-retardant additives

0, V)
No. Samples Polyol (wt %) MDI (wt %) EG (wt %) Cloisite 20A (wt %)
1 Pure RPUF 41.67 58.33 — —
2 EG5-RPUF 39.58 55.42 5 —
3 EGI10-RPUF 37.50 52.50 10 —
4 EG15-RPUF 35.42 49.58 15 —
5 EG15-20A2.5-RPUF 34.38 48.12 15 2.5
6 EG15-20A5-RPUF 33.33 46.67 15 5
7 EG17.5-RPUF 34.38 48.12 17.5 —
8 EG17.5-20A2.5-RPUF 33.33 46.67 17.5 2.5
9 EG20-RPUF 33.33 46.67 20 —

®) 9

i
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4
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FIGURE 1: Images of the samples after the horizontal (a) and vertical burning tests (b): (1) pure RPUF; (2) EG5-RPUF; (3) EG10-RPUF;
(4) EG15-RPUF; (5) EG15-20A2.5-RPUF; (6) EG15-20A5-RPUF; (7) EG17.5-RPUF; (8) EG17.5-20A2.5-RPUF; (9) EG20-RPUF.

TaBLE 2: Flame-retardant and physical properties of RPUF composites.

No. Sample HB-rating ra:/;;lg LOI (vol%) Stress at 10% strain (Mpa) Thermal conductivity (W-m™K™)
1 Pure RPUF 300 mm/min. —fail Fail 20.2 0.2464 0.028
2 EG5-RPUF HB Fail 23.7 0.2421 0.036
3 EG10-RPUF HB V-0 25.9 0.2367 0.047
4 EG15-RPUF HB V-0 28.1 0.2313 0.053
5 EG15-20A2.5-RPUF HB V-0 28.5 0.2485 0.048
6 EG15-20A5-RPUF HB V-0 28.7 0.2536 0.041
7 EG17.5-RPUF HB V-0 29.2 0.2284 0.055
EG17.5-20A2.5-
8 RPUF HB V-0 29.4 0.2426 0.05
9 EG20-RPUF HB V-0 30.5 0.2217 0.058

After burning, the surface of the composite was covered
entirely by spongy expanded graphite (Figures 3(c) and 3(d)).
This phenomenon was also reported in the previous literature
which found that EG was expanded more than 100 times its
original size under higher temperatures by fast volatilization
of the intercalation [29, 30]. The expanded graphite thus acted
as a physical barricade which inhibited the oxygen diffusion
and mass and heat transfer between the flame and PU matrix.

However, the presence of EG in PU foams increased the
thermal conductivity and diminished the mechanical be-
havior of the composites. In order to solve this problem, we

incorporated organoclay into EG/PU composites. The LOI
test indicated that, with the same EG content, the clay-
additive could lead to an increase of LOI value of EG/PU
foam. In particular, in comparison with EG15-RPUF (LOI
value of 28.1%), EG15-20A2.5-RPUF, and EG15-20A5-
RPUF, samples displayed higher LOI values of 28.5% and
28.7%, respectively. The similar behavior was observed when
adding 2.5 wt% clay to EG17.5-RPUF. There may be two
factors attributed to the enhancement in the LOI value of the
EG/clay/RPUF composite. Firstly, clay increased the vis-
cosity of polyol so the dispersion of the EG filler in the
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FIGURE 2: LOI values of the PU foams using different flame-retardant additives.
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FIGUure 3: SEM micrographs of EG/RPUF composite before (a) and after (c) burning and their high magnification images (b) and (d),

respectively.

polymer matrix was improved. Besides, as the burning
occurs, organoclay forms a char layer on the surface of the
materials, which prevents the heat transfer and the per-
meability of oxygen into the material as well as the evap-
oration of inflammable degradation products [31]. Thus, clay
and EG exhibited a synergetic effect in the improvement of
flame retardancy of PU composites.

3.2. Thermal Stability of the Composites. To better un-
derstand the role of EG and clay to the flame-retardant
behavior of PU composite, the thermal stability of these
composites was studied by TGA (Figure 4). The degradation
of all samples consisted of two steps. The first maximum
weight loss temperature, T}.x of pure PU was about 330°C
due to the depolycondensation of PU [32]. In the case of
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FIGUure 4: (a) TGA and (b) DTG curves of pure PU foam and the PU composites.

EGI15-RPUF composite, T}, decreased to 318°C that was
assigned for the volatilization of the intercalated substances
of EG, which started at about 300°C. For EG15-20A5-RPUF
composite, the first maximum weight loss took place at
315°C, due to the decomposition of the ammonium modifier
in the clay. The second maximum weight loss temperature
Tomax of pure PU, EG15-RPUF, and EG15-20A5-RPUF was
about 568, 574, and 585°C, respectively. The thermal stability
of EG15-RPUF sample was slightly improved compared to
the pure counterpart resulting from char formation of EG at
a high temperature which slowed down the decomposition
of the polymer. In the case of EG15-20A5-RPUF composite,
organoclay constituted nanostructured barriers that delayed
the diffusion of volatiles. As a result, the EG/clay/RPUF
composite had better thermal stability than the EG/RPUF
composite.

3.3. Mechanical Properties. To evaluate the mechanical
properties of the pure RPUF and the RPUF composites,
the compressive strength of the foams was measured, and
the result is shown in Figure 5 and Table 2. These data
showed that the presence of 15 wt% EG significantly
reduced the compressive strength of RPUF from
0.2464 MPa to 0.2313 MPa at 10% strain. This may have
been owing to the fact that microsized EG flakes caused
the low compatibility between EG and the polyurethane
polymer matrix. Furthermore, the big size of EG particles
induced an inhomogeneous cell structure of the foam
which affects the mechanical stability of the cellular
structure. The result was consistent with previous reports
[22-24].

By contrast, the compressive strength of the EG-PU
foam increased upon adding clay. In particular, by adding
2.5 wt% clay to EG15-RPUF, the compressive strength of the
EG15-20A2.5 composite increased notably from 0.2313 MPa

0.28
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0.20

0.16

0.12 1

0.08

Compressive strength (MPa)

0.04 |

0.00 T T T T T T T T T T T
0 2 4 6 8 10 12

Strain (%)
— (d)
— (e

— (a)
— (b
— (©
FIGURre 5: The compressive strength of the PU foams: (a) pure

RPUF; (b) EG15-RPUF; (c) EG20-RPUF; (d) EG15-20A2.5-
RPUF; (e) EG15-20A5-RPUF.

to 0.2485 MPa, which is comparable to neat PU foam. A
further addition to 5 wt% clay, the compressive strength of
EG15-20A5RPUF displayed a slight increase to 0.2536 MPa.
As shown in Figure 6(a), the 20 peak of pure clay is 2.8".
According to Bragg’s Law, the calculated d-spacing (d001) of
clay is 31.5A, which is consistent with the datasheet of
Cloisite 20A provided by the supplier Southern Clay
Products Inc. However, there were no distinct features in the
small angle XRD pattern of the clay/EG/PU composite. The
result revealed silicate layers in nanometer size were mostly
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FiGure 6: XRD patterns of clay and the RPUF composite (a) and TEM micrograph of EG15-20A5-RPUF composite (b).

exfoliated with a certain amount of intercalation in the PU
matrix, which was further confirmed by TEM image
(Figure 6(b)). The dispersion of exfoliated organoclay in-
creased the interfacial interaction between clay and PU
matrix that may enhance the compressive strength of the
composite. In addition, the clay made polyol more viscous,
which decreased the accumulation of EG, hence improving
the dispersion of EG in the polymer. Thus, the presence of
clay could enhance the compressive strength of the EG/PU
composites.

3.4. Thermal Conductivity. The thermal conductivity of
RPUF composites is represented in Figure 7 and Table 2. It
was clear that adding EG filler to PU foam caused a sig-
nificant increase in the thermal conductivity of PU com-
posites. Adding 15 wt% EG increased the thermal
conductivity of the EG15-RPUF composite by ~90%. If the
content of EG was 20%, the thermal conductivity increased
t0 0.058 W-m™~"-K ™", which was twice as much as pure RPUF.
EG is a high thermal-conductive material, increasing the rate
of heat transfer. As a result, EG impeded the insulation
property of a PU foam.

The addition of clay reduced the thermal conductivity of
the EG/RPUF composites. EG15-20A2.5-RPUF has a ther-
mal conductivity of 0.048 W-m "K', lower than that of
EG15-RPUF (0.053 W-m™".K™"). The thermal conductivity
of EG15-20A5-RPUF was further decreased by 23% com-
pared to EG15-RPUF. It may have been due to the fact that
silicate nanolayers created defects and formed effective
barriers against the phonon transfer in the EG/PU matrix,
therefore disrupting the thermal conducting network. The
addition of organoclay seems to be a suitable method to
improve the thermal insulation of the EG/RPUF composite.

4. Conclusions

In this work, flame retardancy, mechanical property, and
thermal conductivity of the EG/RPUF and EG/organoclay/
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Figure 7: Thermal conductivity of pure RPUF and RPUF
composites.

RPUF composites were investigated. Although the in-
troduction of EG into the PU polymer matrix significantly
enhanced the flame retardancy of the foam, the thermal
insulation and compressive strength were reduced. Orga-
noclay was incorporated into EG/PU composites to minimize
this drawback. The LOI test indicated that, with the same EG
content, the addition of organoclay could increase the LOI
value of EG/PU foam. Furthermore, the compressive strength
and thermal insulation of the composite were also improved
in the presence of organoclay. The organoclay content of 2-3
wt% was suitable to incorporate into EG/PU composite. The
combination of EG and organoclay is a potential method for
the fabrication of flame-retardant PU foams. This report
could make a contribution to developing eco-friendly flame-
retardant PU products in the future.
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