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ABSTRACT: Different particle size of expandable graphite (EG) were incorporated into water-blown semi-rigid polyurethane foams
(SPFs), which acted as the fire shield, in order to enhance the fire retardant properties. In this study, the particle size of EG was sys-
tematically varied from 70 um to 960 um. The effect of EG particle size on the density, mechanical properties, and thermal stability
of SPFs was also investigated. Results showed that EG with smaller particle size showed almost no effect on the fire retardant proper-
ties of SPFs while the larger particle size of EG could effectively enhance it. It was observed that the flame retardancy of the compos-
ite improved with the increase of EG size which was attribute to the formation and densification of isolation layer with the increase
in volume of expanded graphite. Limiting oxygen index (LOI) value of EG/SPF composites increased linearly by two steps with the
increase in EG particle size. Horizontal burning test confirmed the above conclusion. Thermogravimetric analysis (TGA) indicated
that EG particles and its size exhibited minor effect on the thermal stability of the SPF composites. Moreover, SPF filled with medium
particle size of EG (about 400 um) exhibited a poor compression performance compared with the others. © 2013 Wiley Periodicals, Inc.
J. Appl. Polym. Sci. 2013, 000, 39885.
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the intercalation of a variety of intercalation agents™® and can
be rapidly exfoliated, to some extent, hundreds of times over its
initial volume when subjected to high temperature, forming a
worm-like morphology. Therefore, EG is widely used as the
flame retardant additives in polyurethane foams (PUF)"™'° and
polymer based composites'’™"?] due to its intumescent nature
as a halogen-free flame retardant.”® Unfortunately, most of these
studies are focused on the rigid polyurethane foam, whereas EG
modified semi-rigid or flexible polyurethane foams are fewer
reported. As an intumescent flame-retardant, the particle size of
EG greatly affects the flame retardant properties of polyurethane
foams. Shi et al.?' used an ultra-high-speed mixer to study
different-sized EG modified high-density rigid polyurethane
foams (RPUF). In their study, they used pulverization time
instead of actual size to distinguish EG. It was concluded that
RPUF filled with EG as received and that pulverized for 4 min

INTRODUCTION

Semi-rigid polyurethane foam (SPF) is widely investigated as an
important part of the polyurethane foam, which can be used as
interior materials of automobile, industrial cushioning material
and packaging materials.' It is the same as other types of poly-
urethane foams that changing the types of raw materials and
compositions will significantly alter the structure and the subse-
quent performance of the products.” In addition, both open-cell
and close-cell structures are existed in SPFs which endow the
SPF better sound and vibration attenuation properties.” How-
ever, the open-cell structure and low degree of crosslinking and
chemical structure of SPF will significantly impair its fire retard-
ant ability.* SPFs are flammable and will emit high degrees of
toxic fumes when subject to combustion, which is perilous to
human health. The application of SPF is greatly limited unless

the flame retardant properties are evaluated.

Graphite intercalation compound (GIC), has been developed
rapidly in recent years. Expandable graphite (EG) is prepared by
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showed a great improvement of fire-retardant performance
while EG pulverized for 13 min showed negligible improvement
compared with pure RPUFE.
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The purpose of this investigation is to study the effect of EG
with a wide range particle size from 70 um to 960 um on the
low density water-blown SPFs, such as flame retardancy, ther-
mal stability and compression properties. Density and morphol-
ogy of EG/SPF composite were also reported and discussed
based on the particle size of EG in this article.

EXPERIMENTAL

Raw Materials

(1) Polyol 3050A, a trifunctional polyether polyol, was pur-
chased from GaoQiao Petro. Co. (Shanghai, China). The pri-
mary material properties of 3050A are as follows, hydroxyl
number, 55.8 mg KOH/g, maximum water content, 0.05 wt %,
pH value, 6.5. (2) Polymethylene polyphenyl isocyanate (PAPI)
was supplied by BASE. The NCO wt % and average functional-
ity is 30.5 and 2.7, respectively. (3) Chain extender, low molecu-
lar weight alcohol with a functionality of 2 and average
molecular weight of about 62 g/mol was synthesized in our lab-
oratory. (4) Dabco DC 5188 used as a surfactant was provided
by Air product (China). (5) Dabco 2040 catalyst and stannous
octoate which were employed for the formation of urethane and
cyclotrimerization of isocyanate were provided by Air product
(China) and Kelong Chemical Co. (Chengdu, China). (6) Dis-
tilled water was used as blowing agent in this study. The reac-
tion formula is as follows:

1 1}
—RNCO + H,0 ——» —R—N—C—0H —— —NH, + CO}

(7) Expandable graphite (sulfur-free), with a broad particle size
distribution, was provided directly by the manufacturer. Main
properties are presented in Table 1.

All materials are used as received.

Foam Preparation

EG was sieved into nine different kinds of particle size by a
series of grading sieve before the foam preparation process. The
average particle sizes of EG used in this study were 70, 180,
210, 275, 337, 430, 540, 690, and 960 um, respectively. For sim-
plicity, SPFs containing EG with different particles are desig-
nated as S;g, Siso, S2100 S275 S337 Sa305 Ssas Seon, and Soeo,
respectively.

The EG-filled SPFs were prepared by a one-shot, free-rise
method. The chemical compositions used to prepare the
EG/SPF composite in this study are presented in Table II. The

Table I. Main Properties of Expandable Graphite Used in this Study

Properties Parameter
Density (g/cm?) 2.2

Ash (%) 0.9
Moisture (%) 0.6
Volatile (%) 10

pH value 7.0
Expansion rate (mL/g) 230

Initial expansion temperature (°C) About 160
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Table II. Chemical Compositions of Water-Blown EG/SPF Composite

Component pphp?
Polyol 3050A 100
Chain extender 6
Dabco DC 5188 2
Dabco 2040 2
Stannous octoate 0.3
Distilled water 2.5
PAPI 81
EG (Different particle size) 20

@pphp, parts per hundred parts of polyol by weight.

obtained water-blown SPF was differentiated by the particle size
of the loading EG. In addition to PAPI and EG, all the raw
materials were mixed in a plastic beaker, then EG was added
and the mixture was stirred for 3 min with the help of an elec-
tric stirrer. Subsequently, the PAPI was added and the whole
mixture was uniformly stirred for 20 s at room temperature,
and then the mixture was quickly poured into a cube mold
with a dimension of 250 mm X 250 mm X 250 mm. Finally,
the foams were aged at room temperature for 24 h before char-
acterizations. In this study, all the EG/SPF samples were pre-
pared with EG loading content of 20 pphp. Samples were cut
into required shape for evaluation of different properties.

Characterization

Density. The apparent density tests were carried out according
to standard ISO 845:2006. The values of the apparent density
were calculated as mass/volume ratio.

Scanning Electron Microscopy and Ultra-Depth Microscope.
The morphology of the foams was examined through a scan-
ning electron microscope (SEM, JSM-9600, JEOL, Japan) and
an ultra-depth microscope (VHX-1000, KEYENCE, Japan). All
materials were cut into small flakes with a blade and then
sputter-coated with gold for SEM observations. The accelerating
voltage was 5 kV.

Limiting Oxygen Index and Horizontal Burning Test. The
limiting oxygen index (LOI) was measured by a HC-2 oxygen
index test instrument (Jiangning, China) according to standard
ISO 4589-2:1996 with a sheet size of 125 mm X 10 mm X 10
mm. The horizontal burning test was conducted according to
UL-94 with a sheet size of 125 mm X 13 mm X 10 mm.

Thermo Gravimetric Analysis. Thermogravimetric measure-
ments were conducted with a thermogravimetric analyzer (TG
209F1 Iris, NETZSCH, Germany) to investigate the thermal sta-
bility of the samples under dry nitrogen gas with a flow rate of
60 mL/min. Approximately 4 mg samples were heated at a rate
of 10°C/min and the relative mass loss of the samples was
recorded from 50°C to 700°C.

Mechanical Test. The compression strength and modulus of all
samples were measured with a universal electronic tensile
machine (Instron 5507). The size of the specimen was 30 mm

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39885
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Figure 1. Effect of different particle size of EG on the density of SPF
composites.

X 30 mm X 30 mm and the rate of compression process was
set at 3 mm/min for each sample. The compressive stress at
25% strain in parallel to the foam-rise direction was performed
according to standard ISO 844:2004.

RESULTS AND DISCUSSION

Density

Figure 1 shows the effect of different particle size of EG on the
density of SPE It indicated that the addition of EG caused an
increase of density compared to neat foam, which was mainly

la 2
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ascribed to the higher density of EG (2.2 g/cm3 ) than that of
neat SPFE. Density is a key element of polyurethane foam materi-
als, which is directly determined to its performance and applica-
tions. It has been demonstrated that strength, modulus and
energy absorption abilities of a material improve linearly with
the increase of foam density.**

The loading of EG with various particle size showed slight
impact on the density of SPFs. The S;, composites exhibited the
highest density compare to other systems, which was due to the
fact that the smaller particle size of EG has a “nucleating” effect
during the foam formation. As showed in Figure 1, the average
cell size of S, is smaller than that of Sy39 and Sogp.

Morphology

Figure 2(a) shows the SEM cell micrograph of pure SPE. The
cell shape is approximately spherical, and open-cell structure
can be found in the SPE. Besides, no collapse was observed in
the cell system, indicating that the unfilled foam had a uniform
and complete cell structure. As shown in Figure 2(b,c), the
small graphite flakes was wrapped in the SPF matrix. Figure
2(d,e) demonstrated that larger graphite did not locate in the
struts but between the cell walls when the mean particle size of
EG was in the same order as the mean size of the cell. This
result is in good agreement with the study of EG-containing
rigid polyurethane foam,'® who observed that EG particles laid
between cell walls when the mean size of EG particles is of the
same order as the mean cell size of the foam. Figure 2(f)
showed the interfaces existed between the graphite flakes and
SPF matrix, indicating the poor interactions of them.

Figure 3 presents the ultra-depth optical micrographs of the
cross-sections of the S;o, Sszp, and Sog, respectively. Results

v
“Lo  10pm

Figure 2. SEM micrographs of pure SPF and EG/SPF composites. (a) Pure SPF (100X); (b) S;o (100X); (c) Magnified image of part of (b) (300X); (d)
S430 (100X); (&) Sogo (100X); (f) The interface between graphite flakes and SPF matrix (1000X).
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Figure 3. Ultra-depth micrographs of SPF with different particle size. (a, b) S;o. (¢, d) S4z0. (€, £) Soeo-

showed that the increase in particle size of EG led to a
decrease of graphite particle numbers at the same addition. It
is also seen that smaller graphite flakes dispersed uniformly in
SPF while the larger graphite crossed multiple cells and dis-
tributed sparsely between the cells. Furthermore, it could be
deduced from Figure 3(f) that the stirring process during the
foam preparation had a damaging effect on the larger graphite
flakes.
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Flame Retardant Properties

Limiting oxygen index (LOI) and horizontal burning tests were
employed to investigate the fire-retardant properties of EG/SPF
composites.

Limiting Oxygen Index. The LOI of pure SPF and EG/SPF
composites is shown in Figure 4. The results confirmed our
expectancy that larger particle size of EG was beneficial to the
flame retardant properties of SPFs. It is illustrated in Figure 4

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39885
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Figure 4. LOI results of SPF with different particle size of EG (20 pphp).

that the LOI value of S;, is 20%, which was the same as the
neat foam, indicating few effects on fire retardant properties for
SPE. The turning point of the LOI curve at graphite particle size
of about 150 um can be deduced from the figure. Moreover, it
is obvious that the LOI value of EG/SPF composites increases
linearly by two steps after the particle size of EG greater than
about 150 um. The two steps can be equated as follows:

LOI =17.63+0.01595 Dy 150 um < Dy < 430 um. (1)
LOI =22.43+0.00469 Dg  Dgg > 430 pm 2)
Where Dgg = the particle size of EG (um).

It is conjectured in this study that while the EG particle size is
small, expanded graphite which formed after fire treatment
could not form a sufficient barrier layer to hinder the heat pen-
etration process for improving the flame retardancy of EG con-
tained composites (see “Flame Retardant Mechanism” section).
However, when the particle size of EG reached about 150 um,
the effective barrier layer formed by the expansion of EG came
into effect. When the particle size is bigger than 150 um, the
expanded volume became larger and the flame retardant proper-
ties of the sample increased with the increase of EG particle
size. But the LOI value of the samples increased slowly when
the EG particle size was larger than 430 um. The slope value of
the curve decreased from 0.01595 to 0.00469. This might be
explained that the decrease of EG particle number was not ben-
eficial to the formation of compact isolation layer during the
fire treatment process.
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Horizontal Burning Tests. The results of the horizontal burn-
ing tests are tabulated in Table III. The small particle size of EG
showed few effect on fire retardant properties of SPE The hori-
zontal burning rate of the sample gradually decreased with the
increasing of graphite particle size. When EG particle size
reached to 430 um, the horizontal burning rate dropped to 15.5
mm/min, reaching the horizontal burning test of HB-3 rating.
While further increasing the particle size of EG, the sample
reached the HB-1 rating. Figure 5 showed the images of the
horizontal burning test, indicating that the larger volume
expansion of EG after fire treatment could effectively prevent
the fire spreading.

The horizontal burning test is in good agreement with the LOI
testing. The data also proved that EG with larger particle size
could efficiently improve the fire retardant properties of SPE.
The particle size at 430 um is also an important turning point,
which is correspondent to the LOI test results.

Flame Retardant Mechanism

The flame-retardant mechanism of EG in SPF is believed to be
the same as in other polymer systems. As clearly depicted in
Figure 6, the self-extinguished EG/SPF composites can be
divided into three layers: burned layer (matrix was almost com-
pletely degraded, EG was complete expansion and exposed), the
surface layer (formed by partially expanded EG and partially
degraded matrix) and inside layer (internal undamaged layer).
When the sample is subjected to fire, the external graphite was
rapidly expanded to a worm-like morphology, and the volume
increased more than 200 times instantly. The worm-like
expanded graphite, which is shown in Figure 7, was embedded
in the surface and formed a barrier layer on the heating surface.
This burned layer could hinder the oxygen diffusion and limit
the heat penetration, which prevented the matrix from further
degrading. Similar results were reported by Modesti et al.®

In Figure 7, EG with large particle size exhibited larger volume
expansion after fire treatment, which is beneficial to the forma-
tion of the isolation layer, facilitating the fire retardant proper-
ties of SPFs. It can be found in Figure 8, when the particle size
of EG reached to 430 um, the after-combustion volume of the
composite became apparent, which was favorable to the fire
retardancy of SPE.

Thermal Stability

Figure 9 shows the thermogravimetric (TG) and derivative
curves (DTG) behavior of pure SPF and SPFs with three differ-
ent particle size of EG under nitrogen. Both the neat and EG-
containing samples took two-step degradation process from
nearly 230-400°C. According to previous studies,”?* the first

Table III. Results of Horizontal Burning Tests for SPF with Different Particle Size of EG

Sample Neat S70 Sis0 Sz10 S275 Saz7 S430 Ss40 Se90 Sos0
HB rate mm/min 72.9 70.3 59.8 53.6 481 423 15.5 - - -
Rating - - - - - - HB-3°  HB1®  HB1  HB1

2HB-3, the burning rate is less than 40 mm/min.

PHB-1, the flame front does not pass the 25 mm reference mark and quenches after the ignition source is removed.
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Figure 5. Images of horizontal burning testing of EG/SPF composites.

Figure 7. Ultra-depth micrographs of the burned layer (expanded graphite).

stage of degradation between 200 and 260°C occurs at urethane
hard segment, resulting in the formation of isocyanate and alco-
hol, primary or secondary amine and olefin, and carbon
dioxide. The second stage between 320 and 440°C was corre-
sponding to the thermal decomposition of the soft segment.
The higher rate of the second stage was attribute to the high
content of soft segments in the SPE>* Table IV listed the repre-
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sentative thermal analysis data of the samples. The initial
decomposition temperature (Tsy. o) is the temperature at 5%
weight loss, while the maximum weight loss temperature (Tj.y)
is taken from the peak value of the DTG thermograms. Results
revealed that EG with small particle size had a positive effect on
Tswi 9% of SPF systems, while larger particle size of EG was det-
rimental to the thermal stability of the composite. This can be

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39885
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Figure 8. Digital photographs of EG/SPF composites after LOI test (20 pphp).

interpreted as the number of small EG particles in an average
foam volume was more than the larger particle systems and the
exfoliated graphite formed during the heat treatment process
was not beneficial to the heat penetration which improving the
thermal stability of SPE The DTG thermograms show that the
value of T, had a slight decrease while in the presence of EG.
In addition, in the case of PU/EG a shoulder peak was

Mak\;’.“liﬂ> WWW.MATERIALSVIEWS.COM
1

39885 (7 of 9)

observed between 260 and 320°C. This may be attributed to
the oxidation and fragmentation process of the polymer matrix
accelerated by the residual nitric acid in the EG interlayer.””
Moreover, the nitric acid can react with graphite at high

temperature%:

C + 4HNo, High Temperature o K oy of + 4n0,}
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Figure 9. The TG and DTG curve of SPF with different EG additives (under nitrogen atmosphere).

In Table IV, composite systems exhibited higher residues than
the neat foam at high temperature which was because of the
higher thermal stability of the expanded graphite formed by the
EG particles. It can also find from the table that composite
filled with small size of EG have a higher residual weight than
the bigger size of EG filled composite. This may be ascribed to
the fact that bigger size of EG have higher expanded volume
and more generated gases than that of small size which resulted
in less residual char.

In brief, TGA analysis showed that the presence of EG par-
ticles and its size exhibited minor effects on the thermal sta-
bility of the SPF composites. SPF filled with small particle size
of EG showed a higher residue than the other composite
systems.

Mechanical Properties

As a kind of packaging material, the mechanical properties of
SPFs are important parameters which of determining its appli-
cation. It is known that the presence of filler has a tremendous
effect on the mechanical properties of the polymer matrix.
Compression studies were conducted to study the size effect of
EG on the mechanical properties of SPFs. In Figure 10, the
compressive strength at 25% strain of EG filling SPF is signifi-
cantly higher than the neat foam. This was mainly due to the

Table IV. Experimental Data of TGA Analysis

Residue in
Material Tswt % (°C) Trmax (°C) 700°C (%)
Pure SPF 247.0 369.8 10.56
S70 254.6 366.5 25.86
Sz10 252.5 357.8 24.40
S430 248.5 357.5 21.18
Se90 2452 360.2 15.80
Sos0 244.7 362.7 13.88
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presence of graphite, which could effectively limit the deforma-
tion of the foam samples. However, the compression strength
and Young’s modulus of SPFs is seen in concave pattern with
the increase of EG particle size, while the minimum value
appears at the EG particle size of 400 um.

Graphite flakes can go across multiple cells with the increasing
particle size of EG. In Figure 2(d), the interfacial adhesion
between the graphite particles and the matrix was weak. When
the sample was compressed, slippage might occur between the
graphite and matrix, resulting in the decrease of strength and
modulus of EG/SPE. Small size of EG distributed in the foam
matrix [Figure 2(c)] and had a slight effect on the compressive
properties. With the increase in the EG size, defects caused by
the EG particles became larger and compressive properties of
the composite decreased. On the other hand, the increase of EG
size led to a decrease of the particle numbers. Although defects
caused by the large particle size EG became obvious, the reduc-
tion in the number of defects made the strength of the foam
rise again.

~r T T 1 "1 17 T "7 T 17" 0.08 =
0.8 s
‘m 7]
=3 H0.07 w2
S 0.7 e
= =
w L 0.06
= 0.6 ’ ﬁ) =
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5 2
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4 £
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Figure 10. The mechanical properties of SPF/EG composites.
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CONCLUSIONS

Semi-rigid polyurethane foam based composites were produced
by addition of different EG particle size and the effect on the
flame retardant properties was studied. SPF with EG of smaller
than about 150 um, showed few improvement on fire-retardant
performance of SPF compared to neat one. EG/SPF composites
exhibited significant improvement in flame retardant properties
after graphite size larger than about 150 um. This improvement
was significant for larger size EG, which was attributed to for-
mation of a surface isolation layer during burning. Horizontal
burning test also confirmed the conclusion. Attributed to the
reduction in the number of EG particles, a turning point was
observed at the particle size of 430 um after which the LOI
value improved slowly. TGA analysis showed that EG particles
and its size exhibited minor effects on the thermal stability of
the SPF composite. In the current investigation, SPFs filled with
medium particle size (400 um) of EG showed poor compression
performance.
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