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A Study on the Synthesis and Properties
of Polyurethane/Clay Nanocomposites

Lei Song, Yuan Hu, Baoguang Li, Shaofeng Wang,
and Weicheng Fan
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University of Science and Technology of China,
Anhui, China

Zuyao Chen

Structure Research Laboratory,

University of Science and Technology of China,
Anhui, China

Polyurethane/ organophilic montmorillonite (PU/OMT) nanocompo-
sites based on polyether, organophilic montmorillonite, phenylmethane
diisocyante, diglycol, and glycerine were synthesized and characterized
by x-ray diffraction (XRD). Delaminated or intercalated structures in
polyurethane/ OMT nanocomposites with different OMT content were
found. The mechanical, thermal, and inflammability properties of
PU/OMT nanocomposites were investigated through tensile, thermo-
gravimetry, differential scanning calorimetry, and cone calorimetry
experiments. It is shown that polyurethane/ OMT nanocomposites have
enhanced tensile strength, improved thermal stability, and flame retar-
dant properties relative to bulk polyurethane. The tensile strength of
PU/OMT with 4.7wt% OMT content was double compared to that of
bulk PU. The thermal and flame retardant properties of PU/OMT were
enhanced compared to that of bulk PU. The thermal and flame retardant
properties of PU/OMT increased with increasing OMT content.
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In the past 20 years, layered silicate has been used to enhance the
properties of polymeric materials with polymer chains intercalating gal-
leries of adjacent silicate layers to form delaminated and intercalated
nanocomposites, which regresent an improvement over or new properties
of the original polymert'*.

Montmorillonite is a natural clay mineral that contains a layered
structure. It consists of stacked, layered silicate of about 1 nm thickness
including two silica tetrahedral sheets sandwiching an edge-shared
octahedral sheet of either aluminum or magnesium hydroxide. There are
some hydrophilic cations residing in the gallerP/, such as Na® or K+
ions, which can be exchanged by other cations?®. The montmorillonite
can be modified with organic cations (e.g., alkylammonium ions) to
become organophilic montmorillonite (OMT). This method solves the
incompatibility problem on the interface between polymer and silicate
and makes it easier to intercalate many kinds of organophilic polymers
into layered silicate!¥.

Because of the enhanced and novel properties of polymer/layered
silicate nanocomposites compared to bulk polymer, many new nano-
composites based on polymer/ clay have been investigated, such as nylon
6/clay® 7, epoxy resin/clay®, polyimide/clay®™, polyethylene oxide/
clay"™, polycaprolactone/clay''! and poly(methyl methacrylate)/clay
nanocomposites!'>. Chen et al.'¥) synthesized polyurethane (PU) mixed
with organoclay, which was modified with 12-aminolauric acid or ben-
zidine to obtain PU/clay nanocomposites.

Polyurethane eclastomer is a thermoplastic copolymer with unique
properties, and it is one of the most useful commercial polymeric
materials. Hence, more attention has been given to the synthesis, mor-
phology, chemical, and mechanical properties of this family of materi-
als!". In our present study, a polyurethane/clay nanocomposite was
synthesized by a two-stage route, and its structure and properties were
investigated by thermogravimetry (TG), differential scanning calorimetry
(DSC), and cone calorimetry.

EXPERIMENT

Materials

The original purified sodium montmorillonite (MMT) was made in
Shanghai, China. The polyether (PE) used was poly(propylene oxide)
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glycol, whose average molecular weight was about 1000. The other
inorganic and organic reagents were available commercially. All the
reactants and solvent were analytical or chemical grade and were used
without purification.

Preparation of OMT

After screening MMT with a 325-mesh sieve to remove impurities,
Montmorillonite with a cationic exchange capacity of 76.6 meq/100 g was
obtained. MMT was gradually added to a previously prepared solution
of hexadecyl trimethyl ammonium bromide (16Me * Br™), which was
dissolved in hot distilled water at 80°C, and the resultant suspension was
stirred vigorously for 4h. The treated montmorillonite, a white pre-
cipitate, was washed with hot deionized water several times to remove
16Me " Br™ residue. The filtrate was titrated with 0.1 mol/L AgNOs until
no precipitate of AgBr was formed to ensure complete removal of bro-
mide ions. The product was placed in a vacuum-drying oven at 80°C for
12h. The dried product was ground and screened with a 325 mesh to
obtain the OMT.

Synthesis of PE/OMT Hybrid

OMT and PE were placed in a vacuum oven at 80°C for 12h to
remove residual water. OMT was mixed with PE with rapid stirring at
room temperature for 4h to disperse OMT homogeneously in PE,
obtaining a colloidal PE/OMT hybrid.

Synthesis of the PU/OMT Nanocomposite

PU/OMT was synthesized with a two-step process. Toluene diiso-
cyanate (TDI), colloidal PE/OMT hybrid, and sufficient N,N-dimethyl-
formamide (DMF) were mixed with vigorous stirring for 90 min at 70°C.
Afterward, diglycol, the chain extender, and glycerin, the cross-linking
agent, were added to the mixture with vigorous stirring for 30 min at
80°C. Finally, the product was poured into a flat mold and placed in a
vacuum oven at 110°C for 24 h to obtain the PU/OMT nanocomposite.

Characterization

X-ray diffraction (XRD) experiments were performed directly on the
samples using a Japan Rigaku D/max-rA X diffractionmeter (30kV,
10 mA) with Cu (A =1.54 A) irradiation at the rate of 2°/min in the range
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of 1.5-10°. The tensile strength tests were carried out with a DCS-5000
instrument according to ASTM D882 specifications. Samples were cut to
100 x 10 x 0.25mm in size, and the crosshead speed was set at
250 mm/min. For each data point, five samples were tested, and the
average value was taken. The differential scanning calorimetry (DSC)
and thermogravimetric analyses (TGA) of samples were carried out
under N, atmosphere with NETZSCH STA409C thermal analyzer from
20° to 700°C at a heating rate of 15°C/min. Cone calorimeter experi-
ments were performed at heat flux of 35 KW/m2 using a cone-shaped
heater. Typical results from the cone calorimetry were reproducible to
within about 10%.

RESULTS AND DISCUSSION

The XRD patterns of MMT and OMT are shown in Figure 1. The
basal spacing of MMT increased from 1.26 to 1.96 nm. When MMT was
modified by 16Me " Br~, the gallery of MMT was intercalated and
expanded by molecular chains of 16Me ™ Br~. The OMT content in the
hybrids and the basal spacing (001) are given in Table I. The character-
istic peak of PE/OMT hybrid shifted from 1.96 to 3.15nm; this result
confirmed that PE molecules intercalated into the galleries of OMT.

Polyether OMT
> MMT
=
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[0}
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>
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FIGURE 1 XRD patterns of MMT and OMT.
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TABLE I OMT (wt%) content and XRD data of MMT, OMT, polyether/OMT,
and PU/OMT nanocomposites

OMT 20 (°) (nm)*
MMT® 7.01 1.26
OMT® 100 4.50 1.96
Polyether/OMT 20 2.80 3.15
Sample
1 1.2 — —
2 2.3 — —
3 3.5 — —
4 4.7 4.35
5 6 4.29

“Basal spacing (001).
"M: montmorillonite.
€O: organophilic montmorillonite.

Although PE molecules did not react with the silicate sheet, the hydroxyl
of PE formed a hydrogen bond with the hydroxyl on the silicate sheet.
XRD curves of a series of PU/OMT samples that were prepared with
different OMT content are shown in Figure 2. Designations 1-5 corre-
spond to 1.2, 2.3, 3.5, 4.6, and 6 wt% content OMT in the hybrids,
respectively. In Figure 2, the disappearance of the XRD peaks (20 =1.5-
10°) in samples 1, 2, and 3 indicates that these silicate layers are com-
pletely exfoliated and dispersed in the PU matrix to form a delaminated
nanocomposite. Meanwhile, for samples 4 and 5, the formation of
nanocomposite was in the form of an intercalated structure with the basal
spacing of 4.35 and 4.29nm. When the content of layered silicate
increased, the basal spacing decreased. When the content of layered
silicate increased, the intercalated layered silicate swelled a lesser extent.

The mechanical properties of PU/OMT nanocomposites and bulk PU
are given in Table II and Figure 3. In Table II, the tensile strength of
samples 1-4 was higher than that of bulk PU, and the elongation of those
samples was also higher than that of bulk PU. More than a twofold
increase in strength was realized by the addition of only 4.7wt% of
OMT. The layered silicate, which functions as fibers in a fiber-reinforced
plastic, enhanced tensile strength of the polymeric material. However, the
tensile strength of sample 5 was much lower than that of sample 4,
probably because of the high content of OMT resulting in phase
separation between OMT and bulk PU.

The TGA analysis of bulk PU and PU/OMT nanocomposites is
shown in Table III and Figure 4. The TGA curves clearly show that the
PU/OMT exhibited enhanced thermal stability compared to bulk PU.
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FIGURE 2 XRD patterns of PU/OMT nanocomposites. (OMT contents of
samples 1-5 were 1.2, 2.3, 3.6, 4.7, and 6 wt%, respectively.)

N 4

Table III shows the temperature at which 20 and 80% degradation
occurred (T, T,) and the amount of residue at 630°C. The data in Table
1T shows that thermal stability of the nanocomposites corresponds to the
OMT content in the nanocomposite. When the OMT content was
increased, thermal stability enhancement increased. Moreover, when the
temperature was increased, thermal stability enhancement increased.
The amount of residue, which is not volatile at 630°C, was increased
when the OMT content was increased. This result implies that OMT in
the nanocomposites enhanced carbonaceous char formation.

High temperature DSC analysis of bulk PU and PU/OMT nano-
composites is shown in Figure 5. The DSC curves show pyrolysis of
bulk PU and PU/OMT. There is a clear endothermic peak in the DSC

TABLE II The mechanical properties of bulk PU and PU/OMT nanocomposites

Samples OMT (wt%) Tensile strength (MPa) Elongation (%)
Bulk PU — 1.53 436
1 1.2 1.73 483
2 2.3 1.86 513
3 3.5 2.52 582
4 4.7 2.96 577
5 6 1.67 402
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FIGURE 3 Tensile strength of bulk PU and PU/OMT nanocomposites.
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curve. The peak at about 400°C corresponds to solid-phase pyrolysis.
Figure 5 shows that the maximum endothermic peak temperature of
bulk PU was 385°C, while Figure 3 shows that the maximum endothermic
peak temperatures of PU/OMT with 3.5, 4.7, and 6wt% OMT were
390, 394, and 400°C, respectively. Figure 5 demonstrates that the
pyrolysis temperature increased as OMT content in the nanocomposites
increased. The peak area of the PU/OMT nanocomposites was larger
than that of bulk PU, meaning more heat of absorption. The pyrolysis
heat of absorption of PU/OMT was larger than that of bulk PU.

TABLE III TGA results on bulk PU and the PU/OMT nanocomposites

Residue at 630°C (wt%)

OMT T,* T,°
Sample Content (wt%) (°C) (°C)  Total (Cy)  Real (Co—Cqome)
Bulk PU 0 290 360 0 0
3 3.5 302 370 6.39 2.89
4 4.7 310 385 9.80 5.10
5 6 315 405 13.67 7.67

*Temperature at 20% degradation of PU/OMT nanocomposite.
"Temperature at 80% degradation of PU/OMT nanocomposite.
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FIGURE 4 TGA analysis of bulk PU and PU/OMT nanocomposites.
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FIGURE 5 DSC analysis of bulk PU and PU/OMT nanocomposites.
Meanwhile, the pyrolysis heat of absorption of PU/OMT decreased as

the OMT content increased. These results correspond to those from
TGA experiments.
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FIGURE 6 The pattern of HRR of bulk PU and PU/OMT nanocomposites.

The flame retardant properties of these nanocomposites were mea-
sured by a cone calorimeter. Heat release rate (HRR), in particular
peak HRR, is one of the most important parameters for evaluating
fire safety. Figure 6 shows that both the peak and average HRR were
reduced significantly for the nanocomposites with low silicate content
(2.3 to 6wt%). The PU/OMT nanocomposite with OMT content of
about 6wt% had a 63% lower HRR than the bulk PU. The HRR of
the nanocomposites decreased as the OMT content increased. The
reason for this trend probably was because the OMT in the nano-
composites enhanced carbonaceous char formation. These results cor-
respond with the TGA and DSC results.

CONCLUSION

Polyurethane/organophilic-layered silicate nanocomposites were syn-
thesized by reacting a polyether/OMT hybrid with TDI, diglycol, and
glycerine to obtain the PU/OMT intercalated and delaminated nano-
composites, which were verified by XRD. When OMT content was below
4.7wt%, a delaminated nanocomposite was prepared; when OMT con-
tent was increased to 4.7wt%, an intercalated nanocomposite was
obtained. The mechanical, thermal, and flame retardant properties of
PU/OMT were studied. The tensile strength of PU/OMT with 4.7 wt%
OMT content was double that of bulk PU. The thermal and flame
retardant properties of PU/OMT were enhanced compared to that of
bulk PU and increased with increasing OMT content.
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