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perties of a millable polyurethane
elastomer with low halloysite nanotube content

Bing Gong, Chunfa Ouyang,* Ye Yuan and Qun Gao

Nanocomposites comprised of millable polyurethane (MPU) and very low loadings of halloysite nanotubes

(HNTs) have been prepared with high tensile strength and elongation at break, and cured using either

toluene diisocyanate dimer or dicumyl peroxide as crosslinking agents to further enhance the

mechanical performance of the nanocomposites and to reduce costs. A 1.17-fold increase in tensile

strength and a 0.58-fold increase in elongation at break was achieved for synthetic linear polyurethane

elastomer nanocomposites by incorporating only 1 wt% of HNTs, and these increases were primarily

attributed to the formation of covalent bonds between the OH groups of HNTs and the NCO groups of

4,40-diphenyl-methane diisocyanate (MDI). Remarkable improvements in Young's modulus were further

obtained after curing using the crosslinking agents. The nanostructure of these nanocomposites

consisted of individual HNTs covalently bonded and specifically associated with hard MPU

microdomains, and therefore affected the degree of phase separation, as characterized by spectroscopy

studies and direct microstructural analysis. Moreover, an unprecedented environmental solvent-free

prepolymer method has been proposed to compound the MPU/HNTs nanocomposites.
Introduction

Polyurethane (PU) constitutes one of themost important classes
of polymeric materials, and is well-known for its excellent
qualities. Because of its diverse utility and relative low cost,
these materials account for nearly 5 wt% of the total worldwide
polymer production, and their production is expected to exceed
18 kilotons annually by 2016.1,2 The basic constituents of PU
elastomers are a diisocyanate, which is a long chain oligomeric
polyol that may be a polyether or polyester oligomer, and low
molecular weight diols or diamines as a chain extender.3 PU
elastomers can be divided into three different types depending
upon their structure, i.e., castable polyurethane (CPU), ther-
moplastic polyurethane (TPU), and millable polyurethane
(MPU). MPU is a special type of synthetic rubber that is gener-
ally compounded by means of conventional rubber processing
equipment in the presence of other ingredients and additives.4–7

MPU is of high demand in various applications such as foot-
wear, as hoses, and oil eld products owing to its high tough-
ness, exibility, strength, abrasion resistance, and chemical
resistance. Many large industrial rolls, copier rolls, O-rings,
seals, gaskets, and many other mechanical items requiring
abrasion resistance are fabricated using these special
elastomers.8–18

Nanocomposites are typically dened as composites having
more than a single solid phase with dimensions less than 100
g, Shanghai Institute of Technology, 100

-mail: ouyoung_0916@163.com
nm.19–22 Over the past two decades, investigation and develop-
ment of polymer nanocomposites have attracted great attention
owing to the unique characteristics of nanoparticles such as
their large surface area, high surface reactivity, and relative low
cost.23–25 Previously, nanometer-sized materials with extremely
large surface areas or a high aspect ratios, including graphite
oxide nanoplatelets,26 polyhedral oligomeric silsesquioxane,27,28

carbon nanotubes,29–32 and layered silicate clays33–37 have been
incorporated into CPU or TPU to enhance their mechanical
performances and thermal stability. In the present study, hal-
loysite nanotubes (HNTs) were chosen as the nanoller, and are
incorporated into MPU. Halloysite is a typical type of clay
nanoller naturally deposited in various countries around the
world, such as the United States, China, New Zealand, France,
and Belgium, that has recently attracted a great amount of
attention. The material is dened as a two layered aluminosil-
icate, chemically similar to kaolin, but which has a predomi-
nantly hollow tubular structure in the submicron range.38 The
external surface of the nanotube has a tetrahedral sheet struc-
ture that mainly consists of siloxane groups (Si–O–Si), while the
internal surface has an gibbsite octahedral structure with alu-
minol groups (Al–OH).39 HNTs exhibit unique surface chemical
properties because of the relatively small number of hydroxyl
groups located on the external surface owing to the multi-layer
structure.40 Therefore, relative to other layered silicates, hal-
loysite can be more easily dispersed in a polymer matrix due to
the weak secondary interactions among the nanotubes via
hydrogen bonds and van der Waals forces. Moreover, the cost of
HNTs is relatively low.41,42 In addition, HNTs have been
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Reaction scheme for the synthesis of elastomeric gum
polyurethane nanocomposites.
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incorporated into polymer matrices as environmentally benign
reinforcement llers because of their outstanding intrinsic
properties such as nanoscale dimensions, high surface area,
unique morphology, low density, high specic strength and
Young's modulus, and very low coefficient of thermal
expansion.43–47

Although a number of reports can be found in the literature
regarding PU nanocomposites, no comprehensive study has
thus far been undertaken for MPU nanocomposites. To the
authors' knowledge, this is the rst study to introduce very low
loadings of HNTs into the synthesis of MPU to stiffen and
strengthen the material, and various vulcanization processes
have been conducted to further enhance the synthetic nano-
composite performance and reduce costs. In addition, an
unprecedented environmental solvent-free prepolymer method
has been proposed to compound MPU/HNTs nanocomposites.

Experimental section
Materials

Because the preparations involved toxic and reactive isocya-
nates, all the necessary precautions for their safe handling and
for conducting their reactions under anhydrous conditions
were taken in all the experimental work.

4,40-Diphenyl-methane diisocyanate (MDI, TCI), 1,4-butane-
diol (1,4-BD, Aldrich), 2,4-tolylene diisocyanate (TDI, YMIOO
chemical), dicumyl peroxide (DCP, Aldrich), pyridine
(99%, Sinopharm), calcium oxide (CaO, Aldrich), dioctyl
phthalate (DOP, Aldrich), 1,3,5-tri-2-propenyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TAIC), and phosphoric acid (98%,
Sinopharm) were used as received. Poly(propylene glycol) (PPG,
Mn ¼ 1000) and precipitated silica were respectively purchased
from Shanghai JiaHua and NanJi Chemical Co., Ltd in China,
and were used as received. HNTs with 15–20 nm inner lumen
diameters, 30–50 nm external diameters, and approximate
lengths of 100–1500 nm were purchased from Lingshou Long-
chuan drilling plugging materials factory (China) without any
chemical modication.

Synthesis of crosslinking agent (TDID)

The dimer of TDI (TDID) was synthesized by adding 1 ml of
freshly distilled pyridine to 50 ml of TDI in a round-bottomed
ask under an N2 atmosphere. The reaction mixture was le
undisturbed for 7 d. The precipitated crystals were ltered and
washed several times with dry toluene to obtain white crystals of
TDID.

Synthesis of millable polyurethane elastomer nanocomposites

The reaction was conducted in a four-necked, 500 ml round
bottom ask tted with an agitator, a temperature indicator,
and nitrogen inlet-outlet tubes. The PPG was dried under
vacuum at 120 �C for 2 h prior to use. The polyether PU pre-
polymer was synthesized by reacting MDI (122 g) with PPG
(165.7 g) and a drop of phosphoric acid (0.033 ml) in the pres-
ence of HNTs at 82 �C for 3 h. Subsequently, the chain extender
1,4-BD (31.35 g) was dropwise added to the prepolymer and
This journal is © The Royal Society of Chemistry 2015
stirred at 50 �C prior to casting and curing in a Teon mold at
120 �C for 6 h to obtain the transparent lm. The concentration
of reactive hydroxyl groups on HNTs was 29 � 3 mmol g�1, and
was measured using titration to determine the excessive isocy-
anate groups aer mixing HNTs with a known amount of MDI.
The molar ratio of MDI to PPG in the prepolymer was 2.85 : 1,
and the total NCO/OH ratio in the PU was 0.95. Transparent PU
nanocomposite lms containing 0.5, 1, and 5 wt% HNTs were
successfully prepared by varying the amount of HNTs and 1,4-
BD, and are coded herein as MPU/HNT-0.5, MPU/HNT-1, and
MPU/HNT-5, respectively. Pure PU lm was prepared in the
absence of HNTs, and is coded simply as MPU. The reaction
procedure is illustrated as follows in Scheme 1. It should be
noted that what is expressed as the hard segment in Scheme 1
was composed of MDI and 1,4-BD, whereas that denoted as the
so segment was PPG.

Processing of millable polyurethane elastomer
nanocomposites

PU was masticated in an open twin roller mill. During this
mastication process, the temperature was maintained below
60 �C by circulating cold water through the rollers. The samples
were subjected to compression molding at optimum tempera-
ture and time that were determined from the rheometric
results. The formulations of the two different curing systems
employed are listed in Table 1 and 2. The vulcanized products
obtained using DCP and TDID as the curing agents are coded
herein as D-MPU/HNTs and T-MPU/HNTs, respectively.

Characterization

Fourier transform infrared (FTIR) spectra were obtained on an
iZ™ 10 spectrometer (Nicolet, USA), and each spectrum was
comprised of 16 scans with a resolution of 4 cm�1. Proton
nuclear magnetic resonance (1H-NMR) spectra were recorded
on an AVANCE III NMR spectrometer (Bruker Corp.,
RSC Adv., 2015, 5, 77106–77114 | 77107
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Table 1 DCP employed as the curing agent

Raw rubber (phr) DCP (phr) TAIC (phr) CaO (phr) Precipitated silica (phr) DOP (phr)

Sample 100 3 2 3 30 3

Fig. 1 FTIR spectra of HNTs, pristine MPU, MPU/HNTs nano-
composites (raw rubber), and a control mixture of HNTs and MDI.
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Switzerland). Dimethyl sulphoxide (DMSO-d6) was used as the
solvent, and the measurements were conducted at 600 MHz.
The chemical shis in the discussion are reported in ppm. X-ray
diffraction (XRD) measurements were conducted on a D/max
2200 PC X-ray diffractometer (Rigaku Corp., Japan) equipped
with a CuK radiation source (50.1540 nm, operated at 40 kV and
30 mA) over a 2q range of 5� to 40� with a scan speed of 2�

min�1. Thermogravimetric analysis (TGA) was conducted with
an STA 499 F3 Jupiter® (NETZSCH, Germany) with N2 as the
purge gas at a ow rate of 40 ml min�1. Samples (8–12 mg) were
heated from room temperature to 700 �C at a heating rate of
10 �C min�1. Atomic force microscopy (AFM) images were
obtained by an AFM instrument (Beijing Nano-Instruments,
Ltd, China) operating in the tapping mode using silicon canti-
levers (spring constant: 3–40 N m�1; cantilever resonant
frequency: 75–300 kHz).

Dynamic mechanical analysis (DMA) was conducted on a
DMA 242 C dynamic mechanical analyzer (NETZSCH, Germany)
over a temperature range of �100 �C to 170 �C at a heating rate
of 3 �C min�1 and a frequency of 1 Hz. Transmission electron
microscopy (TEM) was conducted using a JEM-2010 high reso-
lution eld emission microscope (Jeol, Ltd, Japan) operating at
200 kV, providing a lattice resolution of 0.14 nm. The
mechanical properties of the products were measured following
the GB/T 528-1998 standard using a SUN 500 universal testing
machine (GALDABINI, Italy). The crosshead speed was 50 mm
min�1. All measurements were repeated ve times, and the
averages were obtained. The hardness of the products were
measured by a Shore A hardness tester following the ASTM D
2240-2004 standard. All hardness measurements in this report
were conducted aer 10 s when the indenter had penetrated
into the composites.
Scheme 2 Reaction scheme between a single OH of an HNT and
isocyanate.
Results and discussion

The FTIR spectra of HNTs, pristine MPU, various MPU/HNTs
nanocomposites, and a control sample comprised of a
mixture of HNTs and MDI, are shown in Fig. 1. To help inves-
tigate the interfacial interaction between HNTs and the MPU
matrix, a control sample comprised of a mixture of HNTs and
MDI was prepared by reacting MDI (10 g) with HNTs (2.759 g),
and dispersing in DMAC (20 g) at 82 �C for 3 h. Subsequently,
Table 2 TDID employed as the curing agent

Raw rubber (phr) TDID (phr)

Sample 100 8

77108 | RSC Adv., 2015, 5, 77106–77114
the solvent was evaporated at 100 �C for 6 h in a vacuum oven.
The FTIR spectra of the pristine MPU exhibited characteristic
bands of urethane stretching (N–H) at 3280 cm�1, a combina-
tion of urethane carbonyl (NH–CO–O) and esteric carbonyl (CO–
O) at 1727 cm�1, and a combination of N–H out-of-plane
bending and C–N stretching at 1550–1520 cm�1. Analogously,
a combination of urethane carbonyl (NH–CO–O) and esteric
carbonyl (CO–O) was detected at 1727 cm�1, and N–H out-of-
plane bending was detected at 1516 cm�1 in the control
sample as a result of the generation of urethane bonds, which
conrmed the reaction between NCO groups of MDI and OH
groups of HNTs, as illustrated in Scheme 2. In the HNTs, the
CaO (phr) Precipitated silica (phr) DOP (phr)

3 30 3

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 TGA thermograms of pristine MPU and MPU/HNTs
nanocomposites.
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O–H bonds of the inner hydroxyl groups and outer surface
hydroxyl groups were detected at 3619 and 3695 cm�1, respec-
tively. The HNTs infrared spectrum exhibited absorption bands
around 1034 and 910 cm�1, which were attributed to the Si–O
stretching vibrations and Al–OH vibrations, respectively.44 For
all nanocomposite spectra, the intensities of the absorptions
near 3695 and 3619 cm�1 greatly decreased, which was due to
the reaction of the OH groups of HNTs with the NCO groups of
MDI. Similarly, the NCO group band was not detected at 2300–
2200 cm�1 as a result of complete reaction. The carbonyl
absorption band split into two peaks at 1704 and 1727 cm�1,
corresponding to hydrogen-bonded and free carbonyl groups,
respectively. Aihua et al. reported an equivalent nding.48 The
HNTs were covalently bonded to the PU molecular chains
during the synthesis of the prepolymer, which affected the
phase separation of the segmented polyether PU.

1H NMR spectra further conrmed the structure of the
synthesized pristine MPU, as shown in Fig. 2(A). The urethane
NH proton peak was observed at 9.5 ppm. The aromatic protons
were observed between 7.1 and 7.4 ppm, and the aliphatic CH2

protons were observed at 1.2–4.2 ppm due to different chemical
environments. The structure of the TDID was conrmed by 1H
Fig. 2 1H NMR spectra of (A) pristine MPU and (B) TDID.

This journal is © The Royal Society of Chemistry 2015
NMR spectroscopy, as shown in Fig. 2(B). The CH3 proton peak
of TDI was observed at 2.01 ppm. The signals between 6.40 and
7.00 ppm were ascribed to the proton in the aromatic ring.

The thermal stabilities of pristine MPU and MPU/HNTs
nanocomposites was studied by TGA. As shown in Fig. 3, the
TGA traces primarily indicate a two-step degradation pattern,
which is consistent with the two peaks of the derivative ther-
mogravimetry (DTG) curves shown in the inset of Fig. 3. The
main results containing the onset temperature (Tonset) and the
temperatures of 10% (T10%) and 50% (T50%) weight loss are
presented in Table 3. The degradation of both MPU and MPU/
HNTs nanocomposites occurred above 300 �C, and exhibited
three ranges of weight loss: (i) decomposition due to water
evaporation; (ii) decomposition of urethane linkages into
isocyanate and alcohol with possible formation of primary and
secondary amines; (iii) breaking of the ester bonds of the polyol
so phase of the polyurethane.49–52 No signicant inuence on
the thermal stability of the MPU/HNTs nanocomposites can be
attributed to the presence of HNTs.

Fig. 4 presents the tapping mode AFM phase images of the
pristine MPU and MPU/HNTs nanocomposites. Here, the
lighter regions correspond to the hard phase whereas the darker
regions are representative of the polyol, i.e., the so segments.53

On the surface of MPU, the so segments exist in the concave
regions because the so molecular chains and easy motion
form a continuous phase distribution that surrounds the hard
segments, which exist in the convex regions because of the
Table 3 Thermal properties of pristine MPU and MPU/HNTs nano-
composites, including the onset temperature (Tonset) and the
temperatures of 10% (T10%) and 50% (T50%) weight loss

Samples Tonset (�C) T10% (�C) T50% (�C)

MPU 312 324 360
MPU/HNTs-0.5 303 316 355
MPU/HNTs-1 306 319 363
MPU/HNTs-5 300 315 360

RSC Adv., 2015, 5, 77106–77114 | 77109
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Fig. 6 TEM micrographs of ultrathin cryo-cross-sections of MPU/
HNTs nanocomposites: (A) and (B) HNTs at 1 wt%:, (C) and (D) HNTs at
5 wt%; (E) HNTs alone.

Fig. 5 XRD patterns of HNTs, MPU, and MPU/HNTs nanocomposites
(raw rubber).

Fig. 4 Surface topography (left), phase (middle), and three-dimen-
sional phase (right) diagrams of pristine MPU and MPU/HNTs nano-
composites obtained by AFM: (A) MPU; (B) MPU/HNTs-0.5; (C) MPU/
HNTs-1; and (D) MPU/HNTs-5.
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higher surface energy that forms the dispersed phase distribu-
tion. As HNTs were progressively added into the MPU, the hard
segment regions became increasingly bright. These results
indicate that the HNTs preferentially reinforced the hard
microdomains rather than the so segments of the MPU.
Although the concentration of surface OH groups was small
(due to the hollow tubular shape, the OH groups were mainly
concentrated on the interior of the HNT structure and were also
present on the edges of the nanotubes), particularly when
compared to other aluminosilicates such as montmorillonite,54

the high polarity of the MPU matrix favored this interaction,
and the formed interface was effective.

XRD is an important tool to characterize the structure of
materials. The XRD spectra of HNTs, MPU, and the MPU/HNTs
nanocomposites are presented in Fig. 5. As indicated in the
gure, the pristine MPU matrix presents a very strong, broad
reection at about 2q¼ 20.09�, corresponding to an amorphous
material. For the MPU/HNTs nanocomposites, the new char-
acteristic reections at 2q values of 12� and 30�, which corre-
spond to the HNTs in the MPU matrix (as shown by the circled
regions for MPU/HNTs-5), became broader and the intensity of
the reection increased with increasing HNT loading. There-
fore, the crystal structure of HNTs was not altered by their
incorporation into the MPU matrix.

The TEM micrographs of MPU/HNTs nanocomposites rein-
forced with different wt% HNTs are shown in Fig. 6, from which
can be determined the state of dispersion of HNTs in the MPU
matrix through melt mixing. The low magnication micro-
graphs show that the HNTs are uniformly distributed
77110 | RSC Adv., 2015, 5, 77106–77114
throughout the MPUmatrix, and that the HNTs demonstrate no
signicant tendency toward agglomeration or clustering. At
high magnication, the individual HNTs are clearly observed at
low loading and are well dispersed in theMPUmatrix (Fig. 6(B)).
However, although the HNTs were signicantly dispersed in the
MPU matrix at high HNT content, a highly entangled (inter-
connected) network structure of HNTs is prominently observed
in regions of the MPUmatrix (Fig. 6(D)). Here, the high viscosity
that developed in the high shear internal melt mixing condition
hindered the dispersion of HNTs, resulting in the formation of
HNTs aggregates within the MPU matrix. Such a preferential
distribution further indicates the incorporation of HNTs into
the hard segment domains of MPU due to reaction between the
This journal is © The Royal Society of Chemistry 2015
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OH groups of HNTs and NCO groups of MDI, which also further
implies the presence of a strong interfacial interaction between
HNTs and the MPU matrix. Individual HNTs with a 15 nm
lumen and 30–50 nm external diameter are shown in Fig. 6(E).

The phase separation of MPU resulting from thermodynamic
incompatibility between the so and hard segments plays a key
role in the physical properties. The glass transition temperature
(Tg) of the so segment molecular chains shi to higher
temperatures when the compatibility between so and hard
segments increases and the degree of micro-phase separation
decreases. Thus, the degree of phase separation of materials can
be determined according to the movement about Tg of the so
segment molecular chains. DMA was employed to measure the
tan d (also referred to as the damping) of the materials, and the
results are presented in Fig. 7. Tg was dened as the tempera-
ture at which tan d was a maximum. The Tg values of the MPU/
HNTs nanocomposites are greater than that of the pristine
MPU, and increased with increasing HNT loading. These results
indicate that the HNTs were intensely associated with the hard
segments of the MPU, resulting in a lower fraction of hydrogen
bonded carbonyl groups in the hard segments and a decrease in
the degrees of freedom for the so segment in the nano-
composites. This also conrms that the HNTs were covalently
bonded to the PU molecular chains, resulting in a strong
interfacial interaction between HNTs and the hard segments of
the MPU, which indicates that incorporating HNTs into the
MPU matrix augments its hard segment content. Thus, an
Table 4 Physical and mechanical properties of MPU and MPU/HNTs na

Samples
Tensile strength
[MPa]

Elong
break

MPU 11.1 274
MPU/HNT-
0.5

23.9 389

MPU/HNT-1 24.0 432
MPU/HNT-5 11.0 365

Fig. 7 Damping factor tan d of the MPU and MPU/HNTs nano-
composites (raw rubber) as a function of temperature.

This journal is © The Royal Society of Chemistry 2015
increasing Tg was attributed to the strong interfacial interaction
between hard microdomains and the HNTs, which made the
hard microdomains stiffer. This is particularly evident for 1 and
5 wt% HNT loading, where the Tg of the nanocomposites
respectively increased by 10.1 and 23 �C, relative of the Tg of the
pristine MPU, which further indicates that the OH groups of
HNTs improved compatibility with the MPU. The DMA results
are fully consistent with the results of FTIR and XRD analyses.

The introduction of HNTs as the reinforcing ller in MPU led
to improved tensile strength and elongation at break, as
summarized in Table 4. The tensile strength was increased from
11.1 MPa for pristine MPU to 23.9 MPa for MPU/HNT-0.5, and
further to 24.0 MPa for MPU/HNT-1. Analogously, the elonga-
tion at break was increased from 274% for pristine MPU to
389% for MPU/HNT-0.5, and further to 432% for MPU/HNT-1.
These results indicate that the HNTs preferentially reinforce
the hard segments rather than the so microdomains of the
MPU, contributing toward the large elongation at break of the
nanocomposites. These ndings were consistent with the
results of FTIR and DMA, which implied that the addition of
HNTs reinforced the MPU matrix signicantly. The reason for
the observed reinforcement is because the mechanical proper-
ties of nanocomposites mainly depend on the percolated
particle networks and interfacial interaction between the poly-
mer matrix and the inorganic ller.48 At low HNT loading (below
5 wt%), HNTs were uniformly dispersed in the MPU nano-
composites, and covalent interactions between HNTs and the
hard microdomains of the MPU matrix were formed. To our
knowledge, this is the rst time such enhancement in
mechanical properties has been achieved with only 1 wt% of
nanoscale HNTs reinforcement of a raw rubbery matrix.

As shown in Table 5, Young's modulus and the hardness of
the products employing DCP as the curing agent were increased
because of the increased crosslinking density. In particular, the
Young's modulus of D-MPU/HNT signicantly increased with
increasing HNT content, attaining the largest value of 48.2 MPa
at 5 wt% HNTs, which is more than 7 times greater than that of
MPU/HNT-5. Simultaneously, the tensile strength increased
from 11.0 to 21.1 MPa. The isocyanate curing process involves a
reaction of isocyanate terminal hydroxyl groups with the raw
rubber molecules, which expands the raw rubber molecular
chain, resulting in an increase in the molecular weight. From
Table 6, the Young's modulus and the hardness of the products
employing TDID as the curing agent were signicantly
increased. TDID was added not only to play the role of chain
extender, but also as a curing agent to generate branch chains
nocomposites (raw rubber)

ation at
[%]

Young's
modulus [MPa]

Hardness
[Shore A]

13.5 85
12.8 82

12.8 84
6.2 89

RSC Adv., 2015, 5, 77106–77114 | 77111
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Table 6 Physical and mechanical properties of MPU and MPU/HNTs nanocomposites using TDID as the curing agent

Samples
Tensile strength
[MPa]

Elongation at
break [%]

Young's modulus
[MPa]

Hardness
[Shore A]

T-MPU 16.1 206 63.9 95
T-MPU/HNT-0.5 25.8 227 49.5 93
T-MPU/HNT-1 21.0 264 47.6 97
T-MPU/HNT-5 21.8 271 101.7 99

Table 5 Physical and mechanical properties of MPU and MPU/HNTs nanocomposites using DCP as the curing agent

Samples
Tensile strength
[MPa]

Elongation at
break [%]

Young's
modulus [MPa]

Hardness
[Shore A]

D-MPU 10.4 272 15.2 92
D-MPU/HNT-
0.5

21.7 365 21.4 92

D-MPU/HNT-1 22.9 347 21.5 94
D-MPU/HNT-5 21.1 278 48.2 97
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and increase crosslinking density. It is worth mentioning that
the Young's modulus of T-MPU/HNT attained a highest value of
101.7 MPa at 5 wt% HNTs, which is more than 16 times greater
than that of MPU/HNT-5. Simultaneously, the tensile strength
increased from 11.0 to 21.8 MPa. In addition, according to our
past experience, the introduction of CaO not only removes water
and prevents the formation of bubbles, but can also appropri-
ately increase the hardness of the nanocomposites.

Traditional nanollers include carbon nanotubes (CNTs),
microcrystalline cellulose (MCC), and silicate, and these mate-
rials can enhance numerous polymer properties as well as
generate improved mechanical properties. Numerous investi-
gations have focused on CNTs, which is technologically
demanding to produce in bulk, making it expensive.55 Nano-
composites comprised of multi-wall carbon nanotubes
(MWCNT) and PU have been successfully prepared based on
hydroxy terminated polybutadiene (HTPB) and MWCNTs
prepared according to Shokry et al.56 Mechanical tests have
demonstrated that the addition of MWCNTs improved the
tensile properties, Young's modulus, and the hardness of the
PU matrix without sacricing the elongation at break. In
particular, relative to pristine PU, the addition of 2 wt% pure
MWCNTs increased the tensile strength from 6.03 to 11.94 MPa,
nearly 2 times greater, the elongation at break was increased
from 74.8% to 176.3%, about a 136% increase, and the hard-
ness was increased from 35 A to 44 A. Zahra et al. successfully
prepared novel polyurethane/cellulose hybrid bio-
nanocomposite lms by dispersing MCC in a polyurethane
matrix,57 which improved the mechanical properties signi-
cantly. Relative to pristine PU, the incorporation of 10 wt%MCC
increased the tensile strength of the composites signicantly
from 34 to 145 MPa, whereas the elongation at break was
reduced from 9.8% to 5.8%. Soy polyol-based PU nano-
composites were synthesized with 3-glycidoxypropyltrimethoxy-
silane modied palygorskite (GPTMSPal) by Wang et al.58

Compared to pristine PU, the GPTMSPal/PU nanocomposite
77112 | RSC Adv., 2015, 5, 77106–77114
with 12 m% GPTMSPal exhibited a 13.1 �C increase in Tg. In
addition, the tensile strength was increased from 3.0 to 12.1
MPa, whereas the elongation at break was reduced from 394.6%
to 181.5%. In the present work, HNTs have been shown to offer
an inexpensive, low-tech alternative that is morphologically
similar to MWCNTs. Moreover, with the addition of only 1 wt%
HNTs, we obtained an MPU nanocomposite having a tensile
strength of 24.0 MPa, elongation at break of 432%, and a hard-
ness of 84 A, which surpassed those of conventional raw rubbery
materials. Therefore, HNTs could replace the more expensive
MWCNTs in high-performance polymer nanocomposites.
Conclusions

We have conrmed the synthesis of high tensile strength and
elongation at break MPU nanocomposites by adding very small
amounts of HNTs as a reinforcing ller. The results from AFM
and TEM indicated that HNT llers of a concentration no
greater than 1 wt% were well dispersed within the MPU matrix,
and had good adhesion in the interfacial area owing to the
reaction between OH groups of HNTs and NCO groups of MDI.
A high dispersion state of the HNTs was crucial for improving
themechanical properties. The individual HNTs were covalently
bonded with the hard microdomains of the segmented poly-
ether PU, which affected the phase separation of the nano-
composites, and such nanostructure was crucial for stiffening
and toughening the MPU without reducing its extensibility, as
characterized by FTIR and DMA. With the addition of only 1
wt% HNTs, we obtained an MPU nanocomposite with a tensile
strength of 24.0 MPa and an elongation at break of 432%, which
surpassed those of conventional raw rubbery materials. More-
over, the addition of reinforcing agents was employed to further
enhance the synthetic nanocomposite performance. In partic-
ular, the Young's modulus of D-MPU/HNT signicantly
increased with increasing HNT content, and attained a largest
value of 48.2 MPa at 5 wt% HNTs, which is more than 7 times
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c5ra11605h


Paper RSC Advances

Pu
bl

is
he

d 
on

 0
7 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
n 

D
ie

go
 o

n 
13

/0
9/

20
15

 0
6:

16
:2

4.
 

View Article Online
greater than that of MPU/HNT-5. Similarly, the Young's
modulus of T-MPU/HNT attained a largest value of 101.7 MPa at
5 wt% HNTs, which is more than 16 times greater than that of
MPU/HNT-5. The results of this study are expected to have an
impact on widening the practical use and potential applications
of HNT-based nanocomposite materials such as hot melt
adhesives and TPU.
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