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a b s t r a c t

By reducing the attraction between the platelets of octadecylammonium chloride modified montmoril-
lonite (OMMT-C18) via pre-intercalation of maleated polypropylene (MAPP), OMMT-C18 was exfoliated in
thermoplastic polyurethane (TPU) matrix during melt-mixing. Wide angle X-ray diffraction, transmission
electron microscopy and thermogravimetric analysis were used to investigate the microstructure of TPU
nanocomposites. Three factors (including introducing sequence, the kind and the content of MAPP)
showed important effects on the dispersion degree of OMMT-C18 in TPU matrix. The results confirmed that
the pre-intercalation of MAPP was necessary for the exfoliation of OMMT-C18; however, the role of MAPP
in TPU nanocomposites was different from that in polypropylene nanocomposites. In addition, the
investigation on the morphology evolution of TPU nanocomposites showed that shear force played a key
role in the formation of exfoliated TPU nanocomposites. TPU nanocomposites with exfoliated structure
showed better properties compared with TPU and its nanocomposites with intercalated structure.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

For many of desired benefits of adding fillers to polymers,
improvements are achieved when organically modified montmoril-
lonites (OMMT) are homogeneously exfoliated in polymer matrices
[1–8]. Fig. 1 presents two possible routes to exfoliate OMMT in
a polymer matrix during melt-mixing [9,10]. Generally, the exfolia-
tion of OMMT takes place when the attraction (labeled f1) between
OMMT sheets, such as van der Waals force and electrostatic inter-
action, is broken via molecular diffusion or shear process. The inter-
action (labeled f2) between polymer and OMMT and the melt
viscosity (labeled hm) of polymer matrix are two important factors.
The former is related to the chemical structures of polymers and the
modifiers, and the modifier content in the OMMT.

Balazs et al. proposed the certain types of polymers facilitating
the penetration into the gallery of OMMT [9]. These polymers
contain a fragment highly attracted to OMMT sheets and a longer
fragment not attracted to the MMT sheets, which attempt to gain
entropy by pushing the sheets apart. In this case, the exfoliated
structure can be created via the diffusion of polymer (Fig. 1a).
ax: þ86 431 85262827.
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Otherwise the mixture will be immiscible or forms an intercalated
structure. For instance, polypropylene (PP) has no fragment
attracted to OMMT layers, consequently the mixture of PP and
OMMT is immiscible; whereas polyamide-12 has stronger attraction
with OMMT layers but shorter hydrophobic fragment, and thus only
intercalated structure is created via the molecular diffusion [10]. In
the latter case, the intercalated structure results from the binding of
the polymer between two surfaces [9,11]. However, the exfoliated
structure is created when f1 is broken by a shear force [10]. Stronger
f2 between OMMT and polymers and higher hm favor the exfoliation
of clay sheets (Fig. 1b). In some case, the interaction between
alkylammonium ion modified OMMT and polar polymers is weaker,
and the fragment not attracted to the layers is shorter, such as
thermoplastic polyurethane (TPU). Therefore, it is difficult that
OMMT modified by alkylammonium ion is directly exfoliated in TPU
matrix via molecular diffusion or even shear process [12,13].

A conventional strategy for the exfoliation of OMMT in TPU
matrix is to increase the f2 for promoting the transfer of shear
stress. In the previous reports, OMMT modified with alkyl tallow
quaternary ammonium ion could not be exfoliated in TPU matrix,
whereas OMMT modified by the surfactant containing hydroxyl
group (such as Cloisite 30B (30B)) was exfoliated in TPU matrix by
melt-mixing [12–14], attributed to the stronger f2 between 30B and
TPU [15]. Another feasible strategy is to decrease the f1 for reducing
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Fig. 1. The scheme of exfoliation process of OMMT. f1: the attraction between OMMT
sheets; f2: the interaction between OMMT and polymer; hm: the melt viscosity of
polymer matrix.
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the resistance of the exfoliation of platelets under shear stress.
Previous researches have showed that the f1 weakened as the
interlayer distance increased [16,17]. The expansion of interlayer
distance is habitually obtained by the modification of quaternary
ammonium salts, and the increase of content and tallow number of
the surfactant benefits the expansion of gallery [18,19]. However,
the alkyl chains of surfactant weaken the f2 and then decrease the
transfer of shear stress [19], thus the f2 is not large enough to
overcome the f1 by simply increasing the contents of alkylammo-
nium ions in the OMMT.

In this work, we demonstrated a novel methodology for the
exfoliation of OMMT modified by alkylammonium ion in TPU
matrix via reducing the f1 by introducing a functionalized polymer
into the interlayer of OMMT. Introducing maleated polypropylene
(MAPP) was an appropriate choice to accomplish a larger interlayer
distance because the molecular structure of MAPP contains anhy-
dride group highly attracted to OMMT sheets and a longer non-
polar fragment not attracted to the MMT sheets. Moreover, there
are some compatibility between MAPP and TPU due to strong
interactions, such as hydrogen bonding [20] and chemical reaction
[21], which can transfer the shear stress provided by TPU matrix to
OMMT. In addition, blending two or more polymer is a technique
for balancing properties [22,23]. In the case of TPU, the addition of
polyolefin in TPU can reduce the cost and improve thermal stability,
mechanical properties (e.g., modulus, strength), and processing
performance of TPU [20,24,25]. Thus the introducing MAPP might
promote not only the dispersion of OMMT but also the properties of
TPU matrix. A recent report has showed that adding MAPP could
improve not only the dispersion of OMMT (such as Cloisite 25A and
30B) in TPU matrix during melt-mixing but also the mechanical
properties of the resultant TPU nanocomposites [26]. Unfortu-
nately, the effects of introducing sequence of MAPP, the kind and
the content of MAPP on the dispersion degree of OMMT in TPU
matrix were not studied. According to the results of transmission
electron microscope (TEM) and wide angle X-ray diffraction
(WAXD) in this work, the above three factors showed important
effects on the dispersion degree of OMMT-C18 in TPU matrix.
Moreover, based on the chemical and physical effects of OMMT-C18
on the polymers, thermogravimetric analysis (TGA) was developed
to characterize the microstructure of ternary composites, which
provided more detailed information of morphology.
2. Experimental section

2.1. Materials

Naþ-montmorillonite (MMT, with a cation exchange capacity
(CEC) of 119 meq/100 g) used in this work was from Kunimine Co.
Octadecylamine was from Wako Pure Chemical Industries Co.
Thermoplastic polyurethane (TPU, Mw¼ 177 000) was purchased
from Urethane Company at Yantai. The TPU consists of a 1000 g/mol
poly(tetramethylene oxide) (PTMO) soft segment with a 4,40-
methylene diphenyl diisocyanate (MDI) and 1,4-butanediol (BDO)
hard segment. The hard segment concentration is 55 wt%, and the
shore hardness is 85A. Two maleated polypropylenes (MAPP) with
4.6 and 2.3 wt% of MA group were supplied by Sanyo Co., and labeled
as MAPP-1010 (Mw¼ 30 000) and MAPP-1001 (Mw¼ 40 000),
respectively. All the materials were dried in a vacuum oven at 80 �C
for 12 h before using.

2.2. Sample preparation

Modified MMT by octadecylammonium chloride (OMMT-C18)
was synthesized as described in our previous papers [18,27]. The
octadecylammonium chloride loading with 100% CEC was added in
the process of modification, and the surfactant adsorption level was
65.4% CEC according to the thermogravimetric analysis. The pre-
mixtures of MAPPs and OMMT-C18 were prepared at 185 �C in
a Brabender with a rotating speed of 100 rpm for 15 min. The
resultant pre-mixtures with different composition by weight were
labeled as P-1 (MAPP-1010/OMMT-C18¼ 2/1), P-2 (MAPP-1001/
OMMT-C18¼ 2/1), P-3 (MAPP-1010/OMMT-C18¼ 1/1) and P-4
(MAPP-1001/OMMT-C18¼ 4/1), respectively. OMMT-C18 or the
pre-mixtures were melt-mixed with TPU at 185 �C in a Brabender
with a rotating speed of 100 rpm for 10 min. The neat TPU under-
went the same process with the blend samples. In order to inves-
tigate the effect of MAPP, TPU composites were prepared via
different mixing sequences. Composite-1: OMMT-C18 mixed with
TPU; Composite-2: OMMT-C18 premixed with MAPP-1010 and then
mixed with TPU; Composite-3: OMMT-C18, MAPP-1010 and TPU
mixed simultaneously; Composite-4: OMMT-C18 premixed with
TPU firstly and MAPP-1010 was introduced; Composite-5: MAPP-
1010 premixed with TPU and the blend was compounded with
OMMT-C18. All TPU composites contained 5 wt% of OMMT-C18 and
10 wt% of MAPP.

2.3. Characterization

Wide angle X-ray diffraction (WAXD) was carried out with
a Rigaku model D max 2500 with a Cu Ka radiation. The morphol-
ogies of the composites were observed by transmission electron
microscope (TEM, JEOL2010) on microtome sections of the
composites. Ultrathin sections were cryogenically cut at a tempera-
ture of �80 �C using a Leica Ultracut. The ultrathin sections of TPU
composites were slightly stained by RuO4 vapor at 30 �C for 3 h to
enhance the phase contrast. Fourier transform infrared spectroscopy
(FTIR) was performed on BRUKER Vertex 70 at a resolution of 2 cm�1.
Thermogravimetric analysis (TGA) was carried out with SDT Q600
under N2 with a heating rate of 10 �C/min, and the TPU composites
were extracted by tetrahydrofuran (THF) in a Soxhlet apparatus for
48 h to get rid of TPU chains not tethering on OMMT layers. Static
mechanical properties were measured with Instron 1121 tensile
testing machine, and the crosshead rate was set at 20 mm/min, the
testing bars were prepared by compression molding. For each data
point, five samples were tested and the average value was taken. The
oxygen transmission rate was measured with a G.T.R. measurement
apparatus K-315-N-03 at 30 �C, and the thickness of sample was
about 30 mm. All the samples were dried in a vacuum oven at 80 �C
for 12 h before characterization.

3. Results and discussion

The results of WAXD prove that the OMMT modified by octa-
decylammonium chloride (OMMT-C18) cannot be directly exfoli-
ated in TPU matrix (Fig. 2). Although the chains of TPU quickly



Fig. 2. WAXD profiles of TPU/OMMT-C18 nanocomposites mixed for different times.

X. Meng et al. / Polymer 50 (2009) 3997–4006 3999
intercalate into the interlayers of OMMT-C18, the interlayer
distance remains unchanged as the mixing time increases. Ulti-
mately only intercalated structure is obtained when processed for
40 min. It confirms that the TPU cannot break the f1 between
OMMT-C18 sheets to exfoliate the platelets.
3.1. The effect of introducing sequence of maleated polypropylene
(MAPP)

In order to reduce the f1 of OMMT-C18 and finally realize the
exfoliation of the OMMT-C18 in TPU matrix, a kind of MAPP with
4.6 wt% MA (MAPP-1010) is introduced to promote the formation of
exfoliated TPU nanocomposite. Four introducing sequences of MAPP
(see Experimental section) are applied to adjust the f1 between the
platelets and the hm of polymer matrix, which are profitable to gain
insight into the effects of these parameters on the microstructure of
TPU nanocomposites.

3.1.1. Investigation on microstructure of the composites by means of
WAXD and TEM

The WAXD profiles and the morphologies of the composites
compounded by different sequences are compared in Fig. 3. The
Fig. 3. WAXD profiles and TEM images of TPU nanocomposites prepared by different mi
(e) Composite-4; (f) Composite-5.
weight ratio of OMMT-C18 and MAPP-1010 is 1:2. When MAPP-
1010 is not introduced into the system (Composite-1), only inter-
calated structure is obtained, and many larger aggregates exist in
the matrix (Fig. 3b). When OMMT-C18 is pre-mixed with MAPP-
1010 (the pre-mixture is labeled as P-1), the best dispersion is
achieved (Composite-2). The (001) diffraction peak of OMMT-C18
disappears in WAXD profile and the MMT platelets are exfoliated
homogenously (Fig. 3c). In this case, the chains of MAPP-1010 in P-1
can sufficiently intercalate into the galleries and the larger inter-
layer distance is achieved, accordingly the f1 is lower. Therefore the
shear stress transferred from TPU matrix can overcome the f1 easily.
The samples for TEM observation are also slightly stained by RuO4

to discern different polymer phases (Fig. 4). In these TEM images,
besides MMT phase, MAPP-1010 phase (bright island-like region)
can be further distinguished from TPU phase (dark sea-like region).
Fig. 4a suggests that many exfoliated platelets in Composite-2
contact with both TPU phase and MAPP-1010 phase at the same
time. The high-magnification image distinctly shows that one side
of the sheet is located in MAPP-1010 phase and the other side in
TPU phase (Inset in Fig. 4a). Clearly, owing to the favorable inter-
action between OMMT-C18 and MAPP-1010 [28], the platelets still
contact with MAPP-1010 phase when the exfoliation is achieved.

When OMMT-C18, MAPP-1010 and TPU are mixed simulta-
neously (Composite-3), a weaker broad diffraction peak appears in
the WAXD profile. In the TEM image, exfoliated and intercalated
states coexist in the matrix (Fig. 3d). Both MAPP-1010 and TPU have
favorable interaction with OMMT-C18 and can intercalate into the
interlayers quickly, thereby many OMMT-C18 platelets exist at the
interface between MAPP-1010 phase and TPU phase (Fig. 4b).
Owing to lower content of MAPP-1010 in the system, however, the
intercalation probability of MAPP-1010 should be lower than that of
TPU. Meanwhile the strong interaction between MAPP and TPU
makes further intercalation of some MAPP-1010 chains difficult.
Therefore the intercalated levels of OMMT-C18 are discrepant, and
different interlayer distances appear in the composite. Some
particles with larger interlayer distance are exfoliated, whereas the
particles with smaller interlayer distances still exist as intercalated
states.

When OMMT-C18 is pre-mixed with TPU and then MAPP-1010
is introduced (Composite-4), a stronger broad diffraction peak
appears (Fig. 3e). As the interlayer distance of OMMT-C18 does not
change after some TPU chains intercalate into the galleries in TPU
matrix (Fig. 2), the broad peak should mainly stem from the
xing sequences. (a) OMMT-C18; (b) Composite-1; (c) Composite-2; (d) Composite-3;



Fig. 4. TEM images of TPU composites stained by RuO4. (a) Composite-2; (b) Composite-3; (c) Composite-4; (d) Composite-5.
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intercalation of MAPP-1010. MAPP-1010 with a lower molecular
weight can interact with the surface of OMMT-C18 and even react
with the surfactant of OMMT-C18 [28]. Although TPU is not
miscible with MAPP-1010 at molecular level, there is still the
compatibility between TPU and MAPP-1010 resulting from the
presence of the strong interaction. Thus some chains of MAPP-1010
can intercalate into the galleries occupied by TPU chains. A similar
phenomenon has been reported in poly(ethylene oxide)/poly-
(methyl methacrylate)/OMMT system [29]. The following results of
thermogravimetric analysis (TGA) also prove the intercalation of
MAPP-1010 in this case. However the amount of MAPP-1010
intercalating into the interlayers is smaller. TEM image shows that
most of OMMT-C18 platelets exist in TPU phase and some OMMT-
C18 platelets exist at the interface between TPU phase and MAPP-
1010 phase (Fig. 4c). A small amount of intercalated MAPP has no
contribution to the exfoliation as the achievement of larger
distance is difficult in this case.

When MAPP-1010 and TPU are pre-mixed (Composite-5), the
interlayer distance of OMMT-C18 is the same as that of Composite-1.
But the particles are very inhomogeneous, and some particles are
even larger than those in OMMT-C18/TPU system (Fig. 3). Most of
MA groups in the MAPP form hydrogen bond and/or even react with
the functional groups (such as NH) in the chains of TPU after pre-
mixing with TPU for a longer time at high temperature [20,21]. As
a result, few of anhydride groups in MAPP-1010 can interact with
OMMT-C18. In this case, almost no MAPP-1010 intercalates into the
galleries of OMMT-C18 that is dispersed in TPU matrix. The high-
magnification TEM images show no OMMT-C18 platelets in MAPP-
1010 phase (Fig. 4d). Thus only TPU chains intercalate into the
galleries, and the interlayer distance is the same as that of
Composite-1. In addition, because the hm of MAPP-1010/TPU blend
is lower than that of neat TPU (Fig. 5), the shear stress provided by
the matrix will weaken [30]. In this case, all MAPP-1010 molecules
reside in the TPU phase, thus the hm is the lowest among these
composites. The smallest interlayer distance and the weakest shear
stress provided by the matrix result in the poor dispersion of
OMMT-C18 in TPU matrix.



Fig. 6. Scheme of morphology evolution of TPU composites prepared with different mixing sequences.

Fig. 7. Differential thermogravimetric (DTG) plots. Curves: A. TPU; B. MAPP-1010; C.
P-1; D. MAPP-1010/TPU blend; E. Composite-2; F. Composite-3; G. Composite-4; H.
Composite-5. E, F, G, H in (a) are the samples before extraction with THF; E, F, G, H, in
(b) are the samples after extraction with THF. Insets in (a), M-1: MAPP-1010/OMMT-
C18¼ 1/1 physical mixture at room temperature (by weight); M-2: (TPU/OMMT-C18
composite)/MAPP-1010¼ (40/10)/50 physical mixture at room temperature (by
weight).
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Based on the above results, the microstructural schemes of TPU
composites prepared by different compounding sequences are
summarized in Fig. 6. When MAPP-1010 is not introduced into the
system, only intercalated structure is obtained. When OMMT-C18 is
pre-mixed with MAPP-1010, the best dispersion is achieved. When
OMMT-C18, MAPP-1010 and TPU are mixed simultaneously, exfo-
liated and intercalated states coexist in the matrix. When OMMT-
C18 is pre-mixed with TPU and then MAPP-1010 is introduced,
a small amount of intercalated MAPP has no contribution to the
exfoliation as the achievement of larger distance is difficult in this
case. When MAPP-1010 and TPU are pre-mixed, only TPU chains
intercalate into the galleries and the dispersion of OMMT-C18 is
poor.

3.1.2. Investigation on microstructure of the composites by
means of TGA

TGA is employed to further confirm these microstructures.
Generally OMMT has two effects on the thermal degradation of
polymers, i.e. physical barrier effect and chemical effect. The MMT
platelets can delay the volatilization of degradation products of
polymers, and thereby the temperature of weight loss will rise
[31,32]. However, the acidic sites on the OMMT, formed by
decomposition of the surfactants, can accelerate the degradation of
polymer [33–35], and the temperature of weight loss will reduce.
Comparing with the physical barrier effect, the chemical effect of
OMMT on the degradation of polymer mainly depends on the direct
contact between two components. Therefore the variety of
morphology in the composites will result in the different behaviors
of weight loss.

In the differential thermogravimetric (DTG) plots (Fig. 7), the
neat TPU (curve A in Fig. 7a) shows two maximum temperatures of
weight loss (Tmax), and the one at lower temperature is caused by
the degradation of hard segment, and the soft segment is respon-
sible for the other one [36]. When TPU is mixed with MAPP-1010,
the degradation peak of hard segment splits into two peaks, and
Tmax of the soft segment remains unchanged (curve D in Fig. 7a). It
suggests that MAPP accelerates the degradation of hard segment
due to possible chemical reaction of NH group with anhydride group
of MAPP [21], and accordingly Tmax of the hard segment interacting
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with MAPP-1010 decreases, whereas MAPP-1010 has no effect on
the soft segment. In the TPU composites (curves E–H in Fig. 7a), the
Tmax of hard segment further decreases comparing with that of
MAPP/TPU blend, whereas the Tmax of soft segment increases.
Owing to the stronger interaction between OMMT and the hard
segment, the most OMMT platelets contact with the hard segment
of TPU, thus the acidic sites of OMMT-C18 accelerate the degradation
of hard segment. However the chemical effect of OMMT has no
effect on the soft segment, and the physical barrier of MMT platelets
plays a dominating role during the degradation of soft segment, so
the Tmax of soft segment increases. Tmax of MAPP-1010 in P-1
decreases comparing with neat MAPP-1010 (curve B vs. C in Fig. 7a),
suggesting that the chemical effect of OMMT-C18 plays a domi-
nating role in the system. Even if OMMT-C18 is not pre-intercalated
by MAPP-1010 chains, OMMT-C18 also accelerates thermal degra-
dation of MAPP-1010, which is proved by DTG plot of the physical
mixture of MAPP-1010 and OMMT-C18 with the same composition
as P-1 (M-1) prepared at room temperature (the inset of Fig. 7a). The
Tmax of MAPP-1010 in M-1 shifts to lower temperature, similar to
that of P-1. However, the degradation of MAPP is not influenced
when OMMT-C18 is surrounded by TPU chains. In the DTG plot of
the mixture of TPU/OMMT-C18 composite and MAPP-1010 at room
temperature (M-2), a broad peak appears ranging from 400 to
500 �C, which results from the weight loss of both the soft segment
of TPU and MAPP-1010. The physical barrier of MMT platelets results
in the increase of Tmax of the soft segment comparing with neat TPU.
Owing to the surrounding of TPU chains, the acidic sites on the
OMMT-C18 have no influence on MAPP-1010, thus the Tmax of
MAPP-1010 in M-2 is the same as that of neat MAPP-1010.

Owing to the lower content of MAPP, the peaks of MAPP-1010 in
the DTG plots of TPU composites are weak (curves E–H in Fig. 7a),
thereby these composites were extracted by tetrahydrofuran (THF)
to get rid of TPU chains not tethering on OMMT-C18 platelets, and the
morphological scheme after extraction is also shown in Fig. 6. In the
DTG plots (Fig. 7b), the peaks of TPU chains in the range from 310 �C
to 450 �C disappear, and the peak of MAPP-1010 is shown distinctly.
The Tmax of MAPP-1010 in the extracted TPU composites increases for
different levels comparing with neat MAPP-1010. The difference of
Tmax should be ascribed to the discrepant physical barrier and
chemical effect of MMT platelets in these composites. Although the
best dispersion of OMMT-C18 can result in the obvious physical
barrier effect in Composite-2, unfortunately the chemical effect of
OMMT-C18 on the degradation of MAPP is also the strongest in this
case since many OMMT-C18 platelets still contact with MAPP-1010
when the exfoliation is achieved (Fig. 4a). Ultimately the increase of
Tmax is the smallest in all the composites. In Composite-3 and
Composite-4, less MAPP-1010 contact with OMMT-C18 platelets, and
the chemical effect of OMMT-C18 is weaker, consequently the Tmax of
MAPP-1010 is higher comparing with that in Composite-2. In
Composite-5, almost no MAPP-1010 can contact with OMMT-C18,
thus OMMT-C18 has only physical barrier effect on MAPP-1010.
Therefore the Tmax of MAPP-1010 has an obvious increase in spite of
the poor dispersion of OMMT in this case.

The degradations ranging from about 270–290 �C in curves E–H
of Fig. 7b should result from the TPU chains tethering on the surface
of OMMT-C18 (The Tmax of OMMT-C18 is about 380 �C). Owing to
high weight ratio of OMMT-C18 to TPU in the extracted composites,
both the hard segment and the soft segment of TPU tethering on
OMMT-C18 platelets are influenced by the acidic sites of OMMT-C18.
Thus the peaks of hard segment and soft segment combine to one
peak, which has been further proved by the degradation of TPU/
OMMT-C18¼ 1/4 (by weight) composite. Owing to higher content of
OMMT-C18 in TPU/OMMT-C18¼ 1/4 composite, most of TPU chains
intercalate into the galleries of OMMT-C18. In this case, the degra-
dation processes of both the hard segment and the soft segment can
be strongly influenced by OMMT-C18, thus TPU has only one peak of
weight loss. In Composite-2, the OMMT-C18 platelets are exfoliated
and the contact area between OMMT-C18 and TPU is the largest,
thus the chemical effect of OMMT-C18 is the most remarkable, and
the Tmax of TPU is the lowest in this composite. In contrast, the
dispersion state of OMMT-C18 in Composite-5 is the poorest among
all TPU composites, and the contact area between OMMT-C18 and
TPU is the smallest. Therefore the chemical effect of OMMT-C18 is
the weakest, and the Tmax of TPU is the highest in this composite.
TGA results are consistent with those of WAXD and TEM, which
further discern the morphologies of TPU composites.

3.2. The effects of the kind and the content of MAPP

The above results suggest that the pre-intercalation of MAPP is
necessary to the formation of exfoliated OMMT-C18 in TPU matrix.
However, the pre-intercalation of MAPP will be influenced by
grafting degree of MA group, hm (melt viscosity) and the content of
MAPP. The interaction between MAPP and OMMT-C18 is the ther-
modynamic driving force for the intercalation of PPMA. The lower
hm will provide a favorable environment for molecular diffusion.
The variation of these factors will result in the difference of f1 and
f2 shown in Fig. 1, which will influence the dispersion state of
OMMT-C18. As a control, MAPP with 2.3 wt% MA (MAPP-1001) was
also used to prepare a pre-mixture of MAPP-1001/OMMT-C18¼ 2/1
(by weight) (P-2). The molecular weight of MAPP-1001 is higher
than that of MAPP-1010, meaning that the molecular diffusion of
MAPP-1001 is more difficult comparing with MAPP-1010 due to
higher hm (Fig. 8). More importantly, the higher MA content in
MAPP-1010 promotes the intercalation of MAPP-1010 into the
galleries of OMMT-C18 due to the stronger interaction between
MAPP-1010 and OMMT-C18. Therefore the larger interlayer distance
is achieved in P-1 comparing with P-2, and the f1 is smaller in the
P-1. WAXD results show that the (001) diffraction peak of OMMT-
C18 disappears after mixing P-1 with TPU for 10 min, but the posi-
tion of the (001) diffraction peak for OMMT-C18 remains unchanged
after mixing P-2 with TPU under the same mixing conditions (Fig. 9a
and b). Meanwhile TEM images show that the OMMT-C18 platelets
are exfoliated homogeneously in TPU/P-1 composite, whereas many
intercalated structure still exist in TPU/P-2 composite (Fig. 9a and b).
It can be ascribed to the following reasons. On one hand, OMMT-C18
could be exfoliated easily in TPU/P-1 composite due to smaller f1. On
the other hand, more MA groups of MAPP-1010 strengthen the f2
due to hydrogen bonding and/or even chemical reaction between



Fig. 9. WAXD profiles and TEM images of the pre-mixtures of MAPP with OMMT-C18 and TPU nanocomposites. (a) A. P-1, B. TPU/P-1; (b) A. P-2, B. TPU/P-2; (c) A. P-3, B. TPU/P-3;
(d) A. P-4, B. TPU/P-4.
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the MA group of MAPP and the NH group of TPU [20,21]. The
formation of hydrogen bonding is evidenced by FTIR spectra
(Fig. 10). In Fig. 10a, the absorption peak for NH group in TPU is
observed at 3323 cm�1 [12]. When TPU is mixed with MAPP, a peak
at 3299 cm�1 appears, indicating the formation of hydrogen
bonding between MAPP and TPU. During the mixing process, some
NH groups form hydrogen bonding with MA groups and the cor-
responding peak shifted to lower wavenumber. Moreover the peak
Fig. 10. FTIR spectra of TPU (a), MAPP-1001/TPU¼ 10/85 (by weight) (b) and MAPP-
1010/TPU¼ 10/85 (by weight) (c).
at 3299 cm�1 strengthens as the content of MA group increases,
meanwhile the peak at 3323 cm�1 weakens (Curve c vs. Curve b in
Fig. 10). Thus more hydrogen bonding has been formed between
MAPP-1010 and TPU, and accordingly f2 in the composite containing
P-1 is larger than that in the composite containing P-2.

To further testify the roles of f1 and f2, OMMT-C18 is pre-mixed
with MAPP-1010 in a weight ratio of 1:1 (P-3). Fig. 9c shows that the
interlayer distance of OMMT-C18 in P-3 is smaller than that in P-1
due to lesser content of MAPP, and consequently f1 in P-3 is larger.
When P-3 is mixed with the TPU, intercalated structure is obtained,
and the size of OMMT-C18 dispersed phase is obviously larger than
that in TPU/P-1 system. It proves that the larger interlayer distance
weakens f1, benefiting the exfoliation of OMMT-C18. In addition,
OMMT-C18 is pre-mixed with MAPP-1001 in a weight ratio of 1:4 (P-
4), and the same interlayer distance as that in P-3 is obtained
(Fig. 9d). In this case, f1 will be the same in both systems [16], thus the
effect of f2 can be verified. When mixing with TPU, the dispersion of
OMMT-C18 is very inhomogeneous, and the sizes of OMMT-C18
dispersed phase are large in TPU/P-4 composite. It can be attributed
to the weaker f2 in TPU/P-4 composite due to the less content of MA
group in the MAPP-1001. Therefore the dispersion of OMMT-C18 is
poor in TPU/P-4 composite. The results suggest that the weaker f1
and stronger f2 facilitate to the exfoliation of OMMT-C18.
3.3. The exfoliation process of OMMT-C18 in TPU matrix

To discern the exfoliation process, the intermediate states of
TPU/P-1 nanocomposite are characterized (Fig. 11). With the
increase of mixing time, the interlayer distance of OMMT-C18



Fig. 11. WAXD profiles and TEM images of TPU/P-1 nanocomposites mixed for different times.
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remains unchanged, whereas the intensity of (001) diffraction peak
weakens gradually and disappears finally at 10 min of mixing time.
It suggests that the further molecular diffusion of TPU is not a main
factor for the exfoliation of OMMT-C18. Otherwise the interlayer
distance of OMMT-C18 will increase with mixing time. Moreover,
the further diffusion of MAPP does not occur during the mixing
process, supported by no change of the interlayer distance during
prolonging mixing time for preparing P-1. The interlayer distance
remains unchanged when the processing time is prolonged from 15
to 25 min, suggesting that no more intercalation occurs after an
amount of MAPP-1010 diffuses into the galleries of the organoclay.
Fig. 12. TEM images of TPU/P-1 nanocomposites mixed for different times stained by RuO4. (
of (b).
According to the comparison of TEM images (Fig. 11), the thickness
of dispersed phase reduces gradually under the shear field. Finally,
the platelets of OMMT-C18 are exfoliated homogeneously. In TEM
images of the samples slightly stained by RuO4 (Fig. 12), some
platelets of OMMT-C18 have been exfoliated in TPU matrix when
mixed for 5 min (Fig. 12a), and the platelets in P-1 particle enter
TPU matrix under shear field (Fig. 12c). When mixed for 10 min,
most of OMMT-C18 platelets are exfoliated in TPU matrix, and many
platelets still contact with MAPP-1010 phase (Fig. 12b and d). These
results confirm that shear stress is a main factor for the formation of
exfoliated TPU nanocomposites. Very interestingly, the main role of
a) 5 min; (b) 10 min; (c) high-magnification image of (a); (d) high-magnification image



Table 1
Mechanical properties and oxygen permeability of TPU nanocomposites.

Modulus
(MPa)

Strength
(MPa)

Elongation
at break (%)

Oxygen permeability
(cm3(STP)cm/cm2 s cm Hg)

TPU 43� 1.3 34.7� 1.4 987� 35 2.95� 0.02
TPU/MAPP 54.1� 3.5 32.9� 1.6 872� 42 –
Composite-1 73.6� 3.1 36.9� 1.6 980� 40 2.46� 0.03
Composite-2 103.4� 3.7 35.9� 1.3 864� 31 2.22� 0.03
Composite-3 86.7� 3.4 32.1� 1.5 781� 45 2.37� 0.03
Composite-4 72.1� 4.1 27.1� 1.3 712� 43 2.45� 0.03
Composite-5 75.1� 3.2 27.3� 1.4 745� 40 –
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MAPP in TPU nanocomposites is different from that in PP nano-
composites. In PP nanocomposite, MAPP mainly promotes the
compatibility between OMMT and PP [37,38]. However, the
compatibility between TPU and OMMT is also good, thus MAPP is
not a compatibilizer in TPU nanocomposites. In this case, the
intercalation of MAPP weakens the attraction between OMMT
platelets, making the platelets exfoliated under shear field.
3.4. The correlation between morphology and properties

The morphology of nanocomposites has a direct effect on the
properties, such as mechanical properties and gas permeability.
Table 1 shows the mechanical properties and the oxygen perme-
ability of TPU composites. When MAPP-1010 is blended with TPU,
the modulus increases, but the strength and the elongation at break
decrease slightly, meaning that MAPP-1010 influences the
mechanical properties of TPU. The moduli of TPU composites
improve remarkably comparing with neat TPU, but the different
dispersion states of OMMT-C18 result in the discrepancy of
mechanical properties. In Composite-2, the platelets of OMMT-C18
are homogeneously exfoliated, and the effective aspect ratio of
OMMT-C18 is larger, which greatly improves the modulus of TPU. As
expected, the modulus increment of Composite-2 is the largest
among these composites. In Composite-3, the intercalated and
exfoliated states coexist; accordingly the modulus increment is
obviously smaller than that of Compostie-2. In Composite-4 and
Composite-5, the introducing of MAPP-1010 has no contribution to
the dispersion of OMMT-C18, thus the moduli of these composites
are lower than those of Composite-2 and Composite-3. Moreover,
the dispersion of MAPP-1010 in Composite-4 is also inhomogeneous
(Fig. 4c), and MAPP-1010 has little contribution to the modulus, thus
the modulus of Composite-4 is similar to that of Composite-1.

The tensile strength and the elongation at break of the composites
containing MAPP-1010 are smaller than those of Composite-1
because the introducing of MAPP with low molecular weight will
decrease the strength and the elongation at break. However, the
strength and the elongation of Composite-2 are obviously higher than
those of other composites containing MAPP-1010, especially than
Composite-3 in which TPU chains experience the same processing
time as Composite-2, indicating the good dispersion of OMMT-C18
promotes the strength and the elongation of TPU composites.
However, owing to chemical effect of OMMT on the degradation of
polymers [33–35], the tensile strength and the elongation at break
decrease or only slightly increase compared with neat TPU.

The gas transmission rate of nanocomposites depends on the
dispersion state of OMMT-C18 [39,40]. The barrier property of TPU
composites becomes better with the increase of the exfoliated level
of OMMT-C18 (Table 1). The aspect ratio of dispersion phase
augments with the increase of exfoliated level of OMMT-C18, and the
path for gas passing is more tortuous when the platelets are exfoli-
ated, thus the oxygen transmission rate will decrease. For example,
the platelets of OMMT-C18 are exfoliated in Composite-2, whereas
only intercalated state is obtained in Composite-1. Therefore the
oxygen transmission rate of Composite-2 is lower than that of
Composite-1. The results suggest that the appropriate introduction
of MAPP can optimize the dispersion state of OMMT and thus
improve the properties of TPU materials.

4. Conclusion

An effective strategy of exfoliating OMMT by pre-intercalation of
a polymer with a lower molecular weight is demonstrated in TPU
nanocomposites. The larger interlayer distance of OMMT-C18 ach-
ieved by the pre-intercalation of MAPP results in the formation of
exfoliated TPU nanocomposites, arising from effectively decreasing
the attraction between OMMT-C18 platelets. Consequently the
platelets of OMMT-C18 can be easily exfoliated in TPU matrix under
shear field. The appropriate molecular structure and melt viscosity
of MAPP insure the effective intercalation. The shear force domi-
nates the exfoliation process, and the adequate interaction between
MAPP-1010 and TPU is necessary to transfer the shear force in the
process of exfoliation. Therefore the larger interlayer distance
achieved by the pre-intercalation of the introduced polymer, and
the favorable interaction between this polymer and the matrix are
the precondition of the strategy for exfoliation. The above results
will lay a foundation of further exploration for fabricating the
nanocomposites with exfoliated structure.
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