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Abstract
The effect of drawn orientation on crystalline fluorinated polymer/carbon nanotube 
nanohybrids was investigated. Single-walled carbon nanotubes (SWCNTs) were sur-
face-modified with long-chain phosphonic acids, thus imparting heat-resistant/non-
desorption properties. Polyvinylidene fluoride (PVDF) was used as the crystalline 
fluorinated polymer and a polypropylene (PP) matrix as the crystalline hydrogenated 
polymer, for comparison. In the nanocomposite preparation, PVDF was combined 
with phosphonic acid-modified SWCNT containing fluorocarbon chains, and PP was 
combined with phosphonic acid-modified SWCNT containing hydrocarbon chains. 
Nanocomposite preparations of organo-SWCNTs with an affinity for the polymer 
matrix were achieved by a simple melt-compound method. These nanocomposites 
were uniaxially drawn at high temperatures near its melting point, and the organo-
SWCNTs were aligned in the polymer matrix along the drawn direction. The lamel-
lae in the fluorinated polymer-based nanohybrids were aligned parallel to the drawn 
direction at 5 × drawing, and converted to a herringbone arrangement with a left–
right tilting at 7 × to 9 × drawings. As a result, it was clarified that the addition of a 
small amount of SWCNT leads to an improvement of crystallinity, crystallization 
temperature, lamella thickness, and mechanical properties of the nanocomposites.
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Introduction

Controlling the structure on the nanometer level via the orientation effect has the 
potential to innovatively improve the physical properties of materials [1, 2]. There-
fore, when rod-shaped, needle-shaped, and/or tubular nanofillers with a shape that 
has developed in the long-axis direction are oriented, it can be expected that a 
function that is specifically enhanced in the orientation direction is expressed [3, 
4]. In the field of polymer composite materials [5, 6], single-walled carbon nano-
tubes (CNTs) [7, 8] may be considered as one of these specially shaped nanofill-
ers. Although the excellent functionalities of CNTs are too prominent and elaborate, 
they are allotropes of nanocarbon materials [9, 10], like fullerenes and graphenes. 
Further, the CNT is a single-layer or multi-layer coaxial tubular material made of 
a six-membered carbon-ring network/graphene sheet [11, 12]. Since there are too 
many reports on material development utilizing high conductivity, thermal conduc-
tivity, and heat resistance in addition to the morphological characteristics of thin, 
long, and flexible CNTs, it cannot be described here [13–17]. Active research on 
CNTs as inorganic nanofillers in nanocomposite medicine as well as in the field of 



5505

1 3

Polymer Bulletin (2021) 78:5503–5524	

polymer composites [18, 19] has raised a common problem in the extreme bundle-
like aggregation of CNTs in the polymer matrix [20, 21]. Generally, the van der 
Waals interaction is remarkably enhanced between CNTs [22], and uniform disper-
sion in the matrix is difficult [23]. It is generally believed that polymer/inorganic 
nanofiller nanocomposite materials are enhanced in their physical properties by the 
uniform dispersion of nanofillers in the matrix [24]. In the highly aggregated state, 
the excellent physical properties peculiar to CNTs cannot be imparted to the nano-
composite material, and an increase in the ratio of CNTs is required to isolate the 
CNTs in the polymer. In addition, an aggregate structure of the CNTs that systemati-
cally faces a specific direction is required if the shape effect is sought [25].

The drawing effect on polymers is an effective method that can control the 
nanometer-dimensional structure from a size that can be handled on the centimeter 
level [26]. Macroscopic uniaxial drawing can orient lamellae in crystalline poly-
mers and induce the formation of extended chain crystals [27, 28]. There is also a 
research example in which nanoparticles are oriented along the drawing direction in 
the matrix by drawing a composite material containing nanoparticles such as natural 
clay with a large aspect ratio [29]. Such a method also has the aspect that various 
physical properties such as mechanical and optical ones can be selectively enhanced 
along the orientation direction [30, 31]. In addition, there are various research exam-
ples on the free shrinkage after drawing, the use of fixed annealing, the use of biax-
ial drawing, and the correlation between the orientation structure and the functional-
ity obtained by controlling the drawing temperature and magnification [32–36].

The shortcomings of CNTs include not only their remarkable tendency to aggre-
gate, but also their persistence in the human body [37] and conversion to carcinogens 
[38]. Once introduced into the human body, CNTs are considered almost impossi-
ble to remove [39], and their retention in the lungs, analogous to asbestos, has been 
raised as a concern [40]. To effectively utilize CNTs, which are promising as a fos-
sil resource [41], surface modification with organic matter reduces the likelihood of 
dusting/introducing into the human body and makes handling easier. Moreover, if 
the physical properties of the CNT can be utilized safely and to the maximum extent 
by a simple method, the applications of CNTs will be more widespread.

Previously, we proposed the application of a simple and efficient surface-modifi-
cation method developed for nanodiamonds, which are allotropes of the same nano-
carbon, to single-walled CNT (SWCNT), in addition to a prior hydrophilic treatment 
[42]. Furthermore, by modifying the SWCNT surface with a long-chain phosphonic 
acid, we achieved non-desorption/heat resistance organo-modification [43]. In addi-
tion, we have made strides toward nanocomposite preparations including organo-
modified SWCNTs with crystalline polymers [44]. Moreover, a nanocomposite 
material using natural sepiolite clay as a special-shaped nanofiller was prepared 
[45] and its drawing orientation effect was clarified [46]. A nanofiller-containing 
nanocomposite with a shape that has developed along the major axis direction can 
achieve uniaxial drawing of the filler with enhanced physical properties along the 
drawn orientation.

Therefore, in this study, the orientation effect on the nanocomposite comprising 
fluorocarbon-modified SWCNT and crystalline fluoropolymer subjected to uniax-
ial drawing at high temperatures was evaluated. In addition, as a comparison, the 
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nanocomposite consisting of hydrocarbon-modified SWCNT and general-purpose 
hydrogenated polymer was evaluated. Based on the results of this study, it was 
expected that this method can provide a new platform for the study of SWCNT filler 
addition in polymer-based nanocomposites (Fig. 1).

Materials and methods

Surface modification of SWCNT and nanocomposite preparation with matrix 
polymers

The SWCNT used in this study is a 5-nm-thick commercial product (ZEON NANO® 
SG101) provided by ZEON Nanotechnology Co. Ltd. and manufactured by the super-
growth CVD method. The tube length has a distribution ranging from 100 to 600 nm 
(Fig. 2a). When this SWCNT is subjected to ultrasonic treatment in a mixed acid solu-
tion of sulfuric acid and nitric acid (3:1 for 24 h), the water-repellent surface is termi-
nated with hydroxyl groups, becomes hydrophilic, and can be uniformly dispersed in an 
aqueous medium [42]. A toluene solution of 1H, 2H, 2H-perfluoro-n-decylphosphonic 
acid (FDPA, Fig. 2b) or stearyl phosphonic acid (ODPA, Fig. 2c) as a surface modifier 
was poured into an aqueous dispersion medium containing hydroxyl-terminated hydro-
philic SWCNTs. At the water–oil interface, the positively charged terminal hydroxyl 
group and phosphonate anion undergo dehydration condensation, transferring protons 
to the adjacent functional groups to promote a positive surface charge. Furthermore, 
bidentate bonds of phosphonic acid were formed by dehydration condensation, which 
proceeded to modify the overall SWCNT surface with long-chain phosphonates. The 
modified organo-SWCNTs migrated to the oil layer, and the unreacted SWCNTs were 
removed together with the aqueous layer. The unreacted modifier was distilled off 
together with the solvent, and the resulting organo-modified SWCNTs were purified by 
washing away the small amount of unreacted material with a soluble solvent. Organo-
SWCNTs obtained by hydrocarbon modification and fluorocarbon modification are 
abbreviated as ODP-SWCNTs and FDP-SWCNTs, respectively. The verification of 
the surface modification of these organo-SWCNTs and its characterization were per-
formed by infrared spectroscopy. PVDF (provided by Kureha Co. Ltd., Mn = 280,000, 
Fig.  2d) was used as the matrix polymer for the nanocomposite. The melting point 
of PVDF is 174 °C. In previous studies [42–46], surface modification of SWCNT by 
FDPA was performed in the oil/water interface field. Toluene was poured into a water/
methanol mixture of FDPA and SWCNT, and the fluorinated phosphonate-modified 
SWCNT obtained by the reaction was transferred to the oil phase. The aqueous phase 
and unreacted substances were removed, and FDP-SWCNT was purified and used. As 
comparison between hydrogenated and fluorinated crystalline polymers, polypropyl-
ene (PP, purchased from Prime Polymer Co. Ltd. Mn = 270,000) was used as a matrix 
(Fig. 2e). FDPA is tightly bound to the SWCNT surface via bidentate bonding of the 
phosphonic acid functional groups. Melt-compounding was performed at 200 °C for 
5 min with a filler addition of 0.2 wt%. In addition, ODPA is also tightly bound to 
the SWCNT surface via bidentate bonding of the phosphonic acid functional groups. 
Melt-compounding was performed at 185 °C for 2 min with a filler addition of 0.5 wt% 
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(Fig. 2f). The obtained nanocomposite was compression molded using a hot press and 
used for processing and measurements.

Drawing of neat polymers and polymer/long‑chain phosphonate‑modified 
SWCNT nanocomposites

Neat PVDF and a PVDF/fluorinated phosphonate-modified SWCNT nanocompos-
ite were drawn uniaxially using a hand-drawing apparatus in an air oven at 154  °C. 
Further, neat PP and a PP/hydrogenated-modified SWCNT nanocomposite were also 
drawn uniaxially using a hand-drawing apparatus in an air oven at 139 °C (Fig. 2g). 
The surface of the film specimen was marked at intervals of 2 mm to measure the draw 
ratios. The drawing speed was fixed at 10 mm min–1, and the film was annealed at 154 
or 139 °C for 5 min before drawing. The annealing temperature before drawing was set 
at 154 or 139 °C, which is exactly 20 °C below the melting point of the matrix polymer. 
To attain a constant condition, the crystalline polymers and their nanocomposites were 
cooled via immersion in water after drawing.

Morphological observation and structural estimation of nanohybrids 
including organo‑modified SWCNT

The dispersion state of the organo-modified SWCNTs in the nanohybrid matrices was 
observed using transmission electron microscopy (TEM) (JEOL JEM-1400Plus) at an 
acceleration voltage of 120 kV. The nanohybrids, including the organo-SWCNT, were 
sliced into ultrathin sections approximately 100 nm in thickness using a Reichert ultra-
microtome equipped with a diamond knife at room temperature. The sections were 
then transferred to a TEM grid for observation. The crystal structure and crystallinity 
of the nanohybrids were elucidated using high-performance wide-angle X-ray diffrac-
tion (WAXD) measurements (Bruker AXS, D8 ADVANCE) at 40 kV and 40 mA with 
rotating-anode Cu-Kα radiation (λ = 0.154  nm) and a two-dimensional semiconduc-
tor detector. Differential scanning calorimetry (DSC) was performed on SII DSC6200 
equipped with EXSTAR6000 controller. The scanning rate was 10 °C min–1. The spac-
ing of the lamellae and the difference in the electron density between the crystalline 
and amorphous regions of the neat polymers and their nanohybrid were estimated by 
small-angle X-ray scattering (SAXS). The SAXS measurements (Nano-Viewer, Rigaku 
Co. Ltd.) were recorded at a tube current and voltage of 40 kV and 30 mA, respectively, 
with Cu-Kα radiation (λ = 0.1542 nm). The mechanical properties of the neat polymers 
and their nanohybrids were evaluated by using tensile tests (Tensilon RTG1310, A&D 
Co. Ltd.) at a tensile speed of 10 mm min−1 and test-piece dumbbell punching at 23 °C.
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Results and discussion

Change in crystallinity and crystallization temperature based on the SWCNT 
orientation in the matrices by high‑temperature drawing

Nanocomposite preparations with a polymer can be achieved by introducing 
a hydrophilic functional group to SWCNT, which possess both water- and oil-
repellent properties, by ultrasonic treatment with a mixed acid, and further intro-
ducing a hydrophobic organic molecular chain [43, 44]. Although it is difficult to 
introduce an amount of SWCNT into a polymer matrix, in general, heat-resistant 
phosphonate-modified SWCNTs can be nano-hybridized by a simple melt-com-
pounding method. By substituting the modified chain with a fluorocarbon chain 
and imparting its affinity, it also becomes possible to introduce the organo-mod-
ified SWCNT into the fluoropolymer which has high phase-separated properties. 
However, as shown in the TEM image in upper part of Fig.  3, its dispersibil-
ity is not always sufficient. On the other hand, when this PVDF/FDP-SWCNT 
nanocomposite is subjected to high temperature drawing, not only is the nano-
filler oriented in the drawing direction, but also its aggregation is relaxed (lower 
Fig.  3). From this TEM image, it was found that the needle-shaped nanofillers 
are arranged almost parallel to the drawn direction when subjected to 5 × draw-
ing. The change in crystallinity and crystallization temperature to this orientation 
state is examined by the following measurements.

Figure 4 shows the change in WAXD profile with the draw ratio of the crystal-
line polymer/organo-modified SWCNT nanocomposite. In addition to the PVDF/
FDP-SWCNT nanocomposite results (Fig.  4a), the measurement results for the 
PP/ODP-SWCNT nanocomposites (Fig.  4b) are also shown. In all cases, the 
WAXD vertical axis strength increased with the draw ratio. In the PVDF system, 
the diffraction peak intensities at the (100), (020), and (110) planes are remark-
ably improved, and in the PP system, the intensities of the (110), (040), and 
(130) diffraction peaks are conspicuously increased. On the other hand, in the 
PP system, the diffraction peak intensities of the plane indices (111) and (041) 
are significantly reduced due to the influence of orientation. To quantify these 
changes, the crystallinity was calculated and the results are shown in Table 1. In 
the PVDF system, the crystallinity increased remarkably during 2 × and 3 × draw-
ing, but thereafter the change in the value was almost saturated. On the other 
hand, although the PP system exhibited a variation in this value, it does not show 
a remarkable improvement in the crystallinity after 2 × drawing. Further experi-
mental data were collected in the form of the change in crystallization tempera-
ture by using DSC.

Here, the focus was the verification of the change in thermal behavior of the 
PVDF system. Figure  5a shows the draw ratio dependence of the PVDF/FDP-
SWCNT nanocomposite in the DSC thermogram. In addition, Fig. 5b shows the 
draw ratio dependence of the DSC thermograms for neat PVDF. Focusing on the 
crystallization peaks during the 1st and 2nd cooling processes, the crystallization 
temperature gradually increased by 2.3  °C from the undrawn state to 153.2  °C 
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after 5 × drawing. For the neat PVDF system, the crystallization temperature, 
which was 145.9  °C when undrawn, increased to 151.4  °C when stretched 3 ×, 
and increased by a further 0.4  °C when stretched 5 ×. The crystallization tem-
perature of the undrawn PVDF/FDP-SWCNT nanocomposite was 150.9 °C, and 
the increase in the crystallization temperature of neat PVDF was 5.0  °C and 
5.9 °C due to nanocomposite preparation and high-temperature drawing, respec-
tively. Since the difference in crystallization temperature between neat PVDF and 
the PVDF/FDP-SWCNT nanocomposite after 5 × drawing was only 1.4  °C, it is 
expected that the change in thermal behavior for PVDF is more affected by high-
temperature drawing than by nanocomposite preparation. However, a crystalli-
zation temperature of > 153  °C was achieved by the combination of composite 
preparation and high-temperature drawing. In general, the improvement of crys-
tallization temperature reflects the thickening of the lamella, and thus in the next 
section, higher-order structural analyses using SAXS is presented.

Changes in lamella arrangement with high‑temperature drawing of two kinds 
of nanocomposites containing SWCNT

Figure 6a shows the draw ratio dependence of the SAXS patterns and profiles for 
the PVDF/FDP-SWCNT nanocomposites. Circular scattering was confirmed in the 
undrawn sample, indicating an isotropic lamella arrangement. Two-point scattering 
of the 3 × and 5 × drawn samples indicated that the lamellae were arranged paral-
lel to the drawing direction. Although the scattering image of the 9 × drawn sample 
appears to be a two-point image at first glance, the spot direction is upside down and 
a characteristic pattern that appears to be four-point image scatters combined with 
two-points was observed. This scattering image was seen equally for the 7 × or more 
drawn samples, and it was expected that the lamella formed a herringbone structure 
with a lateral tilt. This transition behavior is depicted in the illustration at the bottom 
of Fig. 6a. Although it was difficult to confirm the peak top at a relatively low inten-
sity of the undrawn state in the SAXS profiles obtained by integrating these scatter-
ing images, the strength of the vertical axis increased drastically after 3 × drawing. 
At this time, the long period value increased by 3 nm or more, showing a value of 
14.2 nm. After that, the intensity of the vertical axis decreased with the drawn ratio, 

Table 1   Draw-ratio dependence 
of the crystallinity of 
crystalline polymer/long-chain 
phosphonate-modified SWCNT 
nanocomposites calculated from 
WAXD profiles

Draw ratio Crystallization degree [%]

PVDF nanocomposite PP nano-
compos-
ite

Undrawn 39 39
2 49 67
3 58 58
4 58 55
5 60 58
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and it remarkably decreased in the 9 × drawn sample. This behavior was also con-
firmed in the draw ratio dependence of SAXS for neat PVDF, which does not con-
tain SWCNT (Fig. 6b). However, the decrease in the SAXS intensity after 9 × draw-
ing is not clear compared to the corresponding SWCNT-containing nanocomposite. 
Since the intensity of the vertical axis of SAXS depends on the electron density dif-
ference in the measured sample, the density of the amorphous region becomes high 
when the composite is drawn by 9 ×, and it is considered that high-density amor-
phous regions are formed. In this regard, as a comparison, the draw ratio depend-
ence of the SAXS patterns and profiles for PP/ODP-SWCNT nanocomposites is 
shown (Fig.  6c). Also in this case, when compared with the measurement results 
for neat PP (Fig. 6d), the composite system showed a marked decrease in the SAXS 
intensity after 3 × drawing. Therefore, it is considered that the density of the crystal-
line regions in the composite does not change greatly in both the fluorocarbon and 
hydrocarbon systems, and it is expected that the density of the amorphous regions 
will increase markedly with drawing. However, the appearance of voids is expected 
in hydrocarbon systems because clear void-scattering was observed in the SAXS 
patterns of the 3 × or more drawn samples. There may be a concern that defects in 
the PP-based composite are more likely to occur than in the fluorocarbon system. 
Here, since a significant difference in crystalline/amorphous electron densities was 
confirmed, precise analyses of the lamella was performed using a normalized one-
dimensional electron density correlation function [46], calculated from the SAXS 
profiles (Fig. 7).

Figure 7a shows a normalized one-dimensional electron density correlation func-
tion, K(z), obtained from the SAXS profiles of the PVDF/FDP-SWCNT nanohy-
brid before and after drawing. From Fig. 6a, the long period value of the undrawn 
PVDF/FDP-SWCNT nanocomposite was 11.0  nm. This value corresponds to the 
distance between the centers of gravity of the lamella crystalline parts. The thick-
ness of the lamella crystalline part and the distance between the lamella interfaces 
were calculated to be 3.0 and 7.6 nm, respectively. After 9 × drawing of this sample, 
the long period value expanded to 14.7 nm and the thickness of the lamella crys-
tal part increased to 5.6 nm. Furthermore, the distance between the lamella inter-
faces increased to 13.4 nm, and the thickness of the amorphous part can be calcu-
lated to indicate that it is significantly larger than that of the crystalline part. From 
the remarkable decrease in the SAXS longitudinal intensity shown in Fig. 6a, it is 
expected that the density of the drawn amorphous region is considerably improved 
at this draw ratio.

Here, for comparison, the same analysis results for the PP-based nanocompos-
ites containing SWCNTs are shown (Fig.  6b). Before and after 9 × drawing, the 
thickness of the lamella crystalline part increased from 4.7 to 6.3  nm. Further-
more, the distance between the lamella interfaces increased from 11.2 to 14.2 nm. 
The amorphous region is also drawn, and it is expected that the amorphous region 

Fig. 7   Normalized one-dimensional electron-density correlation function, K(z), obtained from SAXS 
profiles of drawn (× 9) and undrawn a PVDF/fluorinated phosphonate-modified SWCNT and b PP/
hydrogenated phosphonate-modified SWCNT nanocomposites
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will become rigid due to the decrease in SAXS intensity. However, changes in the 
amorphous region are not so remarkable as compared with the fluorocarbon poly-
mer system. The reason for this tendency is probably related to the formation of a 
switch-board type lamella by the fluorinated polymers [47, 48], and fringed micelles 
[49] are easily formed by drawing. On the other hands, since the hydrocarbon-based 
general-purpose polymer forms lamella with a regular sharp folded chain [50–52], it 
seems that the transition to the fringed micelle structure is not remarkable.

Nanocarbon orientation effect on mechanical property enhancement 
accompanying high‑temperature drawing of crystalline polymer/
organo‑modified SWCNT nanocomposites

Based on the structural analysis results of the draw-oriented crystalline polymer/
organo-modified SWCNT nanocomposites thus far, the mechanical properties were 
evaluated by a tensile test (Fig. 8 and Table 2). As shown in the stress–strain (S–S) 
curves in Fig. 8a, the Young’s modulus and maximum stress value of the PVDF-
based nanocomposite including SWCNT increased with the draw ratio. Here, the 
tensile evaluation of the 9 × drawn sample lacked quantitative estimation because 
of the constraint of the macroscopic sample preparation. Therefore, the maximum 
stretch ratio sample was set to 7 ×. The S–S curve measurement was also performed 
for neat PVDF in order to separately consider the effect of drawn-orientation and 
the orientation effect of organo-modified SWCNTs. Due to the orientation effect 
of SWCNT, higher values of the Young’s modulus and maximum stress calculated 
from the initial gradient were detected in the nanocomposite. In particular, when 
drawn at 5 ×, the difference in the Young’s modulus between the two exceeded 
1000  MPa. However, more remarkable is the difference in behavior of the strain 
axis on the horizontal axis. The strain value exceeded 30 to 40% due to the drawing 
and nanocomposite preparation, and not only did the stress value withstand rupture 
increases but the sample also exhibited excellent “elongation” characteristics. This 
behavior seems to be due to the development of the amorphous region clarified dur-
ing the SAXS analyses. It is expected that the thickening of the crystalline region by 
drawing improves the maximum stress and the Young’s modulus, while the forma-
tion of rigid and dense amorphous regions improves the elongation properties of the 
sample.

Figure 8c and d shows the draw ratio dependence of the S–S curves of the PP/
ODP-SWCNT nanocomposite and neat PP. From the various parameters related 
to mechanical properties shown in Table 2, it can be seen that the increase in the 
Young’s modulus and the maximum stress are more remarkable than in the PVDF 
system. On the other hand, the change in the abscissa value seen in the PVDF sys-
tem can hardly be confirmed. This result also corresponds to the results of the SAXS 
analyses of the corresponding sample. In the PP system, the effect of the crystalline 
region clearly manifested in the change in mechanical properties, and the effect of 
the amorphous region is minor.

The above results are summarized in Fig. 9. The interesting effect confirmed in 
this study was that the orientation effect of the fluorinated phosphonate-modified 
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SWCNT in the fluorinated polymer promoted the densification of the amorphous 
region in the polymer matrix and affected the elongation properties of the sample. 
The SWCNTs whose surface was modified with fluorocarbon and had an affinity 
for fluorinated polymers were arranged in the same direction as the lamella orien-
tation in the fluoropolymer matrix without phase separation, by drawn-orientation. 
It was found that the changes in crystallinity and crystallization temperature were 

Table 2   Young’s modulus of crystalline polymer/long-chain phosphonate-modified SWCNT nanocom-
posites and corresponding neat polymers calculated from the initial slope of the S–S curves

Draw ratio Young’s modulus [MPa] Maximum stress [MPa]

PVDF nanocomposite Neat PVDF PVDF nanocom-
posite

Neat PVDF

Undrawn 1431 1266 27 28
3 2430 2596 187 169
5 4057 2932 258 219
7 5971 5942 392 330

Draw ratio Young’s modulus [MPa] Maximum stress [MPa]

PP nanocomposite Neat PP PP nanocomposite Neat PP

Undrawn 1649 1541 20 15
3 10,032 8030 227 206
5 10,400 10,039 285 315
7 19,945 11,116 379 322
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more affected by high-temperature drawing than by nanocomposite preparation. On 
the other hand, the effect on the amorphous region was significantly shown by the 
orientation effect of SWCNT, and the maximum value of a physical property was 
always recorded in the drawn-oriented nanocomposite containing SWCNT. How-
ever, considering the excellent physical properties of SWCNTs, the effect of drawn 
and oriented SWCNTs on the physical properties of nanohybrid material was some-
what disappointing. The reason for this result might be the initial dispersion state 
when preparing the nanocomposite. TEM observations showed that high-tempera-
ture uniaxial drawing had the effect of relaxing the aggregation of particles in the 
matrix. If the dispersion state was already improved at the nanocomposite prepa-
ration stage, the drawing orientation effect will be more remarkable. As the next 
approach, we aim to prepare well-dispersed SWCNT-containing nanocomposites by 
mixing a trace amount of a third component. As shown in Fig. S1, even under the 
adjusted conditions in which the modified SWCNTs introduced into the PP matrix 
remarkably aggregated, the dispersion state can be innovatively improved by add-
ing a small amount of the modifier alone. This experimental finding is due to the 
extremely high sublimation temperature of long-chain phosphonic acid, and since 
it exists in the solid phase up to the melting point of PP or higher, it is possible 
to adjust the nanohybridization in a ternary system. In the next progress of this 
research, we aim to clarify the effect of the drawn orientation on such uniformly 
dispersed nanocomposites.

Conclusions

The effect of drawn orientation at high temperatures on crystalline fluorinated 
polymer/carbon nanotube nanohybrids was investigated. SWCNTs were surface-
modified with a long-chain phosphonic acid, thus imparting heat resistance/non-
desorption properties, and suppressing dusting and high-level aggregation. In the 
preparation of the nanocomposites, fluorocarbon-modified SWCNTs, which have an 
affinity for phase-separable fluorinated polymers, were added to achieve nanocom-
posite formation by melt-compounding. The nanocomposite was uniaxially drawn 
at high temperatures near its melting point and the organo-modified SWCNTs were 
found to orient along the drawn direction in the polymer matrix. The fluorinated pol-
ymer-based nanohybrid lamellae were arranged parallel to the drawn direction like 
SWCNTs after 5 × drawing, and the lamellae were transferred to the herringbone 
arrangement on the left and right when drawn at 7 × or more. Drawn-oriented nano-
hybrids have increased crystallinity, crystallization temperature, lamella thickness, 
and increased density in the amorphous regions. As a result, it was confirmed that 
the mechanical properties were enhanced by an increase in the crystalline region, 
and the elongation property was improved by the densification of the amorphous 
region.
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