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a b s t r a c t

Isotactic polypropylene (iPP) based single-polymer composites (SPCs) were prepared by introducing iPP
fibers into the molten or supercooled homogeneous iPP matrix. The influences of fiber introduction
temperature (Ti) on the resultant morphology of transcrystallinity (TC) and mechanical properties of SPCs
were investigated via a polarized optical microscopy (POM) and a universal tensile test machine. The
effects of interfacial crystallization on mechanical properties were also studied. The tensile strength of
SPCs was observed to increase firstly and to reach a maximum value at Ti ¼ 160 �C, and then to decrease
with further increasing the Ti. Wide-angle X-ray diffraction (WAXD), scanning electron microscopy (SEM)
and POM were employed to understand the mechanical enhancement mechanism. It is found that the
enhanced tensile strength of SPCs was strongly dependent on the synergistic effects of TC, high orien-
tation degree of iPP fibers and good adhesion between the iPP fiber and the matrix.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the past few decades, isotactic polypropylene (iPP) has been
the major polymeric construction materials in the light of its
impressive consumption. One outstanding advantage is its excel-
lent comprehensive properties, including easy processing, low
manufacturing cost and so on [1]. Unfortunately, the intrinsic low
mechanical strength of iPP limits its further applications. Hence,
considerable efforts have been made in order to further improve its
mechanical properties. One of the most common methods is by
embedding various fibers (carbon, clays, glass, etc.) in the iPP ma-
trix to produce composites [2e5]. However, two main problems
must be avoided if the heterogeneous fibers are added in the
thermoplastic matrix. The first is the interfacial residual stress due
to different thermal expansion between heterogeneous fibers and
polymer matrix [4]. The second is the weak interfacial adhesion
owing to the incompatibility among the heterogeneous
shency@zzu.edu.cn (C. Shen),
components [6]. The interfacial interaction between fiber and
matrix is a crucial prerequisite for determining the mechanical
property [7]. Among the various methods (including the increased
specific surface area of fibers, improved chemical activity of fiber
surfaces, and matched compatibility) to enhance the interfacial
interaction in the iPP/fibers composites [8e14], interfacial crystal-
lization such as transcrystallinity (TC) [15] is regarded as an effi-
cient and economical approach [16]. Moreover, TC around the fiber,
possessing better load transfer ability than amorphous layers, is
believed to be of crucial significance to improve the interfacial
interaction between matrix and fibers [17,18].

On the other hand, in light of recyclability, the presence of
heterogeneous additives or inclusions, such as glass fibers, clays
and magnetic nanoparticles, is an inevitable obstacle for polymer
based composites. Hence, the composite systems with the matrix
and the fiber being from the same polymer are preferable candi-
dates. In other words, these systems mean mono-component
composites or single-polymer composites (SPCs). The concept of
SPCs is not new, which was proposed for the first time by Capiati
and Porter four decades ago [19]. Such self-reinforced systems have
specific economic and ecological advantages. This can be under-
stood as follows: 1) desiredmechanical property can be achieved as
a result of the occurrence of TC and good interfacial adhesion for
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Fig. 1. Schematic of thermal history as a function of time. Ti represents the iPP fiber
introduction temperature (i.e.,145, 160, 165, 168, 172, and 175 �C).
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the semicrystalline polymer matrix; 2) SPCs show undoubtedly
advantages in terms of recyclability. Hence, up to now, many
preparation methods of iPP based SPCs have been proposed
[20e22] and summarized in the recent literature [23e25]. How-
ever, although the influences of crystallization temperature, fiber
introduction temperature, fiber molecular weight, and matrix
molecular mass on the interfacial morphology of iPP based SPCs
have been investigated [26e29], the effect of interfacial features on
the mechanical properties of SPCs has been rarely reported up to
date.

In this paper, iPP fiber was introduced into iPP film to prepare
iPP based SPCs. The interfacial features of SPCs and their tensile
strength as a function of introduction temperature were investi-
gated. The underlying origin for the improved tensile strength of
SPCs is discussed based on the results of polarized optical micro-
scopy (POM), scanning electron microscope (SEM), wide-angle X-
ray diffraction (WAXD).

2. Experimental

2.1. Materials

The iPP (T30S) employed in this work was a commercial grade
iPP, provided by Dushanzi Petroleum Chemical Co. Ltd, China. Its
melt flow index (MFI) and weight-average molecular weight (Mw)
were 3.0 g/10 min (230 �C, 21.6 N) and 39.93 � 104 g/mol,
respectively.

2.2. Melt spinning

The iPP fibers used in this work were melt spun by using a mini
co-rotating twin-screw extruder (SJSZ-10A, Wuhan Ruiming plastic
and mechanical Co. Ltd) with a length-to-diameter ratio (L/D) of 16
and a die diameter of 3.0 mm. The temperature of both barrel and
die was 200 �C. The spun fibers were air-cooled and taken up by a
winder. To obtain the finest fibers, the screw speed and the take-up
speed were maintained at 1 rpm and 30 m/min, respectively. In the
case of the highest take-up speed, it produces a fiber with a draw
ratio (area of extruder die vs. section area of iPP fiber) of 100. The
average diameter of the as-prepared iPP fibers was ca. 30 um. The
iPP fibers were first rinsed several times in acetone with the aid of
ultrasonication, then cleaned with deionized water, and finally
dried in a vacuum oven at 40 �C for 5 h. Themelting behaviors of iPP
fibers and granules were obtained by differential scanning calo-
rimeter (DSC) method, which are shown in Fig. S1 in Supplemen-
tary data. Compared with iPP granules, iPP fibers have a higher
melting point, which provides a prerequisite for the SPCs prepa-
ration. At the same time, molecular orientation, crystal modifica-
tion and tensile strength of iPP fiber were also investigated, which
are shown in Fig. S2, S3 and S4 in Supplementary data.

2.3. SPCs preparation

Firstly, iPP thin film as matrix was prepared by compression-
molding at 200 �C with a pressure of 10 MPa. The resultant iPP
thin film was subsequently heated in a well-controlled hot stage
(Linkam, THMS600) at 200 �C andmaintained for 10min to remove
any possible thermal history effects. Then, the iPP thin film was
cooled at a rate of 30 �C/min to the preset temperature (viz.,
introduction temperature, Ti), where the filmwasmaintained in the
molten or supercooled molten state. Once the molten or super-
cooled molten iPP thin film reached an equilibrium at Ti, the iPP
fiber supported by a metal frame was introduced into the film (iPP
matrix). Subsequently, the sample was cooled quickly to the
isothermal crystallization temperature (Tc, 134 �C) at a rate of 30 �C/
min, at which the isothermal crystallization of SPCs was allowed for
10 min. The iPP fiber quality content, viz., volume content (C) of SPC
is calculated as 0.59% (C was estimated as the fractional area
occupied by iPP fiber in the entire tensile sample). The thermal
history of SPCs preparationwas shown in Fig. 1. For comparison, the
pure iPP filmwithout fiber introductionwas also prepared with the
same thermal history as that of SPCs. According to the melting
behavior of iPP fibers (shown by Fig. S1 in Supplementary data), the
iPP fiber introduction temperature (Ti) used in this study was
selected as 145, 160, 165, 168, 172, and 175 �C, respectively. In a
convenient manner, the SPCs prepared at different Ti were labeled
as SPC-X and the iPP fibers experienced the same thermal history as
that of SPCs were labeled as F-X, where X represents Ti. For
example, “SPC-145” denotes a sample prepared at Ti¼ 145 �C, while
“F-145” denotes the fiber experienced the same thermal history as
that in SPC-145.

2.4. Characterizations

Polarized Fourier Transform Infrared Spectroscopy (FTIR) spec-
trometer equipped with a hot stage (Linkam, THMS600) under a
flowing nitrogen atmosphere was employed to analyze the rela-
tionship between molecular orientation and Ti. Before measure-
ments, the iPP fiber was tightly fixed on ametal frame between two
parallel ZnSe plates. The iPP fiber was first heated to Ti and held for
2 min, then cooled quickly to Tc (134 �C) at a rate of 30 �C/min. At
134 �C, the isothermal crystallization of iPP fiber was also allowed
for 10 min. Finally, the molecular orientation of iPP fiber was
qualitatively investigated by the FTIR equipped with a polarizer
(NICOLET 6700). The resolution was set as 2 cm�1 with an accu-
mulation of 32 scans. The scanned wavenumber range was from
400 to 4000 cm�1.

Tensile strength of SPCs was determined by a universal tensile
test machine (UTM2203, Shenzhen Suns Technology Stock Co., Ltd,
China) with a load cell of 100 N and under a crosshead speed of
0.5 mm/min at room temperature. The mean and standard devia-
tion were reported based on at least ten samples. Before test, the
samples after isothermal crystallization were quenched immedi-
ately into a mixed ice/water solution to preserve the crystalline
morphology. The SPCs were cut into rectangular geometry
(10 � 2 � 0.06 mm3) for mechanical test.

To observe the interfacial crystallization of SPCs, an Olympus
BX51 POM equipped with a hot stage (Linkam, THMS600) was used
in this study. The pictures were taken automatically to record the
evolution of interfacial morphology at a regular time interval.
Furthermore, the morphology of tensile fractured zone of SPCs was
also observed by POM.

To characterize the crystalline structure of SPCs, two-
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dimensional wide-angle X-ray diffraction (2D-WAXD) measure-
ments were carried out at the beam line BL16B1 in Shanghai Syn-
chrotron Radiation Facility (SSRF). A MAR 165 CCD detector
(2048� 2048 pixel with pixel size 80 mm)was used to collect all the
2D-WAXD images, the distance fromwhich to sample was 118 mm.
The wavelength was 0.124 nm. To achieve maximum scattering
intensity, the SPCs were stacked orderly to obtain a mat with a total
thickness of about 1 mm.

SEM (JEOL JSM 7500F) was employed to further investigate the
crystalline morphology and interfacial adhesion between iPP fiber
and matrix. Before observation, the samples were etched by the
solution of potassium permanganate in a mixture of nitric acid and
sulfuric acid according to the reported procedures [30] and sput-
tered with gold for better imaging.

3. Results and discussion

3.1. Influence of introduction temperature on molecular orientation
of iPP fibers

The absorbance intensity difference between the parallel- and
perpendicular-polarized FTIR spectra can be employed to evaluate
the molecular orientation level [31,32]. Here, to qualitatively eval-
uate the effect of different thermal history on the orientation level
of iPP fibers, polarized FTIR test was carried out. Fig. 2 shows the
polarized FTIR spectra of F-145, F-160, F-165, F-168, F-172 and F-
175, respectively. It is clear to find notable difference between the
absorbance intensities of the parallel-polarized FTIR spectra and
those of the perpendicular-polarized FTIR spectra, suggesting that
themolecular chains are principally oriented along the fiber axis for
all iPP fibers. However, the difference of absorbance intensities
between the parallel- and perpendicular-polarized FTIR spectra is
observed to be attenuated gradually with increasing Ti. Addition-
ally, in order to further evaluate the extent of orientation level of
iPP fiber, dichroic ratio (R) was calculated from Equation (1) [33]:

R ¼ Ak
A⊥

(1)

where Ak and A⊥ are the measured absorbance values for radiation
polarized parallel and perpendicular to the fiber axis, respectively.
Calculated R is summarized in Table 1. If the value of R is equal to 1,
there is no orientation. While for an oriented sample, the value of R
diverges from 1. Moreover, the greater the value of R diverges from
1, the higher the degree of orientation is. As shown in Table 1, R of
all the iPP fibers diverges from 1 obviously. Furthermore, the value
of R deviating from 1 becomes smaller and smaller with the in-
crease of theTi, indicating that the extent of orientation level of the
iPP fiber indeed was attenuated with increasing Ti.

3.2. Influence of introduction temperature on interfacial
morphology of SPCs

To investigate the influence of introduction temperature on the
interfacial morphology of SPCs, a series of optical micrographs of
the SPCs were taken during isothermal crystallization at 134 �C (see
Fig. 3). On the whole, iPP crystals can be induced at the surface of
iPP fiber within 1 min (shown by the arrow in Fig. 3). These crystals
are so dense that they have to grow normal to the iPP fiber axis.
Such resultant supermolecular structure of cylindrical symmetry is
TC [15]. In other words, these dense crystals indicate that the ho-
mogeneous iPP fiber is helpful to induce crystallization of iPP ma-
trix, which has been explained in the literature [34]. When the
crystallization time approaches 2 min, spherulites in the matrix
away from the iPP fiber are also observed. For SPCs prepared at
lower temperatures (e.g., 145, 160, 165, and 168 �C), it is easy to
distinguish the outline of iPP fiber in SPCs (see Fig. 3aed). Unfor-
tunately, there is no obvious change in themacroscopic level for the
interfacial crystallization with the increase of Ti. With respect to
SPC-172 (see Fig. 3e), the boundary between fiber and matrix is too
fuzzy to be distinguished, suggesting that the iPP fiber has been
partially molten. When Ti is further elevated to 175 �C (see Fig. 3f),
though the boundary between fiber and matrix is absolutely dis-
appeared because of the melting of iPP fiber (confirmed by DSC
result shown in Fig. S1 in Supplementary data), it still remains
active for initiating the oriented crystallization of the iPP matrix.
Meanwhile, as seen from the optical micrographs of the SPCs, both
TC and spherulites can be estimated as the same crystal form ac-
cording to the sign of birefringence.

To investigate the crystallization kinetics of TC of SPCs prepared
at different Ti, the total diameter (D1) of TC (including iPP fiber) and
the diameter (D2) of spherulites at 20-s intervals were measured
with the assistance of Image-Pro Plus software. At the same time,
the diameter (D0) of iPP fiber was also measured at the beginning of
crystallization. Then the thickness (H) of TC and the radius (R) of
spherulites were calculated using the following Equation (2) and
(3),

H ¼ ðD1 � D0Þ=2 (2)

R ¼ D2=2 (3)

Fig. 4 shows the calculated thickness of TC and the radius of
spherulites as a function of crystallization time. A linear fitting of
the points (thickness or radii versus crystallization time) was done
to obtain the slope, which can be considered as the growth rate
[35]. It is clearly seen that there is no difference between the
growth rate of TC and spherulites. This further verifies the result of
POM. In other words, they are of the same crystal form.

3.3. Mechanical property

3.3.1. Tensile test of the SPCs
One of our main concerns is to reveal the relationship between

interfacial features and mechanical property of SPCs prepared at
different Ti. As shown in Fig. 5, tensile strength of pure iPP films
generally keeps a constant value around 7.3 MPa over the entire
range. For SPCs, when Ti is increased from 145 to 160 �C, the tensile
strength is enhanced from 7.38 to 8.89 MPa, exhibiting an
increasing amplitude of around 20.6%. However, with a further
increase of Ti (from 165 to 175 �C), the tensile strength shows a
decreasing trend. On the whole, except for SPC-145, the tensile
strength of SPCs is steadily higher than that of pure iPP films. Ac-
cording to the POM results shown in Fig. 3, the spherulites in the
matrix of all samples are so rare that their contribution to the
mechanical property can be ignored. Therefore, the key factor for
enhancing the tensile strength of SPCs must be associated with the
introduction of iPP fibers, which will be discussed in detail in the
following section.

3.3.2. 2D-WAXD measurements of SPCs
2D-WAXD measurements were carried out to investigate the

crystalline structure of SPCs prepared at different Ti. All the 2D-
WAXD patterns consist of the diffraction circles or arcs from inner
to outer associated with different lattice planes of iPP (see Fig. 6),
which respectively correspond to (110), (040), (130), (111) and
(�131). These lattice planes originate from the a-form monoclinic
packing of PP [36,37], indicating that both TC and spherulites are a-
form [38]. Moreover, the 1D-WAXD curves are obtained from the
circularly integrated intensities of 2D-WAXD patterns, which are



Fig. 2. Polarized FTIR spectra of iPP fibers experienced different thermal history. Ti was (a) 145, (b) 160, (c) 165, (d) 168, (e) 172, and (f) 175 �C. The red line was obtained with the
infrared beam polarized parallel to the fiber axis and the black one was obtained with the infrared beam polarized perpendicular to the fiber axis (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.).
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shown in Fig. 7. Through deconvoluting the peaks of one-
dimensional wide-angle X-ray diffraction (1D-WAXD) curves, Xc

can be calculated by the following equation (4) [39]:

Xc ¼
P

AcrystalP
Acrystal þ

P
Aamorph

� 100% (4)

where Aamorph and Acrystal are the fitted areas contributed by the
amorphous and crystalline phases, respectively. According to above
equation, the calculated Xc of SPCs is listed in Table 2. The Xc of SPCs
has no obvious change, that is, the difference between its maximum
and minimum value is less than 9%. Therefore, the effect of Xc on
tensile strength can be excluded.
3.3.3. Influence of interfacial features on mechanical property
The mechanical property of the fibers reinforced polymer

composites is substantially related to the fiber/polymer interfacial
features [14,40e42]. Taking these into account, different interfacial
features of the SPCs prepared at different Ti were studied. Here,
according to the change trend of the tensile strength shown in Fig. 5
(that is, with the increase of the Ti, the tensile strength of SPCs
firstly increases and reaches a maximum value at Ti ¼ 160 �C, then
decreases monotonously to theminimumvalue at Ti¼ 175 �C), SPC-
145, SPC-160 and SPC-175 were therefore selected as representa-
tive samples to investigate the relationship between interfacial
features and mechanical property. The SEM pictures are presented
in Fig. 8aec. With respect to SPC-145, SPC-160 and SPC-175, the



Table 1
Dichroic ratio of different bands of iPP fibers experienced different thermal history.

Wavenumber (cm�1) Dichroic ratio (R)

F-145 F-160 F-165 F-168 F-172 F-175

808 0.16 0.28 0.41 0.40 0.42 0.44
841 6.68 6.10 5.41 4.92 4.09 3.13
900 0.24 0.36 0.41 0.48 0.56 0.62
940 0.43 0.48 0.53 0.66 0.72 0.73
973 2.79 2.56 2.50 2.34 2.07 2.05
998 11.64 7.11 6.18 5.43 4.97 4.81
1100 0.50 0.55 0.56 0.75 0.85 0.88
1167 2.21 2.05 1.53 1.46 1.36 1.17
1220 0.11 0.19 0.29 0.33 0.44 0.53
1303 1.90 1.76 1.6 1.57 1.46 1.26
1330 0.21 0.35 0.57 0.66 0.69 0.74

Fig. 3. Interfacial morphology evolution of SPCs prepared at

Fig. 4. The thickness of transcrystalline layer and radii of spherulites versus crystal-
lization time in SPCs prepared at different Ti. M represents the iPP crystals in matrix.
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interfacial features between the fiber and matrix is quite different.
For SPC-145 (see Fig. 8a), there exists an obvious groove-like
interspace, while no interspace is observed between the two for
SPC-160 (see Fig. 8b). This indicates that the interfacial adhesion
between iPP fiber and matrix in SPC-160 is indeed better than that
in SPC-145. Hence, this can be considered as a main reason to cause
the increased tensile strength of SPC-160 by 20.6% than that of SPC-
145. However, for SPC-175, the boundary lines between the iPP fi-
ber and matrix have completely disappeared. Additionally, the iPP
fiber is hardly distinguished from the matrix (see Fig. 8c). It seems
that SPC-175 shows the best interfacial adhesion between the iPP
fiber and the iPPmatrix. However, the best interfacial adhesion is at
the expense of orientation relaxation due to themelting of iPP fiber,
which can be confirmed by FTIR results (see Table 1). Moreover, the
different Ti during isothermal crystallization at 134 �C.

Fig. 5. Tensile strength of SPCs and pure iPP films.



Fig. 6. 2D-WAXD patterns of SPCs prepared at different Ti: (a) 145, (b) 160, (c) 165, (d) 168C, (e) 172, and (f) 175 �C. The iPP fibers axis direction is perpendicular.

Fig. 7. 1D-WAXD curves of SPCs prepared at different Ti.

Table 2
Crystallinity of SPCs prepared at different Ti.

Samples SPC-145 SPC-160 SPC-165 SPC-168 SPC-172 SPC-175

Crystallinity (%) 57.69 50.47 59.25 56.81 56.65 52.43
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tensile strength of the iPP fiber is decreased with increasing the Ti,
which is shown in Fig. S5 in Supplementary data. Therefore, it is
easy to explain the decreased tensile strength of SPCs with the
increase of Ti (from 165 to 175 �C).

To further understand the relationship between interfacial fea-
tures and tensile strength of SPCs, Fig. 8a1-c1 shows the
morphology of fractured zone of these respective samples (SPC-
145, SPC-160 and SPC-175). As for SPC-145 (see Fig. 8a1), one can
clearly see that the fractured fiber is pulled out from the matrix
(shown by the arrow), suggesting the relatively poor interfacial
interaction between iPP fiber and matrix. However, with respect to
SPC-160 and SPC-175 (see Fig. 8b1 and c1), no pull-out fiber is
observed. This indicates the good interfacial interaction between
iPP fiber andmatrix in SPC-160 and SPC-175. More importantly, the
TC around the iPP fiber was changed into the black one after the
tensile test (see Fig. 8b1 and c1). This implies that the interfacial
adhesion between fiber and matrix is so good that the stress at the
interface can be transferred from the matrix to the fiber in SPC-160
and SPC-175. Therefore, combined with the orientation degree
(viz., molecular orientation [43]) of the iPP fibers (see Table 1), it is
easy to understand the maximum tensile strength in SPC-160. In
other words, this is related to good interfacial adhesion between
fiber and matrix and high tensile strength resulting from high
orientation degree of iPP fiber. However, for SPC-175, good inter-
facial adhesion is at the expense of orientation degree of iPP fiber
(verified by FTIR results shown in Table 1). Therefore, it is reason-
able that tensile strength is deteriorated by further increasing the
Ti.

Based on above results and discussion, three important con-
clusions can be drawn: (1) the iPP fiber introduced at 145 �C is
almost in solid state, which can be confirmed by Fig. S1 in Sup-
plementary data. The resultant weaker interfacial adhesion be-
tween iPP fiber and matrix leads to lower mechanical
performances; (2) when Ti is elevated to 160 �C, the tensile strength
of SPCs increases obviously. This is related to the surface partial
melting of the iPP fiber (see DSC result shown in Fig. S1 in Sup-
plementary data). Hence, it enhances the interfacial adhesion be-
tween the iPP fiber and matrix. Meanwhile, iPP fiber still shows
high orientation degree and high tensile strength at this tempera-
ture (see Table 1 and Fig. S5 in Supplementary data). These are also
themain reasons why the tensile strength of SPC-160 is higher than
that of SPC-145; (3) when Ti is further increased, the tensile
strength exhibits an attenuation trend. The reason is that with the
increase of the Ti, an increase of interfacial adhesion between fiber
and matrix is at the expense of orientation relaxation, which has
been proved by the FTIR results (see Table 1). Moreover, the tensile
strength of iPP fiber shows a downward trend with increasing the Ti
(shown in Fig. S5 in Supplementary data). Hence, the tensile
strength of SPCs decreases with increasing the Ti (from 165 to



Fig. 8. (aec) SEM images of interfacial features of SPCs, and (a1-c1) POMmicrographs of the fractured zone of the SPCs. (a) and (a1): SPC-145; (b) and (b1): SPC-160; (c) and (c1): SPC-
175.
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175 �C). In short, at Ti ¼ 160 �C, high orientation degree and high
tensile strength of iPP fiber itself, together with the good interfacial
adhesion between iPP fiber and matrix are synergistically respon-
sible for the maximum value of tensile strength.

4. Conclusions

The iPP based SPCs have been successfully prepared by intro-
ducing iPP fibers into the molten or supercooled homogeneous
matrix. The induced TC by homogeneous fiber as a function of Ti
was observed by means of POM. Then the relationship between
interfacial features and mechanical property of SPCs was studied.
The results show that the tensile strength of SPCs firstly increases
and reaches a maximum value at Ti ¼ 160 �C, then decreases with
the increase of the Ti. Based on the detailed analysis, themechanical
enhancement of SPCs is mainly ascribed to the existence of TC, high
orientation degree and high tensile strength of iPP fiber, together
with good adhesion between iPP fiber and matrix. This study pro-
vides a new insight into the relationship between interfacial fea-
tures and mechanical property of iPP based single-polymer
composites.
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