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Abstract  Matrix/fiber composites of β-form isotactic polypropylene (iPP) matrix and α-iPP or PA6 fibers were prepared by 
laminating technique under different preparation temperatures. The mechanical properties and interfacial morphologies of 
these composites were studied by tensile test, optical microscopy and scanning electron microscopy, respectively. The 
experimental results show that the tensile yield load and tensile modulus of β-iPP/PA6 matrix/fiber systems increased 
significantly at the expense of elongation at break. These mechanical properties show essentially no dependence on the 
sample preparation temperature. On the other hand, the mechanical properties of iPP matrix/fiber single polymer composites 
depend strongly on the sample preparation temperature. At low sample preparation temperature, e.g., 172 °C, the solid α-iPP 
fiber induces α-iPP crystallization, leading to the formation of α-iPP transcrystalline layer around the fiber. This results in a 
remarkable increment of the tensile yield load and tensile modulus. The elongation at break is also much better than that of 
the iPP/PA6 matrix/fiber system. It reflects a better interfacial adhesion of the single polymer composite compared with the 
iPP/PA6 composite. At higher sample preparation temperature, e.g., 174 °C or 176 °C, the partial surface melting of the 
oriented fiber allows interdiffusion of iPP molecular chains in the molten fiber and matrix melt. The penetration of matrix 
chains into the molten iPP fiber results in some iPP molecular chains being included partially in the recrystallized fiber and 
the induced β-transcrystalline layers. This kind of configuration leads to an improvement of interfacial adhesion between the 
fiber and matrix, which causes a simultaneous increase of the tensile yield load, tensile modulus and elongation at break of   
β-iPP.  
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INTRODUCTION 

Isotactic polypropylene (iPP) is a typical polymorphic polymer with at least four basic crystalline modifications 
(including the monoclinic α-form, trigonal β-form and orthorhombic γ-form) and a mesomorphic smectic 
form[1−9]. Its α form is thermodynamically most stable and can be obtained simply through melt crystallization. 
The β-phase is metastable and can only be obtained through some kinds of specific procedures, such as 
crystallization in thermal gradient[10, 11], crystallization of the sheared or elongated melts[12−18] or crystallization at 
the presence of nucleation agents[19−30]. Among these methods, the addition of β-nucleating agent is the most 
accessible and effective method to obtain high β-iPP content material[31]. The β-iPP exhibits some excellent 
performance characteristics such as the improved elongation at break, impact strength. Another most intriguing 
property of the β-iPP rests on the ability to produce microporous thin films through plastic deformation caused 
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by volume contraction during β to α transformation[32−34]. Therefore, it has also received much attention from 
scientific research as well as industrial applications[6, 12, 13, 35, 36]. 

It should be pointed out that, except for ductility and impact strength requirement, desired modulus and 
tensile strength are also necessary in some practical applications. For thermoplastic polymeric materials, their 
composites with various fibers provide an efficient way for improving the tensile strength and modulus. 
Consequently, the thermoplastic matrix/fiber composites have been paid more and more attention[37−40]. The 
properties of the fiber/matrix composites depend essentially on the used materials. There are, however, other 
factors that influence the properties of the composites remarkably[41, 42]. For example, the fiber induced 
interfacial morphology of the matrix will affect the stress transfer from the matrix to the fiber and influence the 
final properties of the composites[43]. Also a better fiber/matrix interfacial adhesion can strengthen the effect of 
fibers[43−49]. This leads to extensive studies on the fiber/matrix interfacial adhesion. To enhance the fiber/matrix 
interfacial adhesion, polar functional groups are most frequently introduced into the composites to improve the 
compatibility between the fiber and matrix. Actually, improvement of interfacial bonding is highly expected for 
self-reinforced single polymer fiber/matrix composites. This kind of composite exhibits also ideal recyclability 
since it is composed of same polymeric materials. Therefore, there is an increasing interest in the field of       
self-reinforcement. Up to now, a number of investigations have been conducted on such self-reinforced polymer 
composites, which include polyethylene fiber reinforced polyethylene[50−56] and polypropylene fiber reinforced 
polypropylene composites[57]. While the polyethylene single-polymer composite has prepared via specific 
processing, the iPP homogenous composite was prepared by compression-molding the non-oriented iPP thin 
films of ca. 80 μm in thickness together with the highly oriented iPP fibers, which were end-fixed on a glass 
slide, at 170 °C for 5 min. It was confirmed that the used procedure has molten only the iPP matrix material but 
not the constrained fibers. In this case, α-form iPP transcrystalline layers in the vicinity of iPP fibers have been 
produced. The prepared single iPP composite shows improved mechanical properties. In our previous work, iPP 
single polymer composites with β-form iPP transcrystalline layers were prepared through partial surface melting 
of the iPP fibers[58−62]. In this configuration, the non-molten iPP fibers can reinforce the generated β-form iPP 
matrix. Moreover, it was confirmed that iPP chains in the matrix must interdiffuse with oriented chains of 
partially molten fiber to generate β-iPP nuclei[63]. Taking into account that some of the molecular chains will be 
included partially in the fiber and partially in the matrix, excellent interfacial bonding and therefore superior 
mechanical properties are expected for the thus prepared single polymer composites.  

In the present work, single polymer composites of β-iPP reinforced with α-iPP fibers were prepared. The 
mechanical properties of the composites at different preparation temperatures were investigated and compared 
with the iPP/PA6 matrix/fiber composites. The results reveal an effective reinforcement of the iPP single 
polymer composites due to the synergetic effect.  

EXPERIMENTAL 

Materials and Sample Preparation 
The isotactic polypropylene (iPP) matrix material employed in this work was a commercial grade iPP, GB-2401, 
with melt flow index of 2.5 g/10 min, Mw = 437900, and melting temperature of 170 °C, produced by Yanshan 
Petroleum and Chemical Corp., China. For producing β-iPP matrix, β-nucleation agent was used which has the 
trade name of WBG-Ⅱ produced by Guang Dong Weilinna Functional Materials Co., LTD. The mixing of 
nucleating agent (NA) and iPP matrix was carried out by a home-made blender. The β-iPP thin films of            
ca. 0.2 mm in thickness were prepared by compression-molding the iPP/NA mixture at 200 °C under 75 kg/cm2. 
The obtained β-iPP films have a melting temperature of about 154 °C as measured by DSC. 

iPP fibers with a diameter of about 18 μm were produced using the same GB-2401 iPP with a homemade 
melt-spinning device. Spinning temperature was 200–240 °C. Resultant iPP fibers were then subjected to a    
cold-draw procedure at 110 °C with a draw ratio of 4. Polyamide (PA6) fibers used in this study, having a 
diameter of about 25 μm, were kindly supplied by Tianjin Polytechnic University. To remove the sizing agents 
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on the fiber surfaces, the fibers were rinsed for 4 h in a distillation flask with acetone and then dried in a vacuum 
oven at 40 °C for 5 h. 

The β-iPP matrix/fiber composites either with iPP fibers in α-form or with PA6 fibers were prepared by 
laminating method. iPP or PA6 individual fibers were tightly fixed on a metal frame to form fiber felts. The 
distance between the fibers in the felts was estimated to be ca. 150 μm. The fiber felts were then placed between 
two β-iPP films to form a matrix/fiber/matrix sandwich structure. The sandwich samples were heated to a 
temperature above the melting point of β-iPP matrix for 15 min and cooled to room temperatures. For 
comparison under exactly same sample thermal histories, pure β-iPP samples without fibers have also subjected 
the same procedures as the fiber/matrix composites. The specimens for tensile test were cut into dumbbell-
shaped bars. The tensile testing specimen had the dimension of 30 mm × 4 mm × 0.2 mm. 

Characterization 
Standard tensile test was performed using an America Instron 1185 tensile testing machine at a constant      
cross-speed of 100 mm/min. All mechanical properties were measured under room temperature at ca. 25 °C and 
the average value was obtained from over five specimens for each condition. 

For optical microscopy observation, an Axioskop 40 A Pol Optical Microscope (Carl Zeiss) was used. All 
optical micrographs presented in this paper were taken under crossed polarizers. 

A JSM-6701F field emission scanning electron microscope was used to study the interfacial morphology of 
the composites. The interfacial adhesion between fiber-matrix was evaluated by the fracture surface 
morphologies of the composites. Prior to scanning electron microscopy (SEM) observations, all fracture surfaces 
were sputter-coated with gold, and then observed under an acceleration voltage of 5 kV. 

RESULTS AND DISCUSSION 

Mechanical Properties of the β-iPP Laminate and its Composites 
The deformation behavior of the iPP and PA6 fibers was first checked. Representative stress-strain curves of    
α-iPP and PA6 fibers are presented in Fig. 1. One can clearly see that except for a slight lower toughness, the 
PA6 fibers exhibit a much better mechanical properties than the α-iPP fibers. The elongations at break are 90% 
for PA6 fibers and 110% for α-iPP fibers. The tensile strengths at break are about 310 MPa and 168 MPa for 
PA6 and α-iPP fibers, respectively. The tensile moduli of the PA6 and α-iPP fibers are 2019 MPa and          
1355 MPa. According to these results, a better reinforcement effect of the PA6 fiber toward β-iPP matrix may be 
expected. Therefore, the mechanical deformation behavior of the composites composed of β-iPP matrix and PA6 
or α-iPP fibers is compared. 

 

 
Fig. 1  The tensile stress-strain curves of iPP and PA fibers (a bundle of fibers) 

 

Figure 2 shows the stress-strain curves of the matrix/fiber composites with β-iPP matrix and PA6 or α-iPP 
fibers prepared at different compression temperatures. For a direct comparison, the stress-strain curves of the     
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β-iPP matrixes subjected the same preparation procedures as the matrix/fiber systems are also presented in     
Fig. 2. The characteristic data obtained from the mechanical tests on various composites are summarized in 
Table 1. We can see that the mechanical properties of the iPP single polymer composites depend strongly on the 
preparation temperature, while those for the β-iPP matrix and iPP/PA6 matrix/fiber system changed slightly. For 
the samples compressed at 169 °C, see Fig. 2(a), increase in tensile strength is evident for the composites either 
with iPP or with PA6 fibers. For example, the tensile modulus of iPP single composite changed from 531 MPa 
for β-iPP laminate to 992 MPa. An even higher increment is seen for the iPP/PA6 matrix/fiber composite, e.g., 
increased from 531 MPa to 1115 MPa. This rests on a higher strength of PA6 fibers compared to the α-iPP 
fibers. On the other hand, the elongation at break of the matrix/fiber systems decreased remarkably. The 
elongation at break of the iPP single polymer composite is only about 25% of the β-iPP laminate, while that of 
the iPP/PA6 matrix/fiber composite shows a decrease of more than 90% compared to the β-iPP laminate. Now 
the iPP/PA6 composite has an elongation at break of only 60%. It is even lower than the PA6 fibers. This is 
normal since the increase in tensile modulus is mostly at the expense of the toughness. When the sandwiched 
laminates were compressed at 171 °C, see Fig. 2(b), only small changes in the mechanical properties of the β-iPP 
matrix and iPP/PA6 matrix/fiber system were observed. However, for the iPP single polymer composite, the 
elongation at break has been increased intensely from 151% to 542% with the tensile modulus reduced from   
992 MPa to 704 MPa. Nevertheless, it is still much higher than the β-iPP laminate (704 MPa versus 549 MPa). 
With further increase of compression temperature to 173 °C, both the elongation at break and tensile modulus of 
β-iPP laminate cut down a little bit, reflecting the influence of thermal history on the mechanical properties of 
the polymeric materials. The iPP/PA6 composite exhibits still the highest strength among the studied systems, 

 

      
 

 
Fig. 2  The tensile stress-train curves of β-iPP and its matrix/fiber composites prepared at (a) 169 °C, 
(b) 171 °C and (c) 173 °C (The enlarged insets show the linear region of the stress-strain curves.) 



Structure and Properties of β-Polypropylene Reinforced by Polypropylene Fiber and Polyamide Fiber 513

even though abated slightly. At the same time, an improvement in elongation at break was seen. However, it is 
still poorer than that of the PA6 fibers. The most intriguing result is found for the iPP single polymer composite. 
One can see that the elongation at break and tensile modulus are improved simultaneously with respect to the    
β-iPP laminate. 

 
Table 1. Characteristic data of the β-iPP laminate and its composites obtained from tensile tests  

Samples 
Preparation 
temperature 

Properties 
Tensile yield load 

(N) 
Elongation at break 

(%) 
Tensile modulus of elasticity 

(MPa) 

β-iPP 
169 °C 21.73 ± 1.2 621.17 ± 61.0 531.41 ± 51.1 
171 °C 22.51 ± 1.9 566.15 ± 15.1 549.08 ± 46.5 
173 °C 20.19 ± 1.2 511.00 ± 7.3 517.13 ± 39.4 

β-iPP + iPP fiber 
169 °C 25.77 ± 1.8 151.96 ± 10.7 992.08 ± 42.8 
171 °C 27.82 ± 0.42 542.26 ± 46.0 704.70 ± 2.2 
173 °C 27.64 ± 0.7 582.82 ± 6.3 535.12 ± 50.2 

β-iPP + PA fiber 
169 °C 31.49 ± 1.2 61.95 ± 12.1 1157.77 ± 86.7 
171 °C 32.13 ± 2.2 65.11 ± 19.2 1052.96 ± 127.9 
173 °C 32.57 ± 0.78 69.24 ± 8.3 1101.73 ± 62.9 

Interfacial Structures of the β-iPP/Fiber Composites 
From the above discussion, it is clear that the influence of iPP and PA6 fibers on the property of β-iPP laminates 
is different. It is well known that the mechanical properties of fiber reinforced polymer composites are greatly 
related to the fiber-polymer interfacial adhesion and interfacial morphology of the composites[45, 64, 65]. Taking 
these into account, the different tensile behavior of the iPP/PA6 composites with respect to the iPP single 
polymer composites should be mainly related to the different fiber-polymer interfacial adhesion. On the other 
hand, the different tensile behavior of iPP single polymer composites prepared at different temperatures may be 
related to the different interfacial morphologies. In order to illustrate these differences, interfacial morphologies 
of the composites were studied.  

Figure 3 displays the optical micrographs of the iPP single composites prepared at various temperatures. 
For the samples compressed at 169 °C, see Fig. 3(a), the iPP fiber can be easily recognized. There is a distinct 
boundary between the iPP matrix and its same polymer fiber. This indicates that the α-iPP fiber is not molten. 
The solid iPP fiber initiates the transcrystallization of the melt iPP matrix and generates thin transcrystalline 
layers surround the fiber. This implies the high nucleation ability of the iPP fiber toward its iPP polymer matrix. 
In the areas away from the iPP fiber, instead of spherulitic morphology, the iPP grows in microcrystallite form, 
indicating the high nucleation efficiency of the used nucleation agent. Selective melting at 158 °C demonstrates 
that the iPP matrix is composed of β-iPP crystals. On the contrary, the transcrystralline layers consist mainly of 
α-iPP crystals. It is acceptable under the consideration that α-iPP fiber causes the homoepitaxial crystallization 
of iPP melt in its α-form. There are also some fan shaped β-iPP crystals in the transcrystalline layers. These fan 
shaped β-iPP crystals can be triggered either by the nucleation agent or by the fiber if partial melting happened 
in some places. The exact origin of the formation of fan shaped β-iPP crystals cannot be given at moment. For 
the samples compressed at 171 °C, see Fig. 3(b), the location of the iPP fiber can still be identified. However, the 
outline of the iPP fiber cannot be distinguished completely. This may indicate the occurrence of melting or at 
least partial melting of iPP fiber. In this case, the whole sample including the interfacial layer is composed of 
fully β-iPP crystals. Similar morphology was observed for the sample compressed at 173 °C, see Fig. 3(c). The 
formation of β-iPP interfacial layer is in good accordance with our previous studies, which indicate that melting 
or partial melting of the iPP fiber encourages the crystallization of iPP in its β-form[59, 61−63].  

Figure 4 shows the optical micrographs of the β-iPP/PA6 matrix/fiber composites prepared at different 
temperatures. Since the PA6 fibers cannot be molten at all of the chosen temperatures, the PA6 fibers can be 
clearly visualized in each of the optical micrographs. As in the case of iPP single polymer composites, the 
existence of β-iPP nucleation agent leads to formation of iPP microcrystallites. In the vicinity of the PA6 fiber, 
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no evident transcrystalline layers can be observed. This originates from the poorer nucleation ability of PA6 fiber 
toward iPP compared with the used nucleation agent. Selective melting of the samples at 158 °C demonstrates 
that, in the iPP/PA6 matrix/fiber systems, the iPP crystallizes essentially in its β-form, indicating again a higher 
nucleation ability of the used β-iPP nucleation agent. 

 

         
 

Fig. 3  Optical micrographs of iPP single polymer composites prepared by compression molding at 
(a) 169 °C, (b) 171 °C and (c) 173 °C and then cooled to room temperature 

 

         
 

Fig. 4  Optical micrographs of the β-iPP/PA6 matrix/fiber composites prepared at 
(a) 169 °C, (b) 171 °C and (c) 173 °C and then cooled to room temperature 

 

The above experimental results illustrate the different crystallization behavior of iPP around the iPP and 
PA6 fibers. Due to the lower nucleation ability of PA6 fiber toward iPP matrix with respect to the used 
nucleation agent, the PA6 fibers have no impact on the crystallization of the iPP matrix. Therefore, the iPP in the 
iPP/PA6 composites crystallizes in its β-form under all preparation conditions used. The crystallization of iPP in 
its single polymer composites depends strongly on the preparation temperature. At relatively lower preparation 
temperature, e.g. 169 °C, the α-iPP fiber kept in solid form. The solid α-iPP shows higher nucleation ability 
toward its iPP matrix than the used nucleation agent and therefore induces transcrystallization of the iPP matrix. 
The higher nucleation ability of α-iPP fiber on its iPP matrix relies on the same chemical structure and perfect 
crystallographic matching, which enables the occurrence of homoepitaxy. As a result, instead of β-iPP crystals 
induced by the nucleation agent, α-iPP transcrystals are produced by the α-iPP fiber. At elevated preparation 
temperatures, e.g., 171 °C or 173 °C, melting or at least surface melting of the α-iPP fiber takes place. However, 
a complete relaxation of the highly oriented iPP molecular chain in the fiber has not been reached. When 
crystallization later ensued, the oriented molecular chains previously included in the fiber are able to transform 
into crystalline self-nuclei and initiate the crystallization of the iPP matrix. Taking the fact that oriented iPP melt 
encourages the formation of its β-form crystals into account, transcrystalline layer of β-iPP crystals surrounding 
the iPP fiber was obtained. These different interfacial morphologies provide us some clues regarding the 
different tensile behavior of the composites.  

For the iPP/PA6 systems, the β-iPP crystals are grown from the nucleation agents. The growth of β-iPP 
crystals in the vicinity of PA6 fiber will be stopped when impinged with the fiber. Under such circumstance, 
weak interfacial adhesion between the PA6 fiber and β-iPP matrix is expected. It is the weak interfacial adhesion 
that gives rise to the underperformance in reinforcing the β-iPP matrix. This is supported by the scanning 
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electron microscopy (SEM) observation on the fracture surface morphologies of the samples. Figure 5 shows the 
SEM micrographs of the fracture surfaces of the PA6/iPP fiber/matrix composites. For the sample compression-
molded at 169 °C and 171 °C, see Figs. 5(a) and 5(b), the PA6 fibers have been pulled out from the composites 
with fairly clean surface. There exist also interspaces between the fiber and matrix. This indicates that the 
combination of PA6 fiber with the iPP matrix is indeed much poor. For the sample compression-molded at     
173 °C, even though the PA6 fiber has not been pulled out, it breaks away from the matrix. This may imply an 
improved surface bonding between the PA6 fiber and the iPP matrix. It is nevertheless still not much strong. As 
a result, similar mechanical behavior of the PA6/iPP fiber/matrix systems prepared at different temperatures is 
observed.  

 

         
 

Fig. 5  SEM micrographs showing the fracture surface morphologies of the PA6/iPP fiber/matrix composites 
prepared at (a) 169 °C, (b) 171 °C and (c) 173 °C and then cooled to room temperature 

 

For the iPP single polymer composites, taking the same iPP materials in each part of the composite into 
account, the connection between the iPP fiber and matrix is expected to be better than that of the PA6/iPP 
sample. The different mechanical properties should be related to the different interfacial morphologies caused by 
the character of the iPP fibers during sample preparation. This is supported by the SEM observation on the 
fractural surface morphology as shown in Fig. 6. It can be seen that the iPP fiber in the sample compression 
molded at 169 °C is also pulled out from the matrix, see Fig. 6(a). However, the iPP fiber is well connected with 
the iPP matrix. No interspace has been created during tensile test. Moreover, the surface of the iPP fiber is not as 
smooth as that in the iPP/PA6 matrix/fiber systems. This indicates an improved interfacial adhesion between the 
iPP matrix and fiber, which leads to an increment of tensile modulus from 533 MPa for β-iPP laminate to       
943 MPa for the single iPP composite. At the same time, the elongation at break of single iPP composite is 
evidently higher than that of the PA6/iPP composite (144% versus 50%). These results can be explained in 
following way. At 169 °C, the iPP fiber was not molten. The α-iPP fiber induces therefore the α-iPP 
transcrystallization of the supercooled iPP matrix in the vicinity of the fiber, as illustrated in Fig. 7(a). On the 
other hand, the used nucleation agent encourages the β-iPP crystallization of the matrix away from the fiber. In 
this kind configuration, the α-iPP fiber together with the transcrystalline α-iPP layers are responsible for the 
enhanced Young’s modulus and tensile strength, while the β-iPP matrix will response for the ductility. When the 
sample was compression molded at temperatures higher than 171 °C, the iPP fibers are not pulled out from the 
matrix, see Figs. 6(b) and 6(c). This implies an even better interfacial adhesion between the iPP fiber and matrix. 
The improved interracial adhesion should be related to the partial surface melting of the iPP fibers, as 
demonstrated by the formation of β-iPP transcrystalline layers surrounding the iPP fibers. In a previous work, it 
is suggested that the matrix chains are involved in the β-nucleation event and that partial surface melting of the 
oriented fiber is essential to the penetration of matrix chains into the oriented material prior to nucleation. In this 
case, some iPP molecular chains will be included partially in the recrystallized fiber and its induced                    
β-transcrystalline layers, as illustrated in Fig. 7(b). It is these penetrating molecular chains that give rise to the 
excellent interfacial connection between the iPP fiber and matrix. Consequently, the elongation at break of the 
iPP single polymer composite has been increased remarkably, e.g., from 144% to 487% for samples made at   
171 °C. Meanwhile, the surface melting of the fiber results in an attenuation of the α-iPP fiber and causes a 
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decrease in tensile modulus. Therefore, a greater degree surface melting at 173 °C brings about a further 
decrease in tensile modulus. Nevertheless, the tensile yield load, the tensile modulus and the elongation at break 
of the single iPP composite prepared at 173 °C increased simultaneously compared to the β-iPP laminate, 
indicating an efficient modification of the β-iPP.  

 

         
 

Fig. 6  SEM micrographs showing the fracture surface morphologies of the iPP single polymer composites 
prepared at (a) 169 °C, (b) 171 °C and (c) 173 °C and then cooled to room temperature 

 

 
 

Fig. 7  Schematic representation of transcrystallization layers in the iPP fiber/matrix 
single polymer composites prepared at (a) 169 °C and (b) 171 °C 

CONCLUSIONS 

Matrix/fiber composites of β-iPP with α-iPP or PA6 fibers were prepared by compression molding at different 
temperatures. The tensile properties and interfacial morphologies of the obtained composites were studied. The 
tensile test results show that tensile yield load and the tensile modulus of β-iPP/PA6 matrix/fiber systems 
increased remarkably at the expense of elongation at break. This is normal for polymer composites. Moreover, 
the mechanical properties of β-iPP/PA6 matrix/fiber composites do not depend on the sample preparation 
temperature. For the iPP matrix/fiber single polymer composites, it was found that their mechanical properties 
depend strongly on the sample preparation temperature. The iPP single polymer composite compressed at 169 °C 
behaves like the iPP/PA6 matrix/fiber system with increased tensile modulus and decreased elongation at break, 
even though the elongation at break is much better than that of the iPP/PA6 matrix/fiber system. The iPP single 
polymer composite compressed at 171 °C shows evident increase in tensile modulus with only slight decrease of 
the elongation at break. Further increase in sample preparation temperature, e.g., at 173 °C, improvement of both 
tensile modulus and elongation at break compared to the β-iPP was identified. The different mechanical 
performances of iPP single polymer composites originate from the different interfacial adhesion. At lower 
sample preparation temperatures, solid α-iPP fiber induces α-iPP crystallization, leading to the formation of       
α-iPP transcrystalline layer around the fiber. This results in an improved interfacial adhesion of the single 
polymer composite compared with the iPP/PA6 composite. At higher sample preparation temperatures, the 
partial surface melting of the oriented fiber allows interdiffusion of iPP molecular chains in the molten fiber and 
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matrix melt. The interpenetration of matrix iPP chains and molten fiber iPP chains results in some iPP molecular 
chains being included partially in the recrystallized fiber and the induced β-transcrystalline layers. This kind of 
configuration leads to an even better interfacial adhesion between the fiber and matrix, which causes a 
simultaneous increase of the tensile yield load, tensile modulus and elongation at break β-iPP. 
 
 
REFERENCES 
 
1 Padden, F.J. and Keith, H.D., J. Appl. Phys., 1959, 30: 1479 

2 Morrow, D.R. and Newman, B.A., J. Appl. Phys., 1968, 39: 4944 

3 Meille, S.V., Bruckner, S. and Porzio, W., Macromolecules, 1990, 23: 4114 

4 Lotz, B., Graff, S., Straupe, C. and Wittmann, J.C., Polymer, 1991, 32: 2902  

5 Keith, H.D., Padden, F.J., Walter, N.M. and Wyckoff, H.W., J. Appl. Phys., 1959, 30: 1485 

6 Zhao, J.C., Xing, B., Peng, Z. and Zhang, J.M., Chinese J. Polym. Sci., 2013, 31(9): 1310  

7 Lotz, B., Wittmann, J.C. and Lovinger, A.J., Polymer, 1996, 37: 4979 

8 Stocker, W., Schumacher, M., Graff, S., Thierry, A., Wittmann, J.C. and Lotz, B., Macromolecules, 1998, 31: 807 

9 Torre, J., Cortazar, M., Gomez, M.A., Marco, C., Ellis, G., Riekel, C. and Dumas, P., Macromolecules, 2006, 39: 5564 

10 Pawlak, A. and Piorkowska, E., Colloid. Polym. Sci., 2001, 279: 939 

11 Lovinger, A.J., Chua, J.O. and Gryte, C.C., J. Polym. Sci., Polym. Phys. Ed., 1977, 15: 641 

12 Dragaun, H., Hubeny, H. and Muschik, H.J., J. Polym. Sci., Polym. Phys. Ed., 1977, 15: 1779 

13 Byelov, D., Panine, P., Remerie, K., Biemond, E., Alfonso, G.C. and de Jeu, W.H., Polymer, 2008, 49: 3076 

14 Grubb, D.T., Odell, J.A. and Keller, A.J., J. Mater. Sci., 1975, 10: 1510 

15 Varga, J. and Karger-Kocsis, J., Polym. Bull., 1993, 30: 105 

16 Somani, R.H., Hsiao, B.S., Nogales, A., Srinivas, S., Tsou, A.H., Sics, I., Balta-Calleja, F.J. and Ezquerra, T.A., 

Macromolecules, 2000, 33: 9385 

17 Somani, R.H., Hsiao, B.S., Nogales, A., Fruitwala, H., Srinivas, S. and Tsou, A.H., Macromolecules, 2001, 34: 5902 

18 Zhang, B., Chen, J.B., Zhang, X.L. and Shen, C.Y., Polymer, 2011, 52: 2075  

19 Li, J.X. and Cheung, W.L., Polymer, 1998, 39: 6935. 

20 Zhou, J.J., Liu, J.G., Yan, S.K., Dong, J.Y., Li, L., Chan, C.M. and Schultz, J.M., Polymer, 2005, 46: 4077 

21 Lezak, E., Bartczak, Z. and Galeski, A., Polymer, 2006, 47: 8562 

22 Xiao, W.C., Wu, P.Y., Feng, J.C. and Yao, R.Y., J. Appl. Polym. Sci., 2009, 111: 1076 

23 Xiao, W.C., Wu, P.Y. and Feng, J.C., J. Appl. Polym. Sci., 2008, 108: 3370 

24 Huo, H., Jiang, S.C., An, L.J. and Feng, J.C., Macromolecules, 2004, 37: 2478 

25 Varga, J., J. Macromol. Sci., Part B: Phys., 2002, 41: 1121 

26 Varga, J., J. Therm. Anal., 1986, 31: 165 

27 Varga, J., J. Therm. Anal., 1989, 35: 1891 

28 Li, J.X. and Cheung, W.L., Polymer, 1999, 40: 2085 

29 Yi, Q.F., Wen, X.J., Dong, J.Y. and Han, C.C., Polymer, 2008, 49: 5053 

30 Liu, M.X., Guo, B.C., Du, M.L., Chen, F. and Jia, D.M., Polymer, 2009, 50: 3022 

31 Luo, F., Geng, C.Z., Wang, K., Deng, H., Chen, F., Fu, Q. and Na, B., Macromolecules, 2009, 42: 9325 

32 Zhang, R.H., Shi, D., Tjong, S.C. and Li, R.K.Y., J. Polym. Sci. Part B: Polym. Phys., 2007, 45: 2674 

33 Chu, F., Yamaoka, T. and Kimura, Y., Polymer, 1995, 36: 2523   

34  Chu, F. and Kimura, Y., Polymer, 1996, 37: 573 

35 Varga, J. and Karger-Kocsis, J., Polymer, 1995, 36: 4877 

36 Ellis, G., Gomez, M.A. and Marco, C., J. Macromo. Sci. Phys., 2004, 43: 191  

37 Sapuan, S.M., Lok, H.Y., Ishak, M.R. and Misri, S., Chinese J. Polym. Sci., 2013, 31(10): 1394  

38 Xu, L.B., Fu, Y.Q. and Ni, Q.Q., Acta Polymerica Sinica (in Chinese), 2011, (10): 1132  

39 Wang, C.B., Ying, S.J. and Xiao, Z.G., Acta Polymerica Sinica (in Chinese), 2011, (12): 1419 



Q. Liu et al. 518

40 Clegg, D.W. and Collyer, A.A., “Mechanical properties of reinforced thermoplastics”, Elsevier Applied Science,        

New York, 1986 

41 Miwa, M., Nakayama, A., Ohsawa, T. and Hasegawa, A., J. Appl. Polym. Sci., 1979, 23: 2957 

42 Paipetis, A. and Galiotis, C., Compos. Part A-Appl. S., 1996, 27: 755 

43 Karnani, R., Krishnan, M. and Narayan, R., Polym. Eng. Sci., 1997, 37: 476 

44 Youssef, Y. and Denault, J., Polym. Compos., 1998, 19: 301  

45 Chen, X.Y., Guo, Q.P. and Mi, Y.L., J. Appl. Polym. Sci., 1998, 69: 1891 

46 Mi, Y.L., Chen, X.Y. and Guo, Q.P., J. Appl. Polym. Sci., 1997, 64: 1267   

47 Etelaaho, P., Jarvela, P., Stenlund, B., Wilen, C.E. and Nicolas, R., J. Appl. Polym. Sci., 2002, 84: 1203  

48 Mohanty, A.K., Drzal, L.T. and Misra, M., J. Adhes. Sci. Technol., 2002, 16: 999 

49 Lin, J.S., Polym. Polym. Compos., 2002, 10: 607 

50 Capiati, N.J. and Porter, R.S., J. Mater. Sci., 1975, 10: 1671 

51 Mead, W.T. and Porter, R.S., J. Appl. Polym. Sci., 1978, 22: 3249   

52 Isada, H. and Bussi, P., Macromolecules, 1991, 24: 3569 

53 Stern, T., Wachtel, E. and Marom, G., J. Polym. Sci. Polym. Phys. Ed., 1997, 35: 2429 

54 Devaux, E. and Caze, C., Compos. Sci. Technol., 1999, 59: 459 

55 Devaux, E. and Caze, C., Compos. Sci. Technol., 1999, 59: 879  

56 Lacroix, F.V., Loos, J. and Schulte, K., Polymer, 1999, 40: 843 

57 Loos, J., Schimanski, T., Hofman, J., Peijs, T. and Lemstra, P.J., Polymer, 2001, 42: 3827 

58 Liu, Q., Li, H.H., Qiu, Z.B. and Yan, S.K., Polym. Int., 2012, 61: 1417  

59 Sun, X.L., Li, H.H., Zhang, X., Wang, J.J., Wang, D.J. and Yan, S.K., Macromolecules, 2006, 39: 1087  

60 Li, H.H., Zhang, X.Q., Kuang, X. Wang, J.J., Wang, D.J., L. Li. and Yan, S.K., Macromolecules, 2004, 37: 2847 

61 Li, H.H., Zhang, X.Q., Duan, Y.X., Wang D.J., Li, L. and Yan, S.K., Polymer, 2004, 45: 8059 

62 Li, H.H., Jiang, S.D., Wang, J.J., Wang, D.J. and Yan, S.K., Macromolecules, 2003, 36: 2802 

63 Sun, X.L., Li, H.H., Zhang, X.Q., Wang, D.J., Schultz, J.M. and Yan, S.K., Macromolecules, 2010, 43: 561 

64 Maldas, D. and Kokta, B.V., Compos. Interfaces, 1993, 1: 87 

65 Curtis, P.T., Bader, M.G. and Bailey, J.E., J. Mater. Sci., 1978, 13: 377 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


