
Chinese Journal of Polymer Science Vol. 35, No. 5, (2017), 659−671 Chinese Journal of Polymer Science 
© Chinese Chemical Society 
Institute of Chemistry, CAS  
Springer-Verlag Berlin Heidelberg 2017 

Crystallization, Mechanical, Thermal and Rheological Properties of 
Polypropylene Composites Reinforced by Magnesium Oxysulfate Whisker* 

Li Danga, b, c,  Xue-ying Naib,  Xin Liub,  Dong-hai Zhub,  Ya-ping Dongb  and  Wu Lia, b** 
a Key Laboratory of Salt Lake Resources Chemistry, Qinghai Institute of Salt Lakes,  

Chinese Academy of Sciences, Xining 810008, China 
b Key Laboratory of Comprehensive and Highly Efficient Utilization of Salt Lake Resources,  

Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, Xining 810008, China 
c University of Chinese Academy of Sciences, Beijing 100049, China  

 
 
Abstract  Polypropylene (PP) composites containing magnesium oxysulfate whisker (MOSw) or lauric acid (LA) modified 
MOSw (LAMOSw) were prepared via melt mixing in a torque rheometer. The heterogeneous nucleating effect of LAMOSw 
was clearly observed in polarized light microscopy (PLM) pictures with the presence of an abundance of small spherulites. 
MOSw exhibited no nucleation effect and formed a few spherulites with large size. Compared with PP/MOSw composites, 
PP/LAMOSw exhibited better impact strength, tensile strength and nominal strain at break, ascribing to three possible 
reasons: (i) more β-crystal PP formed, (ii) better dispersity of LAMOSw in PP matrix and (iii) the plasticizing effect of LA. 
The results of dynamic mechanical thermal analysis (DMTA) indicated that brittleness of the PP matrix at low temperature 
was improved by the addition of LAMOSw, while the interfacial interactions between MOSw and PP matrix were actually 
weakened by LA, as evidenced by the higher tanδ values over the entire range of test temperatures. In terms of the 
rheological properties of the composites, both the η* and G′ at low frequencies increase with the addition of MOSw or 
LAMOSw, indicating that the PP matrix was transformed from liquid-like to solid-like. However, a network of whiskers did 
not form because no plateau was found in the G′ at low frequencies. With low filler content, LAMOSw produced a stronger 
solid-like behavior than MOSw mainly due to the better dispersion of the LAMOSw in PP matrix. However, for highly-filled 
composites, the η* of PP/LAMOSw at low frequencies was smaller than that of PP/MOSw composite, since the particle-
particle contact effect played a major role. 
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INTRODUCTION 

In recent years, there have been many reports concerning polymer composites incorporated with different fillers, 
such as cellulose, whiskers, montmorillonite, mica, clay, silica nanoparticles, carbon black, carbon nanotubes, 
graphene, calcium carbonate, etc. These fillers have been found to enhance the properties of polymers including 
mechanical strength, thermal resistance, crystallization, rheology, dielectric properties, flammability, etc[1−6]. 
Among them, magnesium oxysulfate whisker (MOSw) has attracted much attention because of its high flame 
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retardant behavior. As reported by Gao et al.[7], MOSw exhibited a much higher caloric receptivity and 
decomposition temperature than two common flame retardants of Mg(OH)2 and Al(OH)3 used in the plastics 
industry. As a consequence, adding 20 wt% MOSw to polypropylene (PP) matrix has been found to increase the 
limit oxygen index (LOI) of the resulting composites to 22.7%, whereas the LOI for the neat PP was 18.0%.    
Lu et al.[8] investigated the flammability of low density polyethylene/MOSw composites and found that the 
MOSw not only reduced the heat release rate (HRR) but also suppressed the smoke emission. In addition to these 
instances, MOSw has also been added into acrylonitrile butadiene styrene (ABS)[9], silicon rubber (SR)[10], 
ethylene-vinyl acetate (EVA)[11] and other matrices[12, 13] as the flame retardant agent. 

Fibrous MOSw with a large aspect ratio is also assumed to enhance the mechanical properties of polymer 
composites surprisingly due to its near-perfect crystal structure[14−16]. This is yet another reason for using MOSw 
as a reinforcing filler or to substitute other flame retardants such as Mg(OH)2 and Al(OH)3. For example, it had 
been found that the tensile strength, elongation at break and impact strength of isotactic PP/poly(2,6-dimethyl-
1,4-phenylene ether)/polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (iPP/PPE/SEBS) composites were 
all reduced with the addition of magnesium hydroxide (MH), although the flame retardant properties were 
greatly improved[17]. The planar shape and agglomerations of MH were found to be detrimental to the 
mechanical properties of matrix. As for MOSw, agglomeration still existed due to its small size and high surface 
energy. However, MOSw still has the potential to enhance the mechanical properties of a polymer matrix 
because of its large aspect ratio and near-perfect crystal structures. Wu et al.[11] compared the flame retardant and 
mechanical properties of MOSw with MH in an EVA matrix. The results showed that EVA/MOSw composite 
had a higher LOI and lower heat release rate (HRR) than EVA/MH composite, and exhibited a larger tensile 
strength and elongation at break, although the performance of both composites were inferior to that of neat EVA. 
Besides, incorporation of MOSw into SR and poly(vinyl chloride) (PVC) matrix also brought about great flame 
retardant properties with slight decrease in tensile strength, as reported by Fang et al.[10] and Jiang et al.[12], 
respectively. Moreover, Han[18], Gao[7] and Lei et al.[13, 19] also observed significant enhancement in the tensile 
strength and modulus when MOSw was incorporated into PP and unsaturated polyester (UP) matrix, 
respectively.   

Based on the reported polymer/MOSw composites in the literature, it can be seen that most efforts have 
focused on enhancing mechanical or flame retardant properties, the correlativity between the microstructures of 
composites and properties such as rheology, dynamic mechanical thermal behaviors, thermal stability and 
crystallization properties have been ignored. In fact, rheology is a most useful way to characterize the 
microstructures of polymeric composites, because the viscoelastic response is related to the short-range structure 
of fillers and the long-range interactions between the fillers and the matrix[20, 21]. Dynamic mechanical thermal 
analysis (DMTA) is another powerful tool for studying the relaxation and motion of polymer chains[22]. In 
addition, it is well known that the intrinsic properties of semi-crystalline polymers, particularly PP, are strongly 
dependent on their crystallization behaviors. For example, the β-crystal phase of PP exhibits much higher impact 
strength and lower tensile strength than α-form of PP[23, 24], which is probably the most important factor in the 
enhancement of mechanical properties. Therefore, in respect to MOSw reinforcement or toughening of PP 
composites, it is important to understand the effects of MOSw on the crystallization behavior of PP.   

In this work, lauric acid (LA) modified MOSw (LAMOSw) were prepared[25] for the purpose of reducing 
agglomeration and enhancing the interfacial adhesion between MOSw and the PP matrix. As a contrast, 
unmodified MOSw was also prepared. By using LAMOSw as the reinforcing filler or flame retardants, a series 
of PP/MOSw and PP/LAMOSw composites were prepared via the melt blending method. The crystallization 
behaviors of the composites were examined with polarized light microscopy (PLM) and wide-angle X-ray 
diffraction (WXRD). The reinforcing or toughening effect of MOSw (or LAMOSw) on the PP matrix was then 
studied by the means of tensile and impact testing. Thermogravimetry (TG) and DMTA were also employed to 
characterize the thermal stability and dynamic mechanical thermal properties of PP/MOSw and PP/LAMOSw 
composites. Furthermore, rheological properties were analyzed to investigate the microstructure of composites. 
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EXPERIMENTAL 

Materials 
Isotactic polypropylene (iPP, T30S) was purchased from Maoming Petrochemical Co., Ltd., Maoming, China. It 
has a melt flow rate (MFR) of 3.7 g/10min (230 °C, 2.16 kg). Lauric acid (chemically pure) was purchased from 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Antioxidant 1010 (95.0%) was purchased from Tokyo 
Chemical Industry (TCI), Tokyo, Japan. MOSw with a diameter of 0.5−1 μm and a length of 10−50 μm (aspect 
ratio of 10−100) was obtained from a method described as follows: magnesium sulfate and sodium hydroxide 
were mixed in aqueous solution by the molar ratio of 0.8/1, and then heated and vigorously stirred for several 
hours. Impurities were removed by centrifuging and washing with plenty of water. The product was obtained 
after drying of the solid left on the bottom.  

Preparation of PP/MOSw Composites 

Surface modification of MOSw  
LAMOSw was prepared according to the procedure described in our previous report[25]. MOSw was dispersed in 
distilled water in the proportion of 1.00 g to 50 mL of water, and then immersed in an ultrasonic bath at the 
power of 120 W for 1 h. Subsequently, the resulting slurry of MOSw was obtained after 5 h for magnetic 
stirring. All the operations were performed at room temperature.  

LA (5% weight fraction based on MOSw) was dissolved in 95% ethanol solution. The LA-ethanol solution 
was added into the slurry of MOSw which had been heated to 70 °C with magnetic stirring for 90 min. The 
product was cooled down to room temperature, then filtered and washed with plenty of ethanol and distilled 
water successively to remove excessive lauric acid. The sample was collected and dried at 60 °C in an oven for 
12 h. 

Preparation of PP/MOSw composites 
Before blending, all the materials were dried at 70 °C for 8 h to eliminate moisture. And then the PP pellets, 
MOSw or LAMOSw and antioxidant 1010 were mixed based on a certain percentage with an RM-200C torque 
rheometer (HAPRO, Harbin, China) at 190 °C with a rotor speed of 60 r/min for 15 min. The content of 
antioxidant 1010 was maintained 0.2 wt% of PP matrix, and the weight fractions of MOSw and LAMOSw were 
5 wt% and 10 wt%, as shown in Table 1. Sheet samples with different thicknesses were obtained by the 
compression molding with a XH-406B press vulcanizer (Xihua, Dongguan, China) at 190 °C for 8 min without 
pressure and 7 min under a pressure of 15 MPa, subsequently. Then, the sheet samples were cooled down to 
room temperature at the same pressure for 5 min. All the samples were stored in a dry environment at room 
temperature (23 ± 2 °C). 
 

Table 1  Nomenclature used for the samples 
Sample MOSw (wt%)  Modifying a 
Neat PP 0 − 

PP/5MOSw 5 − 
PP/10MOSw 10 − 

PP/5LAMOSw 5 + 
PP/10LAMOSw 10 + 

a “−” represents unmodified MOSw as filler; “+” represents LA modified MOSw as filler. 

Characterization 

Scanning electron microscopy (SEM) 
The samples were fractured in liquid nitrogen and the surfaces were observed after sputtering coated with gold 
with a JSM-6701F field emission scanning electron microscope (FESEM) from JEOL using an acceleration 
voltage of 5.0 kV.  
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Tensile and notched impact test 
Tensile strength and modulus were measured at room temperature with CMT 6000 electronic universal testing 
machine according to ISO 527-2: 1993 using dumbbell-shaped specimens (1BB) with length of 30 mm, width 
and thickness of 2 mm. The test speed was 10 mm/min. 

Charpy notched impact strength was measured at room temperature with XJJD-50 Charpy impact tester 
using a 7.5 J hammer according to ISO 179-1: 2000. The specimens were cut with the dimensions of                 
80 mm × 10 mm × 4 mm, and V-shaped gap of 2 mm in the middle of samples.  

The results for each measurement were the average value of 6 tested samples at least. 
Thermogravimetric analysis (TGA) 
Thermogravimetric analysis was used to determine the thermal resistance and degradation of neat PP and PP 
composites. The analysis was performed on a STA449F3 simultaneous thermal analyzer (German, Netzsch) at 
the heating rate of 5 K/min under nitrogen atmosphere from room temperature to 700 °C. 
Dynamic mechanical thermal analysis (DMTA) 
A TA instruments Q800 dynamic mechanical thermal analyzer was used to measure the glass transition 
temperature, storage moduli and loss moduli of the samples with height, width and thickness of 40, 15 and          
2 mm, respectively. The samples were tested in the dual cantilever bending mode at amplitude of 30 μm, a 
frequency of 1 Hz, and a heating rate of 3 K/min from −70 °C to 130 °C. 
Hot-stage polarized light microscopy (hot-stage PLM) 
The Olympus BX51 polarized light microscopy (PLM) equipped with a Linkman THMS600 hot-stage thermal 
controller was used to study the spherulitic morphology of neat PP and PP composites in the isothermal 
crystallization process. The samples were placed between two glass slides on the hot-stage and melted at 200 °C 
for 3 min to erase any thermal history, and then cooled down to 130 °C at a rate of 100 K/min. The 
crystallization procedure was observed and morphology was recorded by taking photographs at constant time 
intervals. 
Wide-angle X-ray diffraction (WXRD) 
WXRD patterns of the samples were acquired using a Philips X’Pert X-ray spectrometer with Cu Kα radiation  
(λ = 0.154 nm). The spectrum scanned range from 10° to 30° for 2θ value by 2 (°)/min speed. 
Rheological measurements 
The rheological properties of PP and composites were measured using a stress-controlled Haake MARS 
rheometer. The experiments were conducted under nitrogen to avoid oxidation of the samples. A parallel plate 
geometry was used with a gap of 1 mm and a plate diameter of 20 mm. Frequency sweeps in small-amplitude 
oscillatory shear (SAOS) at a strain amplitude of 5% were carried out on the samples at 190 °C. 

RESULTS AND DISCUSSION 

Crystallization Behaviors 
Crystallization morphology  
Polarized light microscopy (PLM) characterization was conducted to study the influence of MOSw and 
LAMOSw on the morphology and size of the spherulites in the PP matrix. Figure 1 shows the partial 
micrographs of the neat PP, PP/MOSw and PP/LAMOSw composites crystallized at 130 °C. As can be seen 
from the left line in Fig. 1, a few crystal nuclei formed in the neat PP at the beginning of crystallization process, 
and then these nuclei grew into relatively complete spherulites and finally reached the size of more than 130 μm 
in diameter. The interfaces between the PP spherulites were crowded but still clear. By contrast, the boundaries 
of the PP spherulites became blurred and interlaced when LAMOSw was added, even lots of broken crystals 
being formed in the gaps between the spherulites, as shown by the right line in Fig. 1. Moreover, the diameters 
of PP spherulites were reduced to about 75 μm. In other words, there were more PP spherulites observed in a 
limited space when 5 wt% LAMOSw was introduced, which resulted from the abundant crystal nucleus formed 
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at the beginning of crystallization process. This was an indication of heterogeneous nucleating effect exerted by 
the LAMOSw on the PP matrix[26−28]. The heterogeneous nucleation effect probably resulted from two possible 
reasons: (i) the high dispersion of nanoscale LAMOSw, (ii) a thin layer of LA coated on the surface of MOSw. 
To this end, Binias et al.[29] have reported that the presence of more than 5 wt% fatty acid (stearic acid) slowed 
the rate of PP crystallization and disturbed the formation of an ordered crystalline structure. In our case, it was 
found that only 0.25 wt% LA existed in the PP/5LAMOSw composite, which hardly offered any effect on the 
crystallization behaviors of the PP matrix. It is confirmed that LA was not helpful to nucleating and crystallizing 
in the PP matrix. Hence, the heterogeneous nucleation effect of LAMOSw was caused mainly by the dispersed 
nanoscale whiskers in the composites. On the other hand, PP/MOSw composites exhibited a completely different 
crystallization process than the neat PP and PP/LAMOSw composites. Firstly, very few nuclei formed at the 
beginning of PP crystallization, as shown in the middle line in Fig. 1, which was due to the complicated 
aggregation structure of MOSw that hindered the migration of the PP chains[30]. Next, these nuclei grew up into 
spherulites with a diameter of more than 250 μm. The interfaces between the spherulites were sharp and clear, 
which produced brittle fracture of the composites in the tensile and impact testing.  
 

 
Fig. 1  PLM photographs of crystallized neat PP, PP/MOSw and PP/LAMOSw composites at 130 °C  
The bottom on the right presents 8 min crystallization due to the fast crystallization rate of PP/LAMOSw composites. 

WXRD results  
After examining the crystalline morphology of the neat PP and PP composites, the crystallization structure was 
also necessary to be investigated. It is well known that PP is polymorphic with several crystal forms, i.e., 
monoclinic (α), trigonal (β) and triclinic (γ) forms[28]. The physical and mechanical properties of PP are strongly 
dependent on the crystalline forms and degree of crystallization. For example, β-crystals of PP exhibit better 



L. Dang et al. 664

toughness and lower melting points than the α-crystal form[24]. The WXRD characterization was used to identify 
the crystallization structure of neat PP and the PP composites. As shown in Fig. 2, the WXRD pattern of neat PP 
showed peaks at 2θ = 14.2°, 17.0°, 18.6°, 21.3° and 21.9°, respectively, corresponding to (110), (040), (130), 
(111) and (131) reflections, indicating that only the α-crystal form was presented in neat PP. With respect to 
PP/MOSw composites, a weak extra peak was presented at 2θ = 16.0° which corresponded to the (300) 
reflection of the β-crystal form, indicating that the β-crystal of PP was induced by MOSw[28, 31, 32]. But the 
PP/LAMOSw composites exhibited a stronger β-crystal peak than the PP/MOSw composites, indicating that the 
surface modified MOSw was more efficient in inducing the β-crystal form of PP. This may be due to the better 
dispersion and smaller size of the single whisker. The possibility was negated to induce the β-crystal form of PP 
by the surface modified MOSw with LA, because no differences were observed between the WXRD patterns of 
neat PP and PP/0.25LA. Moreover, the peaks at 2θ = 13.0°, 17.3° and 22.9° were corresponded to the (201), 
(202) and (203) reflections of the MOSw, respectively.  
 

 
Fig. 2  WXRD patterns of neat PP, PP/LA, PP/MOSw composites and PP/LAMOSw with different filling contents 

DSC measurement was also conducted to investigate the non-isothermal crystallization and melting 
behavior of the composites. The analytical results showed that the dispersed LAMOSw had a heterogeneous 
nucleation effect on the PP matrix, while MOSw had no effect on the PP crystallization. This could probably be 
ascribed to the 3D structure of the agglomerations that were usually too complicated to allow the PP molecular 
chains to assemble around them. The details of this assertion were discussed in the supporting information    
(Fig. S1 and Table S1 in supporting information, SI). It is worth mentioning that no β-crystal melting peak was 
found in the DSC thermograms for either PP/MOSw or PP/LAMOSw composites. The probable reason might be 
that the melting curves were obtained after heating, cooling and re-heating cycles without shearing, which 
probably eliminated a small amount of β-PP existed in the system. 

Mechanical Properties 
Tensile properties 
The tensile strength, Young’s modulus and nominal strain at break of the PP/MOSw and PP/LAMOSw 
composites were compared to those of the neat PP. As shown in Fig. 3(a), the tensile strength of the PP matrix 
decreased by ca. 20.4% with 5 wt% of MOSw in the system, and 21.1% with 10 wt% of MOSw in the 
composite. For PP/LAMOSw samples, the tensile strength decreased by ca. 13.6% with the addition of 5 wt% 
LAMOSw filler, and 20.6% for the addition of 10 wt% LAMOSw, indicating that the surface modification of 
MOSw with LA helped to maintain the tensile strength of the PP composites. Figure 4 shows the SEM 
micrographs of the PP/MOSw and PP/LAMOSw composites. It is found that for the PP/MOSw composites, the 
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fractured surface was not as smooth as the PP/LAMOSw composites due to the micron scale of the 
agglomerates. In addition, the dispersion of MOSw in the PP matrix was not as uniform as it was with 
LAMOSw. From Fig. 4(c), it can be observed that most of MOSw slightly gathered in a small region of the 
composites, while the rest of whiskers were present elsewhere in the other matrix. By contrast, LAMOSw was 
evenly distributed in the PP matrix, as shown in Fig. 4(d). It should be noted that both unmodified MOSw and 
LA-modified MOSw exhibited poor compatibility with the PP matrix, since the surface of the whiskers was 
smooth without adhering to any melt. In theory, this poor compatibility resulted in poor stress transfer from the 
PP matrix to the MOSw filler, further causing a reduction in the tensile strength of PP/MOSw and PP/LAMOSw 
composites[33, 34].  

As shown in Fig. 3(b), the Young’s modulus of the PP/MOSw and PP/LAMOSw composites increased 
significantly in comparison to that of the neat PP. To be specific, by adding 10 wt% filler in the PP/MOSw and 
PP/LAMOSw composites, ca. 30.0% and 26.3% higher tensile strength was observed, respectively. This was 
primarily attributed to the rigidity of the MOSw filler which behaved with the similarity to other rigid fillers, 
such as CNCs[22, 34], T-ZnOw[31], CaCO3 nanoparticles[26], etc. Furthermore, it might be that the hydrogen 
bonding interactions in MOSw aggregates were more efficient in improving the tensile modulus[33, 34], in despite 
of the inhomogeneous distribution of MOSw in the PP matrix. Finally, as shown in Fig. 3(c), the nominal strain 
at break of the composites decreased sharply when MOSw was added without any pre-treatment, whereas it 
decreased only slightly for the PP/LAMOSw composites, indicating a more uniform dispersion of MOSw in the 
PP matrix after the surface modification with LA. 

 

      

 
Fig. 3  Comparison of the tensile properties: (a) tensile strength, (b) tensile modulus and (c) nominal strain at break 
of the samples  
The number above the bars represents the changes in percent with respect to the neat PP. 
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Fig. 4  SEM mircographs: (a) and (c) the PP/MOSw composite, (b) and (d) the PP/LAMOSw composite (5 wt% 
filler content for both PP/MOSw and PP/LAMOSw samples) 

Impact strength 
Figure 5 shows the impact strength of the PP/MOSw and PP/LAMOSw composites with different filler contents. 
It was evident that the impact strength of the PP composites increased with the addition of both MOSw and 
LAMOSw. For instance, incorporation 10 wt% MOSw and LAMOSw into the PP matrix increased the impact 
strength of PP matrix by ca. 59.6% and 163.7%, respectively. The whisker-like nature of the MOSw filler caused 
it to distribute randomly in the PP matrix, consequently absorbed a part of energy in the impact process due to 
the crack bridging and pullout effects[35]. Besides, the formation of β-crystal phase in the PP/MOSw and 
PP/LAMOSw composites improved the impact strength. It was also observed that the PP/LAMOSw composites 
displayed much higher impact strength than that of PP/MOSw composites. The impact strength enhancement 
after surface modification has been observed for other composites[31, 36]. For example, Zuiderduin et al.[36] 
reported that the Notched Izod fracture energy of the PP matrix was further increased from 2 kJ/m2 to         
40−50 kJ/m2 due to the composites containing stearic acid coated CaCO3 nanoparticles. They ascribed such a 
result to the more uniform dispersion of the fillers in the matrix after surface modification of the filler. In 
addition, the plasticizing effect of the LA modifier, as a kind of fatty acid, to the PP matrix cannot be ignored. 
 

 
Fig. 5  Impact strength of neat PP, PP/MOSw and PP/LAMOSw composites 
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Thermal Properties 
TG analysis 
Figure 6 shows the TG and DTG curves of the neat PP, PP/5MOSw and PP/5LAMOSw composites. The 
parameters of thermal stability are summarized in Table 2. Here, T05 is defined as the onset temperatures of 
sample to decomposition (5% weight loss) and Tpeak is defined as the peak temperature of the DTG curves. 
Obviously, T05 increased from 313.5 °C to 373.9 °C when 5 wt% MOSw was added into the PP matrix. This was 
an indication that MOSw improved the thermal stability of the PP matrix, probably due to the higher 
decomposition temperature of MOSw at 395 °C. Also, the T05 was further improved to 377.2 °C with the 
addition of 5 wt% LAMOSw, suggesting that the modification of filler with LA was helpful to improve the 
thermal stability of PP/MOSw composites. The surface modified MOSw was more dispersed in the PP matrix 
forming more homogeneous composites, which provided a more significant improvement in the thermal stability 
of MOSw. Also, the formation of abundant spherulites with small diameters in the composite may also increase 
the T05. The Tpeak of the PP/5MOSw composite also increased when MOSw was modified with LA, although a 
significant increase in this parameter was also observed in the PP/5MOSw and PP/5LAMOSw composites.  
 

     
Fig. 6  (a) TG and (b) DTG results of neat PP (solid), PP/5MOSw (dotted) and PP/5LAMOSw (dash-dotted) composites 

 
Table 2  Summary of T05 and Tpeak for neat PP, PP/5MOSw and PP/5LAMOSw composites 

Sample T05 (°C) Tpeak (°C) 
Neat PP 313.5 395.7 

PP/5MOSw 373.9 433.3 
PP/5LAMOSw 377.2 440.0 

DMTA properties  
Figure 7(a) shows the variation of the storage modulus (E′) of the neat PP, PP/5MOSw and PP/5LAMOSw 
composites as a function of temperature. Significantly, the E′ values of all the samples decreased as the 
temperature increased due to the higher mobility of polymer chains in the PP matrix at higher temperatures. The 
PP/5LAMOSw composite exhibited higher E′ value than the neat PP at the entire range of temperatures. This 
was probably due to the reinforcing effects caused by LAMOSw, which allowed greater stress transfer at the 
interface of PP matrix and LAMOSw[22, 37]. The significantly higher Young’s modulus and impact strength of 
PP/5LAMOSw also confirmed such a result. However, PP/5MOSw composite displayed significantly lower E′ 
values (about 14.4%) than that of the neat PP at room temperature (25 °C). The difference between the E′ of 
PP/5MOSw and PP/5LAMOSw samples was mainly attributed to the disparity in the microstructures of whiskers[3]. 
MOSw usually formed large aggregates like cocoons or sarciniform, while LAMOSw was presented as 
individual or several whiskers with a long aspect ratio. In addition, better dispersion of LAMOSw in the PP 
matrix produced more uniform stress distribution which was another probable reason for the observed disparity. 
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To further investigate how the dynamic mechanical thermal properties of PP were affected by the 
LAMOSw and MOSw, the tanδ of the PP and composites was measured as shown in Fig. 7(b). For the neat PP, 
it is well known that the tanδ peak at high temperature is assigned to the α-transition. This peak in PP may have 
a shoulder with the main peak. In Fig. 7(b), the PP/MOSw sample exhibited a different α-transition compared 
with the neat PP and PP/5LAMOSw composite. The upward sloping curve indicated that the relaxation of the 
trapped PP amorphous chains in the crystalline structure of PP was impeded by MOSw[22]. Moreover, the peak 
around 20 °C corresponding to the β-transition was considered as the glass transition temperature (Tg) of PP, 
which was related to the mobility of the amorphous phase. The Tg of the PP matrix was not significantly affected 
in case of MOSw, whereas dramatically decreased for the PP/LAMOSw composite, indicating the improved 
mobility of PP chains at lower temperature in the presence of LAMOSw. It was mainly ascribed to the 
plasticizing effect of LA on the PP matrix. As a consequence, the low temperature brittleness of the PP matrix 
was expectantly improved by the addition of LAMOSw. In addition, the tanδ values of the MOSw-filled PP 
composites were lower than those of the neat PP in the entire range of temperatures, indicating the less energy 
dissipation in the PP/MOSw composites[37]. Conversely, the PP/LAMOSw composites exhibited higher tanδ 
values, i.e. more energy dissipation than the neat PP. In view of the energy dissipation related to the interfacial 
adhesion, it was concluded that interfacial interactions existed between the polymer and the filler in the 
PP/MOSw composites including hydrogen bond, van der Waals' forces, etc. The presence of LA is actually 
detrimental to the interfacial adhesion between MOSw and the PP matrix.  
 

   
Fig. 7  DMTA data for the various samples with the temperature ranging from −70 °C to 130 °C: (a) storage 
modulus as a function of temperature, (b) tanδ as a function of temperature 

Rheology Properties 
The results of the rheological measurements of complex viscosity (η*) and storage modulus (G′) versus 
frequency (ω), for all the test samples are shown in Fig. 8. The behavior of the neat PP showed typical character 
of molten polymers, exhibiting a plateau for η* at low frequencies and a shear thinning behavior at high 
frequencies[22]. By contrast, the plateau for η* at low frequency was absent with the addition of MOSw or 
LAMOSw, and the shear thinning behavior at high frequencies was more pronounced particularly in the case of 
the PP/LAMOSw composites (Figs. 8a and 8b). This indicated that the transition behavior from liquid-like to 
solid-like, as reported for many polymer composites, could be attributed to the possible formation of a network 
of MOSw in the PP matrix[3, 22, 38]. Similar rheological properties have been observed in many other polymer 
composites. For example, Bagheriasl et al. reported that PP/CNCs nanocomposite containing 15 wt% 
poly(ethylene-co-vinyl alcohol) via solution mixing exhibited a liquid-like to solid-like transition as a result of 
the formation of a CNCs network[3]. It has been reported that the interconnected structure of fillers in a 
polymeric matrix can lead to an apparent plateau in G′ at low frequencies. With respect to the PP/MOSw and 
PP/LAMOSw composites, the curves presented in Figs. 8(c) and 8(d) display no plateau for G′ at low 
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frequencies, although G′ increased significantly with the increasing MOSw or LAMOSw content. Therefore, it 
was inferred that a network of MOSw or LAMOSw in the PP matrix was not formed yet. In general, the 
formation of a filler network in other polymeric composites usually occurred when the content of filler is greater 
than 30 wt%[39]. Furthermore, adding 5 wt% LAMOSw to the PP resulted in a stronger solid-like behavior (more 
increase in η* at low frequencies) than addition of 5 wt% MOSw. This was due to the better dispersion of 
LAMOSw in the PP matrix with the exception of the particle-particle contact effect, particularly in low loaded 
composites[40]. When 10 wt% LAMOSw was added, the η* at low frequencies was less than that of the 
PP/10MOSw composite, because the particle-particle contact effect played a major role in the highly loaded 
composites. Also, it was worth noting that both η* and G′ for the PP/LAMOSw sample were lower than those of 
the PP matrix at high frequencies, which could also be attributed to the presence of LA as the modifier. It served 
as a plasticizer in the PP matrix. 
 

  
Fig. 8  Comparison of the rheological properties: (a) and (c) complex viscosity and storage modulus versus 
frequency for the PP/MOSw composites; (b) and (d) complex viscosity and storage modulus versus frequency for 
the PP/LAMOSw composites, respectively 

CONCLUSIONS 

In this work, the effect of MOSw and LAMOSw on the crystallization, mechanical, thermal and rheological 
properties of a PP matrix was investigated to establish a correlation between filler microstructures and the 
properties of the resulting composites. The heterogeneous nucleating effect of LAMOSw was defined by 
examining with PLM pictures. The results showed an abundance of small spherulites in the LAMOSw 
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composites, but MOSw exhibited no nucleating effect on the PP matrix and instead resulted in large aggregates 
and few number spherulites. Both MOSw and LAMOSw were found to induce β-crystal PP as observed from the 
WXRD patterns, particularly in the case of LAMOSw. This is an important reason for greater impact strength 
and less lowering in tensile strength and nominal strain at break of the PP/LAMOSw than the PP/MOSw 
composite. The plasticizing effect of LA increased the toughening effect of the PP matrix. Besides, it should be 
noted that relative dispersion of the whiskers in the PP matrix also greatly affected the mechanical properties of 
the composites. 

In addition to these results, the thermal stability of PP was highly improved by the addition of MOSw and 
LAMOSw. It was found that addition of LAMOSw further increased the T05 and Tpeak as a result of the formation 
of abundant spherulites with small diameters and more homogeneous PP composites. DMTA results indicated 
that the low temperature brittleness of PP matrix was improved by the addition of LAMOSw, but the interfacial 
interactions between MOSw and PP matrix were actually weakened by the presence of LA.  

With respect to the rheological properties of these materials, both η* and G′ at low frequencies increased 
with the addition of MOSw or LAMOSw, indicating that the PP matrix was transformed from liquid-like to 
solid-like by the addition of the fillers. However, the network of whiskers did not form at the tested filler 
contents since no plateau appeared in G′ at low frequencies. At the low filler contents, LAMOSw produced a 
stronger solid-like behavior than MOSw mainly because of the better dispersion of LAMOSw in the PP matrix. 
However, for the high filler content composites, η* of PP/LAMOSw at low frequencies was smaller than that of 
PP/10MOSw composite, since the particle-particle contact effects played a major role in the high loading 
composites. 
 
 
REFERENCES 
 
1 Castel, C.D., Pelegrini, T., Barbosa, R.V., Liberman, S.A. and Mauler, R.S., Compos. Part A-Appl. S., 2010, 41: 185 
2 Bagheriasl, D., Carreau, P.J., Dubois, C. and Riedl, B., Compos. Sci. Technol., 2015, 117: 357 
3 Khoshkava, V. and Kamal, M.R., ACS Appl. Mater. Interfaces, 2014, 6: 8146 
4 Zhou, Y., He, J.L., Hu, J. and Dang, B., J. Appl. Polym. Sci., 2015, 133(1): 42863 
5 Li, M.C., Zhang, Y.H. and Cho, U.R., Mater. Design, 2014, 63: 565 
6 Ge, X., Li, M.C., Li, X.X. and Cho, U.R., Appl. Clay Sci., 2015, 118: 265 
7 Gao, C.H., Wang, T., Xu, L., Wang, C.X. and Wu, Y.M., Journal of Chemical Engineering of Chinese Universities (in 

Chinese), 2014. 28(1): 143 
8 Lu, H.D., Hu, Y., Yang, L., Wang, Z.Z., Chen, Z.Y. and Fan, W.C., Macromol. Mater. Eng., 2004, 289: 984 
9 Liu, B., Zhang, Y., Wan, C.Y., Zhang, Y.X., Li, R.X. and Liu, G.Y., Polym. Bull., 2007, 58: 747 
10 Fang, S.L., Hu, Y., Song, L., Zhan, J. and He, Q.L., J. Mater. Sci., 2008, 43: 1057 
11 Wu, Q.H., Tang, L.X. and Qu, B.J., Journal of Functional Polymers (in Chinese), 2005; 18: 255 
12 Jiang, Y.Z. and Li, Y.B., Journal of Shenyang Ligong University (in Chinese), 2009, 28(1): 1 
13 Lei, W., Zhang, R.Z., Gu, C.J. and Zhang, C., Thermosetting Resin (in Chinese), 2007, 22: 26 
14 Yan, X., Xu, D. and Xue, D., Acta Mater., 2007, 55: 5747 
15 Runčevski, T., Wu, C., Yu, H., Yang, B. and Dinnebier, R., J. Am. Ceram. Soc., 2013, 96: 3609 
16 Li, J., Xiang, L. and Jin, Y., J. Mater. Sci., 2006, 41: 1345 
17 Oyama, H.T., Sekikawa, M. and Shida, S., Polym. Degrad. Stab., 2012, 97: 755 
18 Han, Y.X., Chen, X. and Yin, W.Z., Non-ferrous Mining and Metallurgy (in Chinese), 2007, 23: 42 
19 Lei, W. and Lei, W.G., Fiber Reinforced Plastics/Composites (in Chinese), 2006, 5: 13 
20 Zhou, K., Gu, S.Y., Zhang, Y.H. and Ren, J., Polym. Eng. Sci., 2012, 52(7): 1485 
21 Qiao, X.Y., Zhong, W.X., Sun, K. and Chen, X.D., J. Appl. Polym. Sci., 2009, 114: 1702 
22 Bagherisal, D., Carreau, P.J., Dubois, C. and Riedl, B., Compos. Sci. Technol., 2015, 117: 357 
23 Jain, S., Goossens, H., van Duin, M. and Lemstra, P., Polymer, 2005, 46: 8805 



Crystallization Properties, etc. of PP Composites Reinforced by MOSw 671

24 Zhang, J.Y., Shi, G.Y. and Cao, Y.H., Polym. Commun., 1986, 4: 241 
25 Dang, L., Nai, X.Y., Zhu, D.H., Jing, Y.W., Liu, X., Dong, Y.P. and Li, W., Appl. Surf. Sci., 2014, 317: 325 
26 Zhang, Q.X., Yu, Z.Z., Xie, X.L. and Mai, Y.W., Polymer, 2004, 45: 5985 
27 Li, L.P., Wei, J.L., Yin, B. and Yang, M.B., J. Appl. Polym. Sci., 2012,123: 3652 
28 Tang, J.G., Wang, Y., Liu, H.Y. and Belfiore, L.A., Polymer, 2004, 45: 2081 
29 Binias, D., Binias, W. and Broda, J., J. Appl. Polym. Sci., 2012, 125: 1020 
30 Wen, B.Y. and Ji, B.B., J. Appl. Polym. Sci. 2012, 124: 138 
31 Zeng, A.R., Zheng, Y.Y., Guo, Y., Qiu, S.C. and Cheng, L., Mater. Design, 2012, 34: 691 
32 Bahar, E., Ucar, N., Onen, A., Wang, Y.J., Oksüz, M., Ayaz, O., Ucar, M. and Demir, A., J. Appl. Polym. Sci., 2012, 

125: 2882 
33 Iwamoto, S., Yamamoto, S., Lee, S.H. and Endo, T., Compos. Part A-Appl. S., 2014, 59: 26 
34 Patti, A., Barretta, R., Sciarra, F.M.D., Mensitieri, G., Menna, C. and Russo, P., Compos. Struct., 2015, 131: 282 
35 Li, W., “Inorganic whiskers” (in Chinese), Chemical Industry Press, Beijing, 2005, p. 100 
36 Zuiderduin, W.C.J., Westzaan, C., Huetink, J. and Gaymans, R.J., Polymer, 2003, 44: 261 
37 Kim, H.S., Kim, S., Kim, H.J. and Yang, H.S., Thermochim. Acta, 2006, 451: 181 
38 Zeng, R.T., Hu, W., Wang, M., Zhang, S.D. and Zeng, J.B., Polym. Test., 2016, 50: 182 
39 Aranguren, M.L., Mora, E., Degroot, J.V. and Macosko, C.W., J. Rheol., 1992, 36: 1165 
40 Bettini, S.H.P., de Miranda Josefovich, M.P., Munoz, P.A.R., Lotti, C. and Mattoso, L.H.C., Carbohyd. Polym.,              

2013, 94: 800 



<<
  /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


