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Abstract  The fractionated crystallization behavior of the minor dispersed HDPE phase in PS/POE/HDPE/SBS quaternary 

blends was investigated by differential scanning calorimetry (DSC). Interestingly, we found that the fractionated 

crystallization behavior of HDPE was molecular weight dependent. At a fixed composition, HDPE with lower molecular 

weight showed more obvious fractionated crystallization behavior than HDPE with higher molecular weight. This was 

ascribed to a finer dispersion of HDPE with lower molecular weight, as evidenced by SEM observations. The fractionated 

crystallization behavior of HDPE in the blends became less obvious with increasing of its content, due to a change of phase 

morphology from droplet to co-continuous structure. Correspondingly, a change of tensile toughness of the blends from 

brittle to ductile mode was observed. 
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INTRODUCTION 

Nucleation is a primary step in polymer crystallization. The nucleation process could be heterogeneous 

nucleation, homogeneous nucleation or self-nucleation. Polymer crystallization is usually initiated via 

heterogeneous nucleation owing to the presence of heterogeneities while homogeneous nucleation is rarely 

observed. However, in immiscible polymer blends, if the minor crystalline component is well dispersed as 

numerous particles, the number of which is greater than that of active heterogeneities, a series of crystallization 

temperature peaks appear at different degrees of supercooling, often ending with a crystallization peak at the 

homogeneous nucleation temperature Tc,hom. The presence of more than one crystallization temperature peaks is 

known as fractionated crystallization
[1−6]

. The fractionated crystallization is usually observed in dispersed 

domains of crystallizable polymers with lower molecular weight
[7]

. The fractionated crystallization could be 

explained as successive nucleating activities of different entities during cooling, as described by Freach et al.
[8]

. 

Not all seeds are active at the same temperature, so generally crystallization starts as nucleated by the most 

active seeds, while it proceeds as function of large supercooling on crystallites already grown
[9]

. The droplets of 

different size which contain heterogeneities of different activities will crystallize at different degrees of 

supercooling
[10]

. The larger droplets that contain active heterogeneities will crystallize at higher temperature or 

smaller supercoolings. The smallest droplets that do not contain any heterogeneities will only be nucleated at the 

largest supercooling, since a greater supercooling is usually needed in order to generate homogeneous 

nucleus
[11−14]

. Müller et al. recently demonstrated that the lack of active nucleus in the confined block copolymer 

domains plays a major role in the occurrence of homogeneous nucleation
[15]

. A similar phenomenon was also 

observed in polypropylene/poly(ε-caprolactone) blends where the minor PP phase crystallized in a fractionated  

 

                                                           
*This work was financially supported by the National Natural Science Foundation of China (Nos. 20404008, 50533050, and 

20490220). 
**Corresponding author: Qiang Fu (傅强),  E-mail: qiangfu@scu.edu.cn 

Received October 24, 2007; Revised December 17, 2007; Accepted January 29, 2008 



M.M. Ding et al. 734

way, by applying a self-nucleation procedure. This was believed to be due to the lack of highly active 

heterogeneities within the confined PP domains
[16]

. 

Recently the fractionated crystallization behavior of polyethylene in several systems has been  

reported
[17−22]

. The crystallization of polystyrene (PS)/high-density polyethylene (HDPE)
[23]

, polystyrene/ 

low-density polyethylene (LDPE)
[24, 25]

, polystyrene/linear low-density polyethylene (LLDPE)
[26] 

blends were 

investigated in which PS was always the matrix component.  

Polystyrene is one of the widely used plastics with good properties, however, the large amount of 

disposable polystyrene and expanded polystyrene plastic wastes produced nowadays makes imperative the 

search for recycling them since they are not biodegradable
[27−29]

. The recycled polystyrene (rPS) has the 

unsatisfactory mechanical properties of low impact strength due to degradation during processing and service. 

Blending rubber with rPS is the most efficient way to improve the impact toughness and extend its application 

range so far
[30−33]

. In order to enhance the toughness of recycled PS for TV backset, PS/POE/HDPE/SBS blends 

were designed and an obvious increase of tensile toughness of recycled PS has been achieved
[34]

. Since the 

crystallization kinetics and morphology of the minor dispersed HDPE phase also played a role in determining  

the toughness of the blends, in this work, the crystallization behavior of HDPE in the blends was investigated as 

function of its molecular weight and content. The fractionated crystallization behavior of the minor dispersed 

HDPE phase has been found where three crystallization peaks were observed during cooling. Interestingly, the 

fractionated crystallization behavior of HDPE in the blends depended on its molecular weight and content. 

EXPERIMENTAL 

Materials 

The materials used for the preparation of PS/POE/HDPE/SBS blends were listed in Table 1. Recycled 

polystyrene (rPS), ethylene-octylene copolymer thermoplastic elastomer (POE), high-density polyethylene 

(HDPE) and styrene-butadiene-styrene copolymer (SBS) used in our study were commercially available. To 

investigate the effect of molecular weight on the dispersion and subsequent crystallization of HDPE in the 

blends, HDPEs with different molecular weight [different melt flow index (MFI) (g/10 min) ranging from 0.05 

to 20] were employed. 
 

Table 1. Materials 

Trade marked Supplier Characteristics Mn 

rPS Changxin corp, MianYang, China MFI: 25.8 g/10 min (200°C, 5 kg)  

POE-DF610 MITSUI Japanese MFI: 1.2 g/10 min  

HDPE-F600 Petrochemic corp, Korea MFI: 0.05 g/10 min 5.0 × 105 

HDPE-5000s Daqing petrochemic corp, China MFI: 1.1 g/10 min 3.3 × 105 

HDPE-2200J Daqing petrochemic corp, China MFI: 5.5 g/10 min 2.3 × 105 

HDPE-8916 Maoming petrochemic corp, China MFI: 10 g/10 min 1.3 × 105 

HDPE-2911 Fushun petrochemic corp, China MFI: 20 g/10 min 1.2 × 105 

SBS-1401 Yanhua petrochemic corp, China S/B (weight ratio) = 40/60  

MFI: 0.5 g/10 min 

 

Sample Preparation 

All the blends were conducted in a two-screw extruder at 150−210°C, and then injection molded by using an 

injection machine PS40E5ASE (Japan) at 180−210°C to obtain standard specimens for mechanical properties 

tests. The blend compositions with their sample codes are listed in Table 2. 

Tensile Strength  

Standard tensile tests were conducted on dumbbell shaped specimens using an AG-10 TA tensile testing machine 

at room temperature. Test speed was kept at 20 mm/min, according to GB/T 1040-92 standard. 
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Table 2. Sample code and composition of the blends in present study 

Sample code Composition MFI of HDPE (g/10 min) 

PE-0.058 

PE-1.1 

PE-5.5 

PE-10 

PE-20 (5PE) 

10PE 

20PE 

30PE 

PS/POE/HDPE/SBS (80/20/5/5) 

PS/POE/HDPE/SBS (80/20/5/5) 

PS/POE/HDPE/SBS (80/20/5/5) 

PS/POE/HDPE/SBS (80/20/5/5) 

PS/POE/HDPE/SBS (80/20/5/5) 

PS/POE/HDPE/SBS (70/20/10/5) 

PS/POE/HDPE/SBS (60/20/20/5) 

PS/POE/HDPE/SBS (50/20/30/5) 

0.05 

1.1 

5.5 

10 

20 

20 

20 

20 

DSC Experimental 

A Perkine Elmer DSC-7 was used to investigate the influence of HDPE molecular weight on the crystallization 

behavior of the as-prepared blends. The test samples (about 5 mg) were heated to 190°C at a heating rate of  

10 K/min and then held at 190°C for 3 min to eliminate the thermal history. The cooling curves were recorded 

from 190°C to room temperature at a cooling rate of 10 K/min. All measurements were conducted under a 

nitrogen atmosphere. The crystallinity Xc of component i in the blends can be normalized by the equation, 

 
i
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=  

where ∆Hi is the enthalpy of fusion of component i, directly obtained from DSC, and Φi is the mass fraction of 

component i in the blends. The enthalpy of fusion 
m

iH∆  of 100% crystalline polymer is 293 J/g for HDPE
[35]

. 

Scanning Electron Microscope (SEM) 

A JEOL JSM-5900LV SEM instrument was used to examine the morphology of the fractured surfaces and the 

dispersed domains in the matrix using an acceleration voltage of 20 kV. The fractured surfaces of the specimens 

were sputter coated with a thin gold layer prior SEM examination. The samples were cryogenically fractured in 

the direction perpendicular or parallel to flow direction in liquid nitrogen.  

For the systems with a drop/matrix structure, the average sizes of the dispersed droplets are determined. 

About 60–100 droplets were analyzed for each SEM photograph. The number average droplet diameter（Dn） 

was calculated from the equation:  

 
i ii

n

ii

n d
D
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where ni indicates the number of droplets having di as their diameter. 

RESULTS AND DISCUSSION 

DSC Results 

The cooling and heating curves obtained for PS/POE/HDPE/SBS (80/20/5/5) quaternary blends with various 

HDPE of different MFI are shown in Fig. 1. The HDPE component exhibits mainly three small crystallization 

peaks in the cooling curves (Fig. 1a). A phenomenon of fractionated crystallization of the HDPE component 

follows in such a way that the HDPE crystallization occurs in at least three distinct steps. These three 

crystallization peaks might be originated by the presence of three different heterogeneities in HDPE droplets. 
 

∑
∑
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Fig. 1  DSC curves of PS/POE/HDPE/SBS (80/20/5/5) blends: (a) cooling and (b) heating 

The MFIs of HDPE are 0.05 g/10 min, 1.1 g/10 min, 5.5 g/10 min, 10 g/10 min and  

20 g/10 min, respectively. 

 

The first peak at approximately the bulk crystallization temperature of HDPE is at about 120°C. The second 

peak is located at temperature around 100°C which may be formed because of the other type or less active 

nucleus in the HDPE particles. The last small peak is at about 80°C which could be attributed to crystallization 

via homogenous nucleation. According to Turnbull’s approximate relation
[36]

 Tc,hom = 0.8TE, where Tc,hom is the 

crystallization temperature induced by homogeneous nucleation and TE is the melt/crystallization equilibrium 

temperature. For polyethylene, the lowest crystallization temperature reported for homogeneous nucleation is 

around 70°C
[37]

. The crystallization temperature peak at about 120°C becomes to shift to lower temperature on 

addition of HDPE with decreased molecular weight (increased MFI). For example, the peak of higher 

temperature at ca. 118°C in the blends with HDPE of high molecular weight [low MFI (0.05 g/10 min)] becomes 

to shift to the lower temperature at 100°C in the blends with HDPE of lower molecular weight [higher MFI       

(20 g/10 min)]. Meanwhile, the homogeneous crystallization peak at about 80°C becomes obvious with 

decreasing molecular weight (increased MFI) of HDPE. The crystallinity of HDPE with different MFI in 

PS/POE/HDPE/SBS 80/20/5/5 blends was calculated, which is in a range of 40%−50%, with change of MFI. 

The melting curves of corresponding samples are shown in Fig. 1(b). It is interesting to find that samples 

with lower molecular weight (higher MFI) HDPE, which show obvious fractionated crystallization behavior and 

crystallization at a lower temperature, have a higher melting temperature. For samples crystallizing at a large 

degree of supercooling, only small and imperfect crystal structures could be developed. Thus the shift of the 

melting peak towards higher temperatures for samples with lower molecular weight (higher MFI) HDPE is most 

probably related to the reorganization of smaller and imperfect crystalline lamellae during the heating process.  

SEM Microstructure 

Figure 2 shows the SEM micrographs of PS/POE/HDPE/SBS (80/20/5/5) blends with HDPE of different MFI. 

The HDPE domains are indicated by the arrows in the figure. It is clearly shown that the domain size of 

dispersed HDPE phases with higher molecular weight [lower MFI (MFI: 0.05 g/10 min)] is much larger than that 

of HDPE with lower molecular weight [higher MFI (MFI: 20 g/10 min)] in PS/POE/HDPE/SBS (80/20/5/5) 

quaternary blends. For sample with higher MFI HDPE, the droplet diameter various from 0.12 µm to 0.31 µm, 

and the average droplet diameter is 0.21 µm. For sample with lower MFI HDPE, the size of droplets various 

from 0.38 µm to 1.64 µm, and the average droplet size is 0.72 µm. 
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Fig. 2  SEM micrographs of PS/POE/HDPESBS (80/20/5/5) blends  

a) MFI of HDPE: 0.05 g/10 min; b) MFI of HDPE: 20 g/10 min 

 

The larger droplets contain more heterogeneities and can crystallize at low degree of supercooling, 

corresponding to the bulk crystallization temperature of HDPE. On the other hand, the smaller drops contain less 

active heterogeneities, can only crystallize at large degree of supercooling, corresponding to the fractionated 

crystallization behavior of HDPE. As a consequence of this, there are a significant number of droplets that do not 

contain active heterogeneities and will crystallize via homogenous nucleation at about 80°C. The lack of active 

heterogeneity in the smallest HDPE drops plays a major role in the occurrence of homogenous nucleation. 

Effect of HDPE Content on Crystallization of PS/POE/HDPE/SBS Quaternary Blends 

To investigate the effect of HDPE content on its domain size, and the fractionated crystallization behavior, the 

PS/POE/HDPE/SBS blends with the lowest molecular weight [highest MFI HDPE (MFI = 20 g/min)] are 

chosen, but the content of HDPE is changed. The cooling and heating curves of samples with changed HDPE 

content are shown in Fig. 3. It can be seen that HDPE content has a pronounced effect on the crystallization 

behavior of the blends. Though the fractionated crystallization can be observed for all blends, only blends with 

lower contents of HDPE show an obvious homogeneous nucleation at around 80°C. The ability of heterogeneous 

crystallization is strengthened by increasing of HDPE content. The extent of homogeneous crystallization could 

be stronger than the bulk crystallization when the HDPE content is ranging from 5 wt% to 10 wt% due to the 

smaller size of HDPE domains. One observes a big bulk crystallization peak at ca. 118°C as the HDPE content 

reaches to 20 wt%. With further increase of HDPE content to 30 wt%, only bulk crystallization peak at ca. 

118°C is observed, and the crystallization caused by homogeneous nucleation at around 80°C can be ignored. 

The crystallinity of HDPE with different content in these blends was calculated, and not much change of 

crystallinity of HDPE was found (around 50%) with the increasing of HDPE content. On the other hand, all the 

blends show almost a constant melting point, disregarding the HDPE content used, as shown in Fig. 3(b). 
 

           
Fig. 3  DSC curves for PS/POE/HDPE/SBS blends: (a) cooling and (b) heating 
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Figure 4 shows the SEM micrographs of samples containing 10 wt%, 20 wt% and 30 wt% of HDPE, 

respectively. HDPE domains were indicated by the arrows in the figure. A clear droplet-in-matrix morphology 

(Fig. 2b) is observed at 5 wt% content of HDPE. Blends containing 10 wt% content of HDPE still exhibit a 

droplet-in-matrix morphology (Fig. 4a). With increasing of HDPE content to 20 wt%, one observes a 

coexistence of sea-island and co-continuous structures, which is a sign of the beginning of the phase inversion 

(Figs. 4b−4e). An enlarged complex sub-inclusions morphology can be seen in this blends, which has been 

reported by several authors
[38, 39]

. In the blends with higher HDPE content of HDPE up to 30%, a very strong 

phase inversion region with totally co-continuous phase morphology is observed (see Fig. 4f ). 

 

 
 

 
 

 
 

Fig. 4  SEM micrographs of 10PE, 20PE and 30PE blends  

a) 10PE; b) Global overview of coexistence of co-continues and sea-island structures of 20PE 

blends; c) Enlarged co-continues phase of 20PE blends; d) Enlarged sea-island phase of 20PE 

blends; e) Enlarged complex composition-like phase morphology with inclusions of HDPE within 

POE phase of 20PE blends; f ) 30PE blends 
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The stress-strain curves of PS/POE/HDPE/SBS quaternary blends with different HDPE contents are shown 

in Fig. 5. Apparently, both 5PE and 10PE blends exhibit a brittle fracture with low elongation. While the tensile 

toughness increases sharply with increasing of HDPE content up to 20%. This might be probably related to the 

crystallization behavior of HDPE and phase morphology of the blends changed with the HDPE content in the 

blends. One observes a phase inversion and less obvious fractionated crystallization when the HDPE content 

reaches to 20 wt%. With further increasing of HDPE content to 30%, a higher tensile toughness is observed, 

probably due to a totally co-continuous phase morphology and the dominated fractionated crystallization 

behavior.  

 
Fig. 5  Stress-strain curves of PS/POE/HDPE/SBS quaternary blends 

CONCLUSIONS 

In summary, the very interesting fractionated crystallization of minor dispersed HDPE phases in 

PS/POE/HDPE/SBS quaternary blends has been found, with appearance of three crystallization temperatures 

during cooling. As the MFI of HDPE is low (or molecular weight is high), the fractionated crystallization 

behavior is dominated by heterogeneous nucleation, and crystallization takes place mainly at a higher 

temperature around 120°C. Otherwise, the crystallization is dominated by homogeneous nucleation and occurs 

mainly at a lower temperature around 80°C. With increasing of HDPE content, a change of phase morphology 

from droplet to co-continuous structure is observed. As a result, the fractionated crystallization becomes less 

obvious, and only crystallization via heterogeneous nucleation at a higher temperature occurs. Correspondingly, 

a change of tensile toughness of the blends from brittle to ductile mode is observed. 
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