
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title
Flow Instability for Binary Blends of Linear

Polyethylene and Long-Chain Branched Polyethylene

Author(s) Mieda, Naoya; Yamaguchi,  Masayuki

Citation
Journal of Non-Newtonian Fluid Mechanics, 166(3-

4): 231-240

Issue Date 2010-12-13

Type Journal Article

Text version author

URL http://hdl.handle.net/10119/9886

Rights

NOTICE: This is the author's version of a work

accepted for publication by Elsevier. Naoya

Mieda, Masayuki Yamaguchi, Journal of Non-

Newtonian Fluid Mechanics, 166(3-4), 2010, 231-

240,

http://dx.doi.org/10.1016/j.jnnfm.2010.11.011

Description



 

 

 

 

Flow Instability for Binary Blends of Linear 

Polyethylene and Long-Chain Branched Polyethylene 

 

 

 

Naoya Mieda and Masayuki Yamaguchi* 

 

 

School of Materials Science,  

Japan Advanced Institute of Science and Technology  

1-1 Asahidai, Nomi, Ishikawa 923-1292 JAPAN 

 

 

 

 

* Corresponding to 

Masayuki Yamaguchi 

School of Materials Science, Japan Advanced Institute of Science and Technology 

1-1 Asahidai, Nomi, Ishikawa 923-1292 Japan 

Phone +81-761-51-1621,  Fax +81-761-51-1625 

E-mail  m_yama@jaist.ac.jp 



Mieda and Yamaguchi 2 
 

Introduction 

 

Control of rheological properties of molten polymers is one of the most important 

technologies for polymer processing [1-4]. For example, marked elastic natures such as 

normal stress difference, strain-hardening in elongational viscosity, and recoverable 

strain are required for the processing operations at which the deformation of a molten 

polymer with free surface occurs. In general, melt elasticity is pronounced by 

broadening molecular weight distribution and incorporation of long-chain branches. 

Therefore, low-density polyethylene (LDPE) produced by a radical polymerization 

method at high temperature and high pressure, that has broad molecular weight 

distribution and long-chain branches, shows good processability at foaming, 

blow-molding, film-blowing, and extrusion coating. Recently, however, it has been 

reported that melt elasticity of LDPE is enhanced by blending linear low-density 

polyethylene (LLDPE) or high-density polyethylene (HDPE), although both LLDPE 

and HDPE have narrow molecular weight distribution with no long-chain branches. 

This peculiar phenomenon was firstly reported by Utracki and Schlund under both shear 

flow [5] and extensional flow [6] employing LDPE/LLDPE blends. They found that 

zero-shear viscosity of the blends exhibits positive deviation from the log-additive rule. 

Later, Ajji et al. [7] found that LDPE/LLDPE blends containing 10-20 wt% of LDPE 

show marked strain-hardening behavior in elongational viscosity. Wagner et al. [8] also 

demonstrated that the strain-hardening behavior for LDPE/LLDPE is more pronounced 

than that for pure LDPE. Further, they discussed the growth curves of elongational 

viscosity quantitatively based on the molecular stress function theory. According to their 

study, addition of 5 wt% of LDPE provides the strain-hardening for LLDPE. 
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Furthermore, Lohse et al. [9] revealed that a blend composed of 3 wt% of a model 

comb-branch polyethylene and 97 wt% of LLDPE shows marked strain-hardening 

whereas the blend containing 3 wt% of a model star-branch polyethylene does not. 

Moreover, Delgadillo-Velazquez et al. [10] recently demonstrated that only 1 wt% of 

LDPE enhances the strain-hardening behavior.  

The anomalous rheological properties are also detected for the blends with HDPE 

[11-13]. Furthermore, even LLDPE produced by metallocene catalyst having 

significantly narrow molecular weight distribution can enhance the drawdown force, 

defined as the force required for stretching a polymer melt, of LDPE [14-16]. Moreover, 

the anomalous rheological properties are marked for the blends with LDPE having well 

developed branch structure [10,17]. According to Wagner et al. [8], phase separation is 

the origin of the enhanced melt elasticity. However, recent our work revealed that the 

number of short-chain branches in a linear polyethylene, which affects the miscibility as 

shown by Lohse et al. from both theoretical and experimental approaches [18], has 

no/little influence on the anomalous rheological properties. Therefore, the blends with 

an ethylene-butene-1 copolymer (LLDPE) having a lot of short-chain branches (36 

branches per 1000 backbone carbon atoms) show almost the same rheological properties 

as the blends with HDPE as far as the shear viscosity of the HDPE is the same level of 

the LLDPE [11,17,19]. The synenergetic properties were observed irrespective of the 

mixing method. Even the blends prepared by a twin-screw extruder exhibit marked 

elasticity [20,21], suggesting that the peculiar rheological properties are not attributed to 

the phase separation and/or poor mixing. Although it has been known that the number of 

short-chain branches has strong influence on the rubbery plateau modulus [22], flow 

activation energy [23,24], and the onset shear stress of shark-skin failure [25,26], the 
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effect is not so obvious as compared with the pronounced elastic properties of the 

blends. On the contrary, the molecular weight, i.e., shear viscosity, of a linear 

polyethylene plays an important role, on the rheological properties suggesting that 

entanglement couplings between LDPE and a linear polyethylene are responsible for the 

anomalous rheological responses [13,17,19]. The longest relaxation mechanism of the 

blends will be the relaxation of a backbone of branched chains in LDPE. In order to 

escape from a deformed tube by reptation, it has to drag the arm into the tube formed by 

the neighbor chains, i.e., arm retraction process [27]. In this case, primitive path 

fluctuation, dynamic tube dilation, and constraint release of branch parts become 

important, which have been proposed to predict the viscoelastic properties precisely by 

the tube model [25-29]. Since the primitive path fluctuation is affected by the length of 

a branch, the characteristic time of this motion is unchanged by blending LLDPE 

[28,30]. On the other hands, the characteristic times of the dynamic tube dilation and 

constraint release depend on the relaxation of surrounding chains. Consequently, the 

longest relaxation time of the blend with a linear polyethylene having high molecular 

weight becomes longer than that of the LDPE [31]. 

The mechanisms of the flow instability at capillary extrusion have been 

investigated for a long time [25,26,30-38]. It has been recognized that the flow 

instability can be classified into two types; one is rough surface, which is called as 

shark-skin failure, and the other is volumetric gross melt fracture. As the origin of 

shark-skin failure, two possible mechanisms have been proposed [39-42]. According to 

Cogswell [39], the origin of shark-skin is surface crack created by abrupt change in the 

boundary condition of tensile deformation in the vicinity of a die exit, which causes 

marked and sudden stretching of a surface layer of a melt. Another well-known 
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mechanism leading to the shark-skin is the slippage, i.e., adhesive failure, between a 

polymer melt and a die wall. Since it is generally accepted that a high viscous polymer 

melt slips on the wall, the slippage can be the origin of surface instability [35,43,44]. 

Gross melt fracture is attributed to the flow instability at a die entrance, and associated 

with long time relaxation mechanism [38,45-51]. Yamaguchi et al. found that gross melt 

fracture of LDPE can be avoided by applying intense shear history, which weakens the 

relaxation mechanism associated with long-chain branches, by shear modification [51]. 

Doelder and Koopmans reported that the critical conditions for the appearance of gross 

melt fracture depend on molecular mass and branching [47]. Meller et al. revealed that 

elongational stress decides the onset of gross melt fracture [38]. Flow instability for 

binary blends composed of LDPE and LLDPE or HDPE have been also investigated. 

Perez et al. found that blends containing a large amount of LDPE show gross melt 

fracture, whereas blending a small amount of LDPE can postpone the shark-skin failure 

for LLDPE [48]. Herranen and Savolaine also reported that addition of LDPE reduces 

the onset shear rate of shark-skin failure for LLDPE [49]. However, in many cases of 

the study on the flow instability for blends of LLDPE and LDPE, less attention has been 

paid on the anomalous rheological response such as marked melt elasticity to the best of 

our knowledge. Since the flow instability at capillary extrusion, as demonstrated by 

many researchers, is significantly sensitive to the rheological properties and thus the 

molecular structure of polymers, further investigation is required for the specific blend 

systems, especially binary blends of LDPE and LLDPE showing anomalous rheological 

response. Besides, it has to be understood also for the industrial application, because 

flow instabilities limit the productivity at actual processing operations. 

In this paper, the flow instability at capillary extrusion is investigated employing 
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binary blends composed of LDPE, as a long-chain branched polyethylene, and three 

types of linear polyethylenes having different molecular weight. In particular, the effect 

of shear viscosity of the linear polyethylenes, which plays an important role on the 

anomalous behavior, on the flow instability at capillary extrusion is studied in detail. 

Since there have been poor study on the flow instability relating to the anomalous 

rheological response, it will be important information on actual processing operations. 

 

Experimental 

 

Materials 

All samples employed in this study were commercially available materials. HDPE 

and two types of ethylene-1-hexene copolymers produced by metallocene catalyst were 

used as linear polyethylenes (L-PE). The number of the sample code denotes the value 

of the melt flow rate (MFR) at 190 oC. For example, L-PE-2 is the linear polyethylene 

whose MFR is 2 [g/10 min]. It should be noted that L-PE-20 has no short-chain 

branches (HDPE), whereas the others are ethylene-1-hexene copolymers. Further, 

LDPE produced by autoclave process was used as a long-chain branched polyethylene 

(B-PE). MFR of B-PE is 7.8 [g/10 min] at 190 oC.  

The number-average molecular weight and weight-average molecular weight were 

determined by size elution chromatography, which are summarized in Table I. 

Furthermore, thermal properties such as crystallization temperature, melting point, and 

heat of fusion were examined by a differential scanning calorimeter at a heating/cooling 

rate of 10 oC/min. The results are shown in Table II. The melting point and the 

corresponding heat of fusion were measured for the samples cooled from 200 oC to 
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room temperature at a rate of 10 oC/min. In the table, information on short-chain 

branches is also provided. The number of short-chain branched was measured by 

Fourier-transfer Infra-red spectroscopy using the method proposed by Usami and 

Takayama [50]. Moreover, the apparent flow activation energy is evaluated by the 

rheological shift factors at various temperatures. As well known, the activation energy 

increases with increasing the number of short-chain branches as well as long-chain 

branches. According to Vega et al., [24] the activation energy (Ha) for 

ethylene--olefin copolymer is provided as the following equation, 

















4.35
exp17.268.23

n
H a      (1) 

where n is the number of short-chain branches per 1000 carbon atoms. 

[Table I] [Table II] 

 Following eq. (1), L-PE-2 and L-PE-4 contain 20 and 21 short-chain branches 

per 1000 carbon atoms, respectively, which correspond well with the results obtained by 

FT-IR within the experimental error. 

 

Sample Preparation 

B-PE was mixed with one of the linear polyethylenes at various blend ratios in a 

laboratory-scale counter-rotating internal mixer with blade-type rotors at 230 oC 

(Toyoseiki, Labo-plastmil) with calcium stearate as a neutralizer and pentaerythritol 

tetrakis(3-3,5-di-tert-butyl-4-hydroxyphenyl) propionate (Ciba, Irganox1010) and 

tris(2,4-di-tert-butylphenyl)phosphate (Ciba, Irgafos168) as thermal stabilizers. Further, 

The amount of the total polyethylene was 48 g, i.e., full-filling condition, in order to 

mix the materials homogeneously. The blade rotation speed was 30 rpm and the mixing 
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time was 3 min. Further, the same processing history was applied to the individual pure 

components. The obtained samples were compressed into a flat sheet by a 

compression-molding machine at 230 oC for 10 min and then subsequently cooled down 

at 30 oC. In this study, the mixing and processing protocol were determined in order to 

avoid the effect of the applied mixing histories on the rheological properties during 

measurements, because rheological properties of LDPE and blends with LDPE are 

sensitive to processing history, which is known as shear modification [13,51].  

 

Measurements 

The frequency dependence of oscillatory shear modulus in the molten state was 

measured by a cone-and-plate rheometer (UBM, MR500) at various temperatures under 

a nitrogen atmosphere.  

The drawdown force, defined as the force required for extension of a polymer 

melt, was evaluated at 160 oC by a capillary rheometer (Yasuda Seiki Seisakusyo, 140 

SAS-2002) equipped with a capillary die of 8 mm in length and 2.095 in diameter, 

having  entrance angle. The extruded strand was pulled downward by a set of 

rotating wheals. In this experiment, the drawdown force was evaluated at a draw ratio of 

7. 

The growth curves of uniaxial elongational viscosities were measured by a 

Sentmanat Extension Rheometer (SER) (Xpansion Instruments, LLC) designed for use 

as a detachable extensional rheometer fixture on commercially available torsional 

rheometer systems (TA instruments, AR2000). 

Capillary extrusion was performed by the capillary rheometer at 160 oC to 

evaluate the steady-state shear viscosity and the appearance of extrudates. A circular die 
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having L/D=20/1 (mm) was employed. Moreover, other circular dies having L/D=10/1 

(mm) and L/D=40/1 (mm) were also employed to evaluate the end pressure drop. 

 

Results and Discussion 

 

Oscillatory Shear Modulus 

The master curves of frequency dependence of shear storage modulus G’ and loss 

modulus G” for B-PE/L-PE-4 blends are exemplified in Figure 1 without vertical shift. 

The reference temperature is 160 oC. As seen in the figure, the time-temperature 

superposition principle is not applicable to B-PE and some blends. The phenomenon has 

been already reported and believed to be attributed to the difference of flow activation 

energy of the relaxation mechanism associated with long-chain branches [8,9]. 

Moreover, B-PE shows higher moduli than L-PE-4 in the low frequency region and 

lower moduli in the high frequency. This is reasonable because B-PE has broad 

distribution of relaxation time due to the broad molecular weight distribution and 

long-chain branches. Furthermore, it should be noted that blending L-PE-4 enhances the 

moduli to a great extent in the low frequency region. In particular, the oscillatory shear 

moduli for B-PE/L-PE-4 (75/25) and B-PE/L-PE-4 (50/50) are almost the same as those 

for pure B-PE in the low frequency region.  

Figure 2 represent the master curves of shear storage modulus G’ and loss 

modulus G” for B-PE/L-PE-2 blends. As seen in the figure, the blends show higher 

moduli than B-PE/L-PE-4 blends. In particular, the oscillatory moduli for B-PE/L-PE2 

(25/75) and (50/50) are higher than those for pure B-PE in the low frequency region. 

[Figure 1][Figure 2] 
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The synergetic phenomenon of the blends is clearly demonstrated in the plot of 

zero-shear viscosity, calculated by G”, as shown in Figure 3. Although some samples 

exhibit thermorheological complexity, the values can be evaluated within the 

experimental error. It is apparent from the figure that the data of the blends with L-PE 

having high shear viscosity, such as L-PE-2 and L-PE-4, deviate from the log-additive 

rule. On the contrary, those of the blends with L-PE having low shear viscosity, i.e., 

L-PE-20, follow the log-additive rule as shown in some miscible blend systems [52,53]. 

Considering that the zero-shear viscosity 0 is expressed in eq. (2), the blends whose 

zero-shear viscosities are higher than those of the individual components have long 

relaxation time  and/or large value of relaxation spectra H().  

    ln  0 dH




    (2) 

Assuming that the system is a homogeneous melt as suggested in our previous 

paper [17], the entanglement couplings having a long characteristic time, which is 

probably ascribed to the relaxation of backbone of branched chains in B-PE, are 

enhanced in the anomalous blends.  

[Figure 3] 

 

Rheological Response under Elongational Flow 

Since uniaxial elongational viscosity is sensitive to long time relaxation 

mechanism, especially that ascribed to long-chain branches, the synergetic effect of the 

blend systems is pronounced for the rheological response under elongational flow. 

Figure 3 shows the drawdown force, which has a close relationship with elongational 

viscosity [51], plotted against the weight fraction of L-PE. It is found from the figure 
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that the drawdown force for the blends with L-PE-20 follows the linear additive rule. 

However, the data of the blends with L-PE-2 apparently deviate from the linear additive 

rule. For example, the drawdown force of B-PE/L-PE-2 (50/50), 170 mN, is 

significantly higher than that of pure B-PE, 90 mN. Because the blend shows almost the 

same level of the oscillatory shear moduli, i.e., viscoelastic response in the linear region, 

as pure B-PE, the marked deviation of the drawdown force is attributed to the 

strain-hardening behavior in transient uniaxial elongational viscosity as shown later.  

[Figure 4] 

Growth curves of elongational viscosity measured at 160 oC at various strain rates 

for B-PE, L-PE-2, and their blends are shown in Figure 5. The solid line in the figure 

represents 3+(t), where +(t) is a growth curve of shear viscosity at a low shear rate 

asymptote. The value is calculated from the oscillatory shear moduli using eq. (3) 

proposed by Osaki et al. [55]; 

 
t

GGGtt
1

)(200.0)2/(12.1)()(


 


  (3) 

As seen in the figure, B-PE shows marked strain-hardening behavior as compared 

with L-PE-2 even though MFR of L-PE-2 is lower than that of B-PE. Further, it should 

be noted that the degree of strain-hardening behavior is pronounced for the blends with 

L-PE-2. For example, B-PE/L-PE-2 (50/50) shows more pronounced strain-hardening 

than B-PE. Moreover, the blend with only 25 wt% of B-PE shows a similar level of the 

strain-hardening to B-PE. 

[Figure 5] 

Elongational viscosity of the other blends cannot be obtained because of the 

difficulty of the measurements. 
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Capillary Extrusion 

The flow curves without Bagley and Rabinovitsch corrections of B-PE, L-PE, and 

the blends, measured by the capillary rheometer at 160 oC, are shown in Figure 6. Shear 

stress of B-PE is higher than that of L-PE-20, whereas L-PE-2 and L-PE-4 show lower 

viscosity than B-PE. In the experimental shear rate range, the slope of B-PE is lower 

than those of L-PE, which is attributed to the broad distribution of relaxation time. 

Further, it seems that the shear stress of the blends with L-PE-20 follows log-additive 

rule. On the contrary, the blends with L-PE having high shear viscosity deviate from the 

log-additive rule. Moreover, the shear stress of L-PE-2 at high shear rate region is 

almost independent of the shear rate. In this region, slippage at the capillary wall must 

take place to some degree. For example, the slip-stick phenomenon, which is typical 

flow instability for L-PE, occurs at 560 s-1. Because of the slip-stick failure, the stress 

oscillates from 0.332 to 0.371 MPa.   

[Figure 6] 

The photographs of the extruded stands are shown in Figure 7. In case of the 

blends with L-PE-2 and L-PE-4, the diameter of strands is significantly larger than that 

of pure LDPE. The marked Barus effect is explained by the enhanced elastic nature. 

Further, it is found from the figure that B-PE exhibits gross melt fracture at 560 s-1 with 

smooth surface, whereas all L-PE samples do not show gross melt fracture even at the 

highest shear rate in this experiment. The shark-skin failure is detected for B-PE/L-PE-4 

(25/75) at 560 s-1 and B-PE/L-PE-2 (25/75) at 150 s-1. In case of pure L-PE, the 

shark-skin failure is not detected even by a scanning electron microscope, although 

L-PE-2 shows the slip-stick failure at 560 s-1. The onset stress of the shark-skin failure 
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must be higher than the stress at the current experimental condition, suggesting that the 

blends exhibit lower onset stress. 

It should be noted that the onset stress of the shark-skin failure for the blends with 

L-PE-2 and L-PE-4 clearly decreases by blending B-PE. In particular, L-PE-2/B-PE 

(75/25) shows the shark-skin failure at low shear stress (0.257 MPa). Moreover, it is 

apparent that the blends with L-PE-2 or L-PE-4 exhibit severe gross melt fracture with 

rough surface at high shear rate region. These experimental results suggest that the 

blends showing marked melt elasticity tend to exhibit severe flow failures easily. 

[Figure 7] 

Recently, Yamaguchi et al. [25] demonstrated that the steady-state shear stress is 

expressed by the relaxation time distribution, Deborah number, and rubbery plateau 

modulus as shown in eq. (4) based on the Carreau equation proposed for a generalized 

Newtonian fluid (eq. (5)), 

   0

1

 N
n

n

n

w GDe















      (4) 

      2

1
2

0 1 



n

w      (5) 

where n and w the number and weight average relaxation times, De the Deborah 

number, n  (<1) the constant which is the function of molecular weight distribution, 

and 0
NG  the rubbery plateau modulus.  

Since 0
NG  is assumed to be a constant, broad distribution of relaxation time leads 

to large De at the same shear stress. It is apparent that the relaxation time distribution of 

the blends showing high 0 is significantly broader than that of a pure linear 

polyethylene because of the following reasons; (1) B-PE has broad distribution of 
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relaxation time and (2) long time relaxation mechanism is pronounced for the blend 

systems because constraint release and dynamic tube dilation processes are reduced to 

some degree by existence of high molecular weight fraction as surrounding chains. The 

origins of the shark-skin failure have been studied for a long time and believed to be 

surface crack and/or slippage at the wall. Both failures occur at high Deborah number 

condition, because polymer melts store large energy during flow like elastic solids. 

Therefore, the shark-skin failure is detected at low shear stress for the blends showing 

synergetic phenomenon. 

As demonstrated, severe gross melt fracture is detected for the blends showing 

high level of drawdown force. The origin of the gross melt fracture is believed to be 

flow instability at the die entrance. Meller et al. [38] found that elongational stress 

generated by contraction flow at the die entrance decides the occurrence of gross melt 

fracture. Since long-chain branched polymers exhibit marked strain-hardening in 

elongational viscosity, leading to high elongational stress, gross melt fracture is always 

detected. As shown in Figure 4, the drawdown force of the blends with L-PE-4 or 

L-PE-2, is higher than that of pure B-PE. This is one of the reasons of severe gross melt 

fracture observed in the blends. 

     At capillary extrusion of branched polymers having high melt elasticity, flow 

behaviors around the die entrance, especially entrance angle, has to be considered 

carefully, because the entrance angle determines the actual elongational strain rate by 

the contraction flow, and thus, the elongational stress. It has been known that an 

entrance angle of LDPE is small because of the occurrence of vortices, whereas that of 

LLDPE and HDPE is large. Lamb and Cogswell [56] proposed the following empirical 

relation considering that polymer melts showing high level of elongational viscosity 
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favors a low elongational strain rate as follows; 

 
E
 2

tan 1      (6) 

where  and E  are the shear and elongational viscosities. 

The entrance angle of the blend systems composed of B-PE and L-PE with high 

shear viscosity is, however, unrevealed, although it is important information to 

understand the gross melt fracture. In this study, the entrance angle is predicted by the 

method proposed by Ballerger and White [57]. According to them, the entrance angle  

is related to the ratio of the end pressure drop Pe to the wall shear stress w as shown 

in the following equation.  

 weP  /)9644.0(5.178     (7) 

Although this empirical relation has no theoretical background, it has been proved 

that many data follow eq. (7) [57]. 

Figure 8 presents the magnitude of eP  plotted against the L-PE content at 

various shear rates for L-PE-2/B-PE blends. It is generally understood that eP  is 

composed of viscous and elastic components. Therefore, eP  of a polymer melt with 

marked elastic property is higher than that of a polymer with poor melt elasticity as long 

as both polymers show the same shear viscosity. It is found from the figure that some 

blends show higher eP  than pure B-PE. The results are reasonable because the blends 

with L-PE having high shear viscosity exhibit marked melt elasticity. 

[Figure 8][Figure 9] 

Figure 9 shows the entrance angle  calculated from eq. (7) as a function of the 

shear rate. As seen in the figure, the entrance angle decreases with increasing the shear 

rate. Further, the entrance angle decreases with increasing the B-PE content 
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monotonically, suggesting that the entrance angle does not show synergetic effect. 

Consequently, the actual elongational strain rate at the die entry of the blends is higher 

than that of pure B-PE at the same volume flow rate. Since the elongational viscosity of 

the blend is higher than that of B-PE, eq. (6) is not applicable to the system. Further, 

these results suggest that the blends showing marked strain-hardening in elongational 

viscosity flow at the die entrance at a high elongational strain rate as compared with 

B-PE. As a result, the difference in elongational stress is magnified, leading to severe 

gross melt fracture for the blends. 

 

Conclusion 

 

     Flow instability at capillary extrusion is studied employing binary blends 

composed of a linear polyethylene (L-PE) and a long-chain branched polyethylene 

(B-PE). As already reported, the blends containing L-PE with high shear viscosity 

exhibit synergetic effect, e.g., enhanced zero-shear viscosity and marked 

strain-hardening behavior in elongational viscosity. The blends showing the anomalous 

rheological response exhibit shark-skin failure at low shear stress as compared with 

pure L-PE. The phenomenon is explained by the high Deborah number for the blends. 

Moreover, the blends show severe gross melt fracture as compared with B-PE. 

Enhanced strain-hardening in elongational viscosity and large entrance angle at the die 

entry will be responsible for the gross melt fracture for the blends. 
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Figure caption 

 

Fig. 1      Master curves of frequency dependence of (a) shear storage modulus G’  

and (b) loss modulus G’’ for B-PE/L-PE-4 blends at 160 oC; (■) B-PE, (Δ) 

B-PE/L-PE-4 (75/25), (□) B-PE/L-PE-4 (50/50), (Δ) B-PE/L-PE-4 (25/75), 

and (●) L-PE-4. 
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Fig. 2      Master curves of frequency dependence of (a) shear storage modulus G’  

and (b) loss modulus G’’ for B-PE/L-PE-2 blends at 160 oC; (■) B-PE, (Δ) 

B-PE/L-PE-2 (75/25), (□) B-PE/L-PE-2 (50/50), (Δ) B-PE/L-PE-2 (25/75), 

and (●) L-PE-2. 

Fig. 3      Zero-shear viscosity of B-PE/L-PE blends at 160 oC; (●) B-PE/L-PE-20, 

(▲) B-PE/L-PE-4, and (■) B-PE/L-PE-2. 

Fig. 4      Drawdown force of B-PE/L-PE blends at 160 oC; (●) B-PE/L-PE-20, (▲) 

B-PE/L-PE-4, and (■) B-PE/L-PE-2 blends. 

Fig. 5      Growth curves of elongational viscosity at 160 oC; (a) B-PE, (b) 

B-PE/L-PE-2 (75/25), (c) B-PE/L-PE-2 (50/50), (d) B-PE/L-PE-2 (25/75), 

and (e) L-PE-2 at various strain rates; (▽) 0.72 s-1, (△) 0.36 s-1, (◇) 0.18 s-1, 

(□) 0.09 s-1 and (○) 0.05 s-1. The solid line denotes the growth curve of 

elongational viscosity at a low strain rate asymptote. 

Fig 6    Flow curves of (a) B-PE/L-PE-20 blend at 160 oC; (●) B-PE, (○) 

B-PE/L-PE-20 (75/25), (Δ) B-PE/L-PE-20 (50/50), (□) B-PE/L-PE-20 

(25/75), and (▲) L-PE-20, (b) B-PE/L-PE-4 blend at 160 oC; (●) B-PE, (○) 

B-PE/L-PE-4 (75/25), (Δ) B-PE/L-PE-4 (50/50), (□) B-PE/L-PE-4 (25/75), 

and (▲) L-PE-4, (c) B-PE/L-PE-2 blend at 160 oC; (●) B-PE, (○) 

B-PE/L-PE-2 (75/25), (Δ) B-PE/L-PE-2 (50/50), (□) B-PE/L-PE-2 (25/75), 

and (▲) L-PE-2. 

Fig. 7    Optical photographs of extruded stands at 160 oC. A circular die having 

L/D=20/1 (mm) was employed; (a) B-PE/L-PE-20, (b) B-PE/L-PE-4, and (c) 

B-PE/L-PE-2. The numerals in the figure represent the apparent shear stress 

(MPa). 
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Fig. 8    End pressure loss (Pe) for B-PE/L-PE-2 blends at various shear rates at 160 

oC; (●) 15 s-1, (■) 35 s-1, and (▲) 75 s-1. 

Fig. 9    Entrance angle of B-PE/L-PE-2 blends with various L-PE-2 contents at 160 

oC; (●) B-PE, (■) B-PE/L-PE-2 (75/25), (♦) B-PE/L-PE-2 (50/50), (▼) 

B-PE/L-PE-2 (25/75), and (▲) L-PE-2. 

 



Table 1. Molecular characteristics of polymers  

Molecular weights

Mn ×10-4 Mw ×10-4

B-PE 1.4 14

L-PE-4 8.1 18

Density

917

904

L-PE-2 11 23 913

L-PE-20 0.8 6.4 968

(kg/m3)

Number of SCB

32

23

22

ー

(per 1000 carbon atoms)



Table 2. Thermal and flow characteristics of polymers  

Thermal properties

Tm (oC)         HF (J/g)

B-PE

L-PE-4

Ha

L-PE-2

L-PE-20

(kJ/mol)

52.8

31.2

31.0

25.7

106.8

112.5

112.8

135.2

105.6

76.4

88.1

227.6

Melt index

(g/10 min)

7.2

3.8

2.0

20
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