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Abstract  Thin wall samples of high density polyethylene (HDPE) were prepared via injection molding with different 
injection speeds ranging from 100 mm/s to 1200 mm/s. A significant decrease in the tensile strength and Young’s modulus 
was observed with increasing injection speed. In order to investigate the mechanism behind this decrease, the orientation, 
molecular weight, molecular weight distribution, melt flow rate, crystallinity and crystal morphology of HDPE were 
characterized using two-dimensional wide-angle X-ray diffraction (2D-WAXD), gel permeation chromatography (GPC), 
capillary rheometry and differential scanning calorimetry (DSC), respectively. It is demonstrated that the orientation, 
molecular weight, molecular weight distribution, melt flow rate and crystallinity have no obvious change with increasing 
injection speed. Nevertheless, the content of extended chain crystals or large folded chain crystals was found to decrease 
with increasing injection speed. Therefore, it is concluded that the decrease in tensile properties is mainly contributed by the 
reduced content of extended chain crystals or large folded chain crystals. This study provides industry with valuable 
information for the application of high speed injection molding. 
 
Keywords: High speed injection molding; High density polyethylene; Tensile properties; Extended chain crystals structure; 
Large folded chain crystals. 
 

INTRODUCTION 

Injection molding is the most important manufacturing technology for the production of plastic products with 
various shapes and dimensions. With the increasing demand for products of high additional value; thinner, 
lighter and smaller products become essential[13]. High speed injection molding (HSIM) is one of the most 
useful methods for the manufacture of these thin wall products. Furthermore, high speed injection technology 
leads to better transcription ratio[4], lower strain and more accurate dimension[3]. Good tensile performance is an 
important criterion for industrial applications. It is well known that the injection speed is one of the most 
important factors affecting the tensile properties. Several studies about the effect of injection speed on the tensile 
properties have been carried out. Chen et al.[5] investigated nylon 6-clay nanocomposites under different 
injection speeds and indicated that tensile strength increased with increasing injection speed. However,        
Narh et al.[6] reported the tensile properties of PET/LCP blends decreased with increasing injection speed, which 
was due to the fact that thickness of the skin layer decreased with increasing injection speed. Similarly, Govaert 
et al.[7] observed a slight decrease in yield stress with increasing injection speed for polycarbonate samples. The 
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main cause is that the flow shear process lasts longer time at low injection speed. Nevertheless, most of the 
previous works focus on the relatively low injection speed (0200 mm/s) and the standard injection molded 
bars. Few papers have reported studies on tensile properties of thin wall samples by HSIM[8]. 

High density polyethylene (HDPE) is one of the most widely studied semi-crystalline polymers, as 
concerns the plasticity phenomena, owing to its simple crystalline structure and well-characterized physical 
properties[9]. Therefore, this paper aims to investigate the effect of injection speed on the tensile properties of 
thin wall HDPE samples manufactured by HSIM. The tensile properties of samples were investigated in detail, 
and the results were discussed regarding to the polymer chain orientation, molecular weight, molecular weight 
distribution, melt flow rate, crystallinity and crystal morphology, with the aid of two-dimensional wide angle    
X-ray diffraction (2D WAXD), gel permeation chromatography (GPC), capillary rheometry and differential 
scanning calorimetry (DSC), respectively. 

EXPERIMENTAL 

Materials and Sample Preparation 
HDPE (trade marked: F600) used in this study was supplied by the Korea Petrochemical Ind. Co., Ltd. It has a 
melt flow index (MFI) of 0.035 g/10min (190C, 2.16 kg) and a density of 0.957 g/cm3. 

A mould in rectangular shape with a size of 80 mm  60 mm, and thickness of 0.45 mm was used. The 
samples for the tests were cut from the plates produced from injection molding (as shown in Fig. 1). 
Furthermore, another cavity after the rectangular plate is set-up (shown as the shadowed part in Fig. 1) in order 
to achieve high injection speed before the mould is completely filled by polymer melt. 

 

 
Fig. 1  The schematic representation of sample preparation for tensile properties testing 

 

The specimens were injection molded at different injection speeds of 100, 200, 500 and 1200 mm/s, 
respectively. Injection molding machine with a screw diameter of 25 mm and barrel temperature of 180C was 
used to produce samples in current study. 

Tensile Experiments 
The tensile properties were measured using a SANS universal testing machine with a crosshead speed of           
20 mm/min at a temperature of 23C. The values were calculated as averages over five specimens for each 
processing condition.  

2D WAXD Measurements 
The synchrotron 2D-WAXD experiments were conducted using the U7B beam line in the National Synchrotron 
Radiation Laboratory (NSRL), Hefei, China. The wavelength used was 0.1409 nm and the transmission mode 
was used. The orientation level of various planes could be calculated by the orientation parameter f, and the 
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methods for calculation were described in detail elsewhere[10]. 

Differential Scanning Calorimetry (DSC) 
Thermal analysis of the samples was conducted using a Perkin-Elmer pyris-1 DSC. In order to exam the melting 
behavior layer by layer, the slices were cut from the surface to the core along sample thickness. The test samples 
were heated from 20C to 180C at a heating rate of 10 K/min and held there for 10 min, then cooled to 20C at 
a rate of 10 K/min and again heated to 180C at a heating rate of 10 K/min for the second heating curves. 
During the measurement, dried nitrogen was purged at a constant flow rate. The crystallinity index Xc was 
calculated using the following equation. 

 0
mmc H/HX   (1) 

where Hm, the melt enthalpy of the samples, and 0
mH , the theoretical melt enthalpy is 293 J/g for HDPE[11]. 

Gel Permeation Chromatography (GPC) 
GPC was employed to determine the molecular weight and the molecular weight distribution of the samples 
produced at different injection speeds. GPC analysis was performed on a high temperature PL-GPC220. The 
samples were dissolved in 1,2,4-trichlorobenzene, and the GPC runs were carried out at 160C. 

Capillary Rheometry 
Capillary rheometry could serve as a fast and easy way to determine the melt flow rate (MFR) of a polymer. A 
capillary rheometer (CFT-500D Shimadzu) was used to study the MFR of the injection molded samples 
produced at different injection speeds. Experiments have been conducted with a temperature of 190C and 
piston pressure of 9.8 MPa. A capillary with a length L = 10 mm and diameter D = 1 mm was used. 

RESULTS AND DISCUSSION 

Tensile Properties 
The stress-strain curves of samples with different injection speeds are shown in Fig. 2. There is no obvious 
necking and the fracture mode is brittle, with an ultimate elongation of around 8%. High molecular orientation 
of semi-crystalline polymers could be one of the reason responsible for this[12]. The tensile strength and Young’s 
modulus of samples with different injection speeds are shown in Fig. 3. The highest tensile strength and 
Young’s modulus reach as high as 130 MPa and 4380 MPa, respectively. It should be noted that all the strength 
and modulus values of thin wall samples in this paper are higher than those of conventional injection molding 
(around 2040 MPa)[13], but they decrease sharply with increasing injection speed. For semi-crystalline 
polymers, there are many factors can affect the tensile properties[1, 1419]. In this paper, we focus on the 
orientation, molecular weight, molecular weight distribution, melt flow rate, crystallinity and crystal 
morphology. 

 

 
Fig. 2  Selective stress-strain curves of samples with different injection speeds 
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Fig. 3  Modulus and tensile strength of samples with different injection speeds 

Orientation of Thin Wall Samples 
Orientation plays an important role in the tensile properties of polymer materials. In our previous work, it was 
shown that relatively high tensile strength and modulus were obtained for specimens with high degree of 
orientation[12]. Figure 4 shows the 2D WAXD patterns of HDPE samples with different injection speeds. The 
diffractions of (110) and (200) planes in orthorhombic PE along the equatorial direction indicate a preferential 
orientation along the injection flow direction, and the oriented structure is found in all samples. The degree of 
orientation obtained from 2D WAXD patterns is 66%, 63% and 69% for the samples produced at the injection 
speed of 100, 500 and 1200 m/s, respectively. There is no obvious difference between them, which demonstrates 
that the variation of tensile properties may not be caused by different orientation. 

 

             
 

Fig. 4  2D WAXD patterns of samples with different injection speeds: 100 mm/s (a), 500 mm/s (b) and 1200 mm/s (c)

GPC Measurements 
It is thought that the decrease in mechanical properties might be caused by degradation of polymer molecules, 
which could be a consequence of ultra high injection molding speeds. Therefore, GPC was used to determine the 
molecular weight and the molecular weight distribution of the samples produced under different injection 
speeds. The GPC chromatograms for the samples with injection speed of 100 mm/s is shown in Fig. 5. The 
others are not shown here, which have the same graphic structure. The distribution of HDPE used in this 
experiment is bimodal and the detail results of the molecular weight are listed in Table 1. By increasing the 
injection speed, the weight average molecular weight (Mw) and polydispersity index (PDI) of the samples have 
no obvious variation. It indicates that high speed injection molding does not induce degradation of polymer 
molecules, and the decreasing of tensile properties in this experiment should not have any relationship with 
molecular weight and molecular weight distribution. 
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Fig. 5  GPC curve of a sample with injection speed of 100 mm/s

 
Table 1. Weight average molecular weight and polydispersity index of samples with different injection speeds 

Injection speed 
(mm/s) 

Mw of peak 1  Mw of peak 2 
PDI of peak 1 

(Mw/Mn) 
PDI of peak 2 

(Mw/Mn) 
100 1.57  106 5.46  104 2.35 3.71 
500 1.58  106 5.22  104 2.44 3.64 

1200 1.57  106 5.32  104 2.43 3.77 

Melt Flow Rate 
Many studies have been carried out to investigate the effect of entanglement density on tensile properties[20, 21]. It 
was reported that the entanglement density could play an important role in the final tensile properties. For this 
reason, the melt flow rate of the samples fabricated by different injection speeds has been investigated via 
capillary rheometer. The HDPE used in this experiment has a relatively low MFI of 0.035 g/10min (190C,    
2.16 kg). In order to reduce fluctuation in measurement and avoid instability flow in rheologic testing process, a 
moderated piston pressure (9.8 MPa) was used in this experiment. 

Figure 6 shows the MFR values of samples melted at 190C, held for 2 min and 10 min, respectively. 
Almost a constant MFR is observed for all of the samples. This indicates that there is no difference in 
entanglement density between the samples, and the decrease in tensile properties with increasing injection speed 
may have no relationship with entanglement density. 

 

 
Fig. 6  MFR values of samples fabricated by different injection speeds 

DSC Analysis 
It is well known that crystallinity and crystalline forms are influential factors for tensile properties[16, 22].       
Kalay et al.[13] investigated the enhancement of mechanical properties of HDPE and indicated that the crystal 
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structure of shish-kebab had noticeable effect on the tensile properties. Here, the DSC measurement is utilized to 
investigate the crystallinity, crystal structure and melting temperature. The first heating DSC thermograms of the 
samples from different locations along the sample thickness with different injection speeds are shown in Fig. 7. 
In the skin layer (025 μm), there are two peaks for all the samples with different injection speeds. The main 
peaks are around 127.8°C, and the another peaks are around 134°C. There is about a 6°C difference between 
them. For the second heating curve of sample with injection speed of 100 mm/s at layer of 025 μm (Fig. 8), 
there is only one peak. This means that the two peaks in these injection molded samples were induced by the 
special processing method but not the special property of the HDPE. The peaks at higher temperatures can be 
considered as the melting of extended chain crystalline structure[13] or larger folded chain crystalline structure. It 
is shown in the figures that the content of extended chain crystals or larger folded chain crystals decreases with 
increasing injection speed. One of the features from the melting behavior of skin layer of samples produced at 
low injection speed (100 mm/s) is that the width of the peaks is broader than that of the others. Shear induced 
crystalline thick lamellae are responsible for the high melting temperature, shearing also results in a broader 
distribution of crystal size and thus broadening the melting peaks[10]. For the middle layer (75100 μm), the 
location of peaks is the same with these peaks from skin layer. From Fig. 7(c), one can observe only one peak 
for all except the sample with low injection speed (100 mm/s), which shows another peak at higher temperature. 
It indicates the presence of extended chain crystals or large folded chain crystals in the core layer (200225 μm) 
of samples produced at low injection speed (100 mm/s). However, the melt temperature peak of the second 
heating curve is between that of the two peaks of the first heating curve. This can be understood as a 
consequence of the fast cooling rate of thin wall injection molded samples. It results in a smaller crystal size and 
decrease in the melting temperature. It should be noted that DSC results alone are not enough to prove the 
formation of extended chain crystal, 2D SAXS is needed to verify the result.  

 

 

 
Fig. 7  The first DSC heating curves of samples with various injection speeds from 
different sample layers: (a) 025 μm, (b) 75100 μm and (c) 200225 μm 
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Fig. 8  The second DSC heating curve of sample with injection speed of 100 mm/s at layer of 025 μm 

 

The crystallinity of samples is listed in Table 2. A similar crystallinity is obtained for the samples fabricated 
at injection speeds between 200 mm/s to 1200 mm/s. Interestingly, a slightly higher crystallinity was obtained 
for the sample produced at low injection speed (100 mm/s). And this is corresponding with the broader melting 
peaks of the samples produced at low injection speed. The difference in crystallinity among different layers is 
caused by the difference in shear rate and temperature distribution along the thickness direction. 

 
Table 2. Crystallinity of samples with different injection speed at each layer 

Injection speed (mm/s) Hierarchical layer (μm) Crystallinity (%) 
 025 53 

100 75100 55 
 200225 48 
 025 48 

200 75100 47 
 200225 51 
 025 49 

500 75100 45 
 200225 51 
 025 49 

1200 75100 47 
 200225 51 

 
In summary, the content of extended chain crystals or large folded chain crystals decreases with increasing 

injection speed. For neat HDPE, the extended chain crystals can affect tensile properties significantly. There are 
many reports about the improvement in tensile properties of the self-reinforced polyethylene caused by the 
formation of extended chain crystal structure[23, 24]. Djurner and co-workers[24] investigated the development of 
extended chain crystals by high pressure injection molding and found the higher content of extended chain 
crystal resulted in higher tensile strength and Young's modulus. In current study, similar orientation and 
crystallinity is obtained for the samples fabricated under different injection speeds. The content of the extended 
chain crystals or large folded chain crystals has important influence on the tensile properties. The continuous 
decrease of tensile strength and Young's modulus with increasing injection speed is due to the decreased content 
of extended chain crystals or large folded chain crystals. 

Furthermore, to understand such a behavior, the flow stability was investigated. It is well known that the 
unstable flow widely exists in polymer processing[25]. In current study, flow instability was studied by extrusion 
with an injection molding machine. The pictures of extruded rods are shown in Fig. 9. The roughness of the 
sample surface increases with increasing injection speed. The increase in roughness with increasing injection 
speed is due to the increased instability of melt flow and shear stress. Therefore, the decreased tensile properties 
could be also due to the increased instability of melt flow with increasing of injection speed. More work is 
needed on the melt instability at high injection speed, which is important for industrial application. 
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Fig. 9  Photographs of the extruded rods through injection molding machine with different injection 
speed: (a) 100 mm/s, (b) 200 mm/s, (c) 500 mm/s and (d) 1200 mm/s 

CONCLUSIONS 

Thin wall samples of HDPE were prepared through injection molding of different injection speeds. The effect of 
injection speed on the tensile properties was investigated in detail by examining the orientation, crystallinity and 
the crystal structure of the specimens. It was found that the overall orientation, molecular weight, molecular 
weight distribution, melt flow rate and crystallinity had no obvious change with increasing injection speed. A 
hierarchy structure with varied crystal structure along the thickness direction of samples was obtained due to the 
difference in shear rate and shear stress from the skin to the core. The gradual decrease in the content of 
extended chain crystals or large folded chain crystals with increasing injection speed was induced by difference 
in shear rate and stability of melt flow. The decrease in tensile strength and Young’s modulus with increasing 
injection speed is mainly due to the decrease in the content of extended chain crystals or large folded chain 
crystals. Other factors, such as orientation, molecular weight, molecular weight distribution, entanglement 
density and crystallinity, seem to have little contribution to the mechanical property changes in this case. More 
research is needed to make sure the reasons which cause the tensile strength decrease with increasing injection 
speed. For example, 2D SAXS is needed to verify the extended chain crystals; the 2D WAXD of the samples 
from different locations along the sample thickness with different injection speeds is needed to confirm whether 
the orientation of different samples has no obvious difference. The tensile properties of the HDPE samples was 
decreased with increasing of injection speed, but the mechanism for this decrease should be carefully 
investigated based on the structure change and melt instability. 
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