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Abstract: Investigation on the effect of different processing parameters onto injection moulded low density polyethylene (LDPE) had been done. The LDPE was moulded into dumbbell shape with weld line to better understand the flow front of the polymer melt and where two flow fronts meet. Three parameters were chosen to shear modify the LDPE, which were injection speed, injection pressure and mould temperature. Tensile testing was being done onto the dumbbell samples to evaluate the strength of the weld line produced. Differential Scanning Calorimetry was being done onto the weld line region to obtain the degree of crystallinity but was found to be not a good method for strength evaluation. Measurement of the thickness of the weld line under optical microscope showed that it was related to the tensile strength of the dumbbell samples with inverse relationship. Simulation of the polymer melt flow was also being done using CADMOULD to visualise the effect of the chosen processing parameters onto the polymer flow front and was found to be able to evaluate the weld line strength.

Keywords: Low density polyethylene, weld line, injection speed, injection pressure, mould temperature, CADMOULD

1.      INTRODUCTION

Polymeric materials had been used to replace many other materials such as metal, wood and glass in manufacturing products in modern industries due to several advantages of polymeric materials.1 Injection moulding is, among many fabrication methods, able to manufacture products having complex structure with precious dimension in high efficiency with its fully automated processing cycle.2


The polymer processing parameters such as injection pressure, moulding temperature and injection speed will lead to difference in orientation of the polymer chains, residual stress, molecular degradation and degree of crystallisation of the final polymer product3 and to further complicating the situation, the shear modification will recover with time depending on the molecular structure of that particular polymer.4,5 The structural change in polymer caused by the complicated polymer melt flow as mentioned above will ultimately influence the final properties of the product.6–9

Without a thorough understanding of what happens to the polymer melt flow in the mould cavity, the properties of polymer products are hard to predict, even so in the polymer industry where normally trial and error is being practiced to achieve a desirable product. It is understandable that with profit in mind, trial and error without much studying of the issue is quite favourable, but a good understanding of how the polymer melt behave is beneficial in a long run.

One of the problems in understanding how the polymer melt behave during injection moulding is the issue of observing the melt flow in the cavity. This problem of monitoring flow inside the obscured mould cavity during the fast process can be achieved by the assistance of computer-aided mould filling simulation. Although the exact condition cannot be mimicked,10,11 but simulation of the polymer melt provide much information that can be related with the experimental results obtained.

2.      EXPERIMENTAL

2.1    Material and Sample Preparation

Low density polyethylene (LDPE) was chosen to be the representative of polymers and subject of investigation in this study. The LDPE resin was provided by Lotte Chemical with the code TITANLENE LDF 200YZ.

Dumbbell samples were produced with BOY 22M injection moulding machine with referring to ASTM D638 where the dimensions were shown in Figure 1. Three parameters were chosen to be investigated, which were injection speed, injection pressure and mould temperature. Three levels were used for each parameter and can be tabulated as in Table 1. The samples were produced with weld line incorporated.
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Figure  1: Dimensions of dumbbell sample.




Table  1:       Processing parameters used and the respective assigned code.



	Code
	Injection speed (mm/s)

	Injection pressure (bar)

	Mould temperature (°C)




	IS1
	30

	30

	30




	IS2
	50

	30

	30




	IS3
	70

	30

	30




	IP1
	30

	30

	30




	IP2
	30

	40

	30




	IP3
	30

	50

	30




	MT1
	30

	30

	30




	MT2
	30

	30

	40




	MT3
	30

	30

	50





2.2    Tensile Testing

Tensile testing was being done onto the obtained dumbbell samples according to ASTM D638. Grip distance of 60 mm, gauge length of 50 mm and crosshead speed of 50 mm/min were being used in the testing.

2.3    Differential Scanning Calorimetry

Differenntial Scanning Calorimetry (DSC) was conducted to measure the crystallinity of LDPE sample under various parameters. Specimens were cut and weighed to have 5–10 mg. The specimens were heated from 25°C to 200°C at a rate of 10°C/min. Peak temperature and enthalpies at crystallisation and melting were determined. The percentage crystallinity (Xc) of LDPE can be calculated by:
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where, ΔHm is the enthalpy of melting, ΔHc is the enthalpy of cold crystallisation and ΔH°m is perfect heat of fusion, which is 293.1 J/g for LDPE.12,13


2.4    Optical Microscopy

The weld line region on the dumbbell samples were being observed under Dino-Lite AM413ZT handheld digital microscope at 50× magnification. The images captured were analysed by ImageJ software.

2.5    Melt Flow Simulation

3D model of the dumbbell sample was being drawn using SolidWorks according to the dimensions in Figure 1 with the thickness of 3 mm. The 3D model was then loaded into CADMOULD to simulate the melt flow of LDPE inside the mould cavity.

3.      RESULTS

3.1    Tensile Strength and Degree of Crystallinity

Figure 2 showed the tensile strength of LDPE samples underwent different processing conditions. It can be seen that the tensile strength of LDPE was increased by the increment of all of the investigated parameters, injection speed, injection pressure and mould temperature respectively. DSC was done onto the LDPE samples to obtain the degree of crystallinity of the samples as in Figure 3. LDPE is a semi-crystalline polymer and it is expected that the molecular chains will form a certain level of crystallinity at its normalised state and the degree of crystallinity will change according to the processing history it underwent.14

Comparing Figures 2 and 3, it was found that the tensile strength of LDPE samples will increase with decreasing degree of crystallinity, as opposed to literature15 and research findings.16–18 There are probably two reasons for this, one of which is the tensile strength of LDPE investigated in this study is not highly dependent of the degree of crystallinity of the polymer itself, where it indicates that there are other properties that have higher influence onto the tensile strength of LDPE samples. Another reason would be the degree of crystallinity obtained from the DSC was inaccurate. Kong and Hay17,18 reported and cited from various sources that questioned the validity of DSC as a method to determine the degree of crystallinity of polymers where the results differ substantially from that determined by other analytical techniques.
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Figure  2: Tensile strength of LDPE samples from different parameters.
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Figure  3: Degree of crystallinity of LDPE samples from different parameters.



3.2    Evaluation of Tensile Strength by Weld Line

Since the degree of crystallinity was found to be having inverse effect on the tensile strength of LDPE and contradicted what researchers had established; addition of the claim of inaccuracy of the DSC for determining degree of crystallinity, the tensile strength of dumbbell samples with weld line can be evaluated by examining the weld line itself. Figure 4 showed the weld line region of dumbbell sample under ordinary camera and the zoomed image at 50× magnification. The measurement of the thickness of the weld line can be seen in Figure 5 with respect to different processing parameters. Thinner weld line indicates that the melt flow from two different directions meet and diffuse together better compared to thicker weld line. Comparing Figures 2 and 5, it can be seen that the thinner weld line, the stronger the dumbbell samples will be.

It can be seen from Figure 5 that the weld line on the dumbbell samples was getting thinner as the injection speed, injection pressure and mould temperature increase, indicating the tensile strength of the pieces getting stronger. Similar results were being reported by Wu and Liang.19 Being processed at higher injection speed made the polymer melt fronts experienced higher shear stress and thus the diffusion of the melt fronts increased, giving rise to a stronger weld line. In the case of injection pressure, higher pressure gave to higher packing of the polymer melt at the weld line and produced a thinner weld line. As for mould temperature, high mould temperature provided more time before solidification for the polymer melt to diffuse and for the polymer chains to entangle between each other, giving a stronger weld line.
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Figure  4: Weld line of dumbbell sample under 50× magnification.
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Figure  5: Thickness of weld line from different parameters.



3.3    Evaluation by Simulation

Figure 6 showed the simulation of filling of the dumbbell samples by CADMOULD software. Lines propagate across the dumbbell sample indicating the flow of polymer melt inside the mould cavity. The region near the weld line was magnified and inspected for the diffusion of two melt fronts at the weld line. In the zoomed image in Figure 6, arrows showed the flow direction of polymer melts and the place where the arrows turned horizontal indicated where the weld line should be. Figure 6 showed the simulation of time of filling in the simulation and by fixing the line per element in the simulation as a constant; the speed of the melt fronts can be estimated by counting the distance between each line. The relationship can be shown as:

[image: art]

The distance between lines, measured in pixel, is directly proportional to the speed of melt flow and as explained above the higher speed will result in thinner and stronger weld line.
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Figure  6: Simulation of time of filing of the polymer melt in dumbbell sample.



The measured distance between lines of the simulation was shown in Figure 7. It can be seen that the increment in injection speed, injection pressure and mould temperature all caused the distance to increase. This simulation showed that the polymer melt flow speed will increase with the increasing of the three parameters, and consequently increase the strength of the weld line formed on the dumbbell samples, as shown in Figure 2. Figures 2, 5 and 7 showed that the weld line thickness and distance of flow lines in simulation are in good agreement, although in inverse relationship, and could be used to evaluate the tensile strength of the dumbbell samples with weld line. The simulation result from CADMOULD perhaps can be used to predict the strength of a polymer product, without the need of production of testing samples and wastage of materials.
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Figure  7: Distance between flow lines of the simulated result.




4.      CONCLUSION

The increment in injection speed, injection pressure and mould temperature during injection moulding will increase the tensile strength of the samples moulded. Although the degree of crystallinity is known to change with different processing conditions and is related to the tensile strength, but it did not show a clear trend to be correlated with the tensile strength, and probably was due to the inability of the DSC analysis to accurately record changes in crystallinity within the sample since molecular orientation can vary with the thickness of the sample. On the other hand, the measurement of thickness of weld line under optical microscope and the evaluation of CADMOULD simulation showed a solid relationship with the tensile strength. It was found that the thinner the weld line, the stronger the weld line will be. Measurement of the distance of flow lines in CADMOULD simulation can also be used to predict the tensile strength of the samples simulated.
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