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Silane-crosslinked HDPE 

Gel and extraction results 

In this part, a silane-grafted sample was immersed in hot water for various durations. The 

silane-crosslinked products were then analyzed. Figure 6 shows the results of gel content and 

swelling factor of various silane-cured HDPE. The amount of gel in the crosslinked samples 

increases rapidly in the initial stage of crosslinking. For example, a gel content of 70 % was 

gained after 120 h of crosslinking in the absence of catalyst. The initial slope of the graph is very 

steep, inferring a high rate of crosslink formation. In our previous work on silane-crosslinked 

ethylene-octene copolymer, we found that the rate of crosslinking of the polymer depends 

strongly on the relative amounts of crystalline and amorphous material. The copolymer with 

higher octene content and lower crystallinity showed higher rate of crosslinking than that with 

lower content of octene comonomer [25]. After this initiation period, the rate of crosslinking 

slows and a slight increase in the gel content is observed. A gel content of approximately 90 % is 

gained after 600 h of the curing process. With increasing the time of curing further, the 

percentage of gel in the crosslinked products is hardly changed and the maximum gel of 93 % is 

reached for HDPE crosslinked for 1200 h. 

Apart from gel content, the swelling factor is a good indicator of crosslinking in the gel 

phase. From Figure 6, the values of swelling factor also increase sharply in the initial stage and 

reach a maximum at the crosslinking time of 120 h. The time to reach maximum swelling may 

vary among various types of PE [26]. In the case of ethylene copolymer, a maximum swelling 

factor was observed at the crosslinking time of 48 h, owing to the much higher rate of 

crosslinking of ethylene copolymer compared to that of HDPE [27]. On increasing the 

crosslinking time beyond this duration, the network structure becomes denser and the diffusion 
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of water is limited by this network structure formed. This results in a lower swelling factor 

together with a continued increase in gel content. This is indicative of a development in network 

strength associated with the longer crosslinking time. The results of gel and swelling factor agree 

well with the results from rheological measurement as shown in Fig. 7. Chain branching and 

crosslinking in the samples lead to difficulty in the movement of polymer chains [2]. As a result, 

the polymer viscosity increases and more energy is needed for the mobility of chains. By plotting 

complex modulus (G*) of silane-crosslinked HDPE as a function of crosslinking time, the graph 

of  Figure 7 shows the increase in G* of all crosslinked samples with increasing time, just as 

observed in the solvent extraction results.  

Thermal Properties 

The results from DSC, HDT, and TGA experiments are summarized in Table 1. These 

include the melting (Tm) and crystallization (Tc) temperatures, heat distortion temperature 

(HDT), and decomposition temperature (Td). HDPE shows a melting temperature at 133 °C. 

DSC analysis clearly reveals that the presence of silane crosslink network in the HDPE has 

insignificant effect on the Tm and Tc of the polymer. This is due to the fact that the crosslink 

process is performed after the polymer has been crystallized during the shaping stage. It is 

believed that silane crosslink occurs mainly in the amorphous portion of the polymer [3, 28]. 

Similar findings were found on the effects of silane crosslink on thermal behaviors of 

polypropylene (PP) [29], low-density PE [30], and ethylene-octene copolymer [31]. HDT tests 

demonstrate the effect of silane crosslinks on the thermal stability of HDPE. The HDT of pure 

HDPE increases markedly from 66 to 93 °C after silane crosslinking. A similar observation was 

reported by Kuan et al. [17] where an HDT of HDPE was increased from 78 to 101 °C after the 

introduction of a silane crosslink network. In the case of PP, our previous work showed a HDT 
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value of silane-crosslinked sample as high as 180 °C [32]. Apart from HDT, the improvement in 

thermal stability of HDPE by silane crosslinking can be seen from the results of TGA performed 

under an oxygen atmosphere. Pure HDPE shows a Td at 413 °C. The Td value of HDPE after 

crosslinking increases from 413 for virgin resin to 449 °C for the crosslinked product with 90 % 

gel. These results clearly show that the crosslinked samples are thermally more stable than the 

unmodified samples. 

Tensile properties 

Figure 8 shows the relationships between the content of gel in the silane-crosslinked 

samples and the tensile properties, including Young’s modulus, elongation at break, and tensile 

strength. Interestingly, there is a sudden change in tensile properties with the content of gel in the 

crosslinked products. Significant increase in modulus with a drastic drop in elongation and 

strength are clearly observed at around 70 % gel. For the HDPE samples being crosslinked for a 

time period shorter than the time for maximum swelling to be reached (t < 120 h), the variation 

of gel amounts (from 0 to 70 %) does not show a significant effect on the tensile properties. In 

those samples, a loose network structure is formed and this allows polymer chain movement 

when the tensile stress is applied. As the time of crosslinking increases, the network structure 

becomes tighter and the polymer chains in the tight network have less movement or orientation 

during extension.  Thus less force is needed for the material to break on exposure to stress [33]. 

As a result, elongation at break and strength decrease sharply. In contrast to the failure 

properties, the modulus is increased by crosslinking.  A sharp increase in modulus is clearly 

observed from the plot of Fig. 8.  

Thermal aging property  
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In many applications, a material with good heat deformation resistance and thermal 

endurance properties is needed. In cable jacketing, especially for low-voltage application (< 10 

kV), the mechanical properties and thermal stability are very important. In this study, the thermal 

aging test was performed according to ASTM D 2655-00.  This is the method for the 

characterization of the thermal aging properties of insulation for electrical wires and cables. The 

samples were heated at 121 ºC for 168 h. To pass the test, a drop in tensile properties of aged 

samples should not exceed 25 %, compared to the unaged samples. 

The HDPE used in this study, with a Tm of 133 °C, shows an inevitable change in sample 

appearance during the aging experiment performed at 121 °C. However, the test results show 33 

and 19 % reduction in modulus and elongation at break, respectively. In the other words, the 

HDPE sample without any modification fails the aging test. The grafted and crosslinked HDPE 

retain their specimen shape and size after thermal aging but a deterioration of tensile modulus, 

elongation at break, and strength results. However, a drop in tensile properties of the silane-

crosslinked polymers after aging does not exceed 25 % and, therefore, it could be said that all 

silane-crosslinked polymers prepared in this study pass the test specification of the ASTM D 

2655-00. The effect of network structure, either a loose or a tight network, on thermal stability of 

the HDPE is clearly seen from the aging results. The drop in tensile properties is more severe for 

the samples crosslinked for time periods lower than 120 h (or lower than the point of maximum 

swelling factor) where loose networks are formed and gel content of approximately 70 % or 

lower is gained. 

Increasing the experimental temperature to 132 °C, which is closer to the melting 

temperature of HDPE, unmodified HDPE and the loosely crosslinked samples (crosslinking time 

< 120 h) cannot withstand the high aging heat of 132 °C. The specimens deformed and distorted 
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after only 4 min of the aging experiment. Therefore, no results on their tensile properties are 

shown in Fig. 9. Chain slippage is believed to occur under these circumstances [34]. Better 

thermal aging resistance is obtained by curing the samples for longer duration beyond 120 h or 

beyond the point of maximum swelling factor. The samples with tight networks are able to 

withstand the high heat of 132 °C. The sample with 90 % gel shows only 5 % reduction in tensile 

properties after aging at 121 ºC for 168 h and 10 % reduction in properties after aging at 132 ºC. 
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CONCLUSIONS 

Melt grafting of VTMS onto the HDPE was performed in a twin-screw extruder. The 

appearance of IR peaks of methoxysilane (Si-OCH3) groups at 798, 1092, and 1192 cm-1 in the 

reacted PE confirmed the presence of silane grafting. 

The grafting level depended on the VTMS concentration, initiator type and contents, and 

extrusion temperature. Using of a binary BPO/DCP initiator was effective in improving the 

silane grafting yield while minimizing the formation of premature gel. 

Analysis of gel content and swelling factor provided an insight into understanding the 

structure of the silane crosslink network formed in the desired crosslinking reaction. A sharp 

increase in the content of gel and swelling factor was observed in the early stage of curing 

process, revealing the formation of a loose network structure. A tighter network was achieved 

after the maximum swelling factor was reached. 

There was a sudden change of tensile properties with the gel content. Elongation at break 

and strength decreased and modulus increased sharply after the tight network was formed. All 

silane-crosslinked polymers prepared in this study passed the aging test specification for low-

voltage applications. The structure of the network, either loose or tight, showed a strong role in 

the heat aging properties of the crosslinked products. 

The melting and crystallization behavior of silane-crosslinked samples was 

insignificantly affected by the crosslink structure. TGA and HDT tests showed an increase in the 

values of Td and HDT, inferring an improvement in thermal stability of the materials after 

crosslinking.  
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TABLE 1. Melting temperature (Tm), crystallization temperature (Tc), heat distortion temperature 

(HDT), and decomposition temperature (Td) of unmodified HDPE and silane-crosslinked HDPE 

(90 % gel) 

Properties Unmodified HDPE Crosslinked HDPE 

Tm (°C) 133 131 

Tc (°C) 117 116 

HDT (°C) 66 93 

Td (°C) 413 449 
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FIG. 1. Schematic of screw configuration and temperature profiles used in silane grafting 

experiments. 

K. Sirisinha* and M. Boonkongkaew 
 

Vent port Feed port 

T2 profile 170 170 170 200 160 °C 

T1 profile 170 170 170 160 160 °C 



110 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 2. FTIR spectra of unmodified HDPE and HDPE grafted with 5 % silane. 
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FIG. 3. Effect of VTMS concentration on grafting index and premature gel of silane-grafted 

HDPE. DCP loading was constant at 0.1 %. 
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FIG. 4a. Effect of initiator type and concentration, and extrusion temperature on grafting index 

of grafted HDPE. VTMS loading was constant at 5 %. 
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FIG. 4b. Effect of initiator type and concentration, and extrusion temperature on premature gel of 

grafted HDPE. VTMS loading was constant at 5 %. 
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FIG. 5. Effect of single and binary peroxides on grafting index and premature gel of grafted 

HDPE. VTMS loading was constant at 5 %. 
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FIG. 6. Gel content and swelling factor as a function of crosslinking time. 
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FIG. 7. Complex modulus as a function of crosslinking time. 
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FIG. 8. Relationship between gel content and mechanical properties of silane-crosslinked HDPE. 
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FIG. 9a. Young’s modulus of crosslinked products before and after thermal aging at 121 ºC for 

168 h and 132 ºC for 24 h. 
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FIG. 9b. Elongation at break of crosslinked products before and after thermal aging at 121 ºC for 

168 h and 132 ºC for 24 h. 
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FIG. 9c. Tensile strength at break of crosslinked products before and after thermal aging at 121 

ºC for 168 h and 132 ºC for 24 h. 
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