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Abstract: This research reports a visualization investigation of environmental stress cracking (ESC) of a high-density 
polyethylene (HDPE) prepared in house and a commercial high-density polyethylene. The in house made HDPE showed 
an excellent resistance against ESC as none of the tested samples cracked under chemical solution and that was due to 
higher value of molecular weight and less percentage of chain branching. On the other hand, the commercial HDPE had 
poor resistance against ESC under chemical solution, as all tested samples was cracked and completely splitted up into 
two pieces. An interesting finding of this research was that the commercial HDPE of relatively lower molecular weight 
cracked when stressed within the environment of ordinary water. Finally, this research recommended a thorough 
investigation of the role of additives and fillers on the ESC resistant of Polyethylene. 
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INTRODUCTION 

Catastrophic failure of plastics may occur due to 
initiation and propagation of micro cracks when plastics 
are stressed in the presence of various liquids varying 
form soft to aggressive such as water, detergents and 
alcohols. The susceptibility of a plastic article to failure 
due to slow crack growth when surface contacting with 
liquids is known as environmental stress cracking 
(ESC). Polyethylene (PE) is known for its low 
resistance to cracks initiated by solutions and liquids 
when put in service such as in landfill lining or geo-
membranes and cable insulation. 

Factors affecting ESC include molecular weight 
(MW) and its distribution (MWD), chain branching, 
degree of crystallinity, density, catalyst type and 
monomers used. 

ESC may lead to hole creation in the HDPE geo-
membrane liner which would cause gas and leachate 
escape out of the landfill [1]. Earliest theoretical 
analyses of ESC in PE have been reported by various 
authors in the past, e.g. Marshall and coworkers [2] 
and Brown [3]. Marshall et al. [2] introduced a 
relationship between stress intensity factor, Ki and 
crack or flaw speed, ȧ using fracture mechanics 
technique to study ESC for PE. Brown [3] suggested 
that ESC of PE is due to stress induced swelling of the 
amorphous part of PE. ESC resistance for a low 
molecular weight HDPE was found to increase with 
 
 
*Address correspondence to this author at the National center for 
petrochemicals technology, Material science research institute, King Abdulaziz 
city for science and technology (KACST), P.O.Box 6086, Riyadh 11442, Saudi 
Arabia; E-mail: fsewailm@kacst.edu.sa 

annealing between 85°C and 115°C [4]. A kinetic for 
ESC in HDPE may be found elsewhere [5]. 

It is known that as melt flow index (MFI) of a 
polymer decreases, MW increases and leads to 
improvement in ESC resistance (ESCR), however one 
should be cautious about the shape of the MW 
distribution. When poly-disparity index (PDI) of HDPE 
increases, ESCR increases as well [6]. Note here that 
MFI may not be related to number average molecular 
weight (Mn) but rather to PDI or weight average 
molecular weight (Mw) [6-7]. In general, it has been 
postulated by others [6] that ultra-high molecular weight 
species content in HDPE may lead to a suppression in 
void growth in the presence of a surface-active agent 
and hence ESCR may be increased [6]. From a 
molecular structure point of view, some important 
morphological aspects can greatly affect ESCR of PE 
such as inter-lamellar linkages in form of tie molecules 
[8] and physical chain entanglements [7]. Some sparse 
studies appeared in the literature tried to improve 
ESCR of HDPE by blending and compounding with 
other polymeric materials and fillers such as PE and 
wood [9-11]. It was reported that blending HDPE with 
up to 50 wt% of LDPE and LLDPE may significantly 
increase time to failure for the ESC specimens [9]. 
ESCR of HDPE was more pronounced when it was 
blended with LLDPE due to co-crystallinity effect that 
influences amorphous phase mobility of HDPE [9]. 
Khodabandelou et al. [10] have reported that ESCR of 
high impact polystyrene (HIPS) can be significantly 
increased by blending with 10 wt% of HDPE in the 
presence of a proper compatibilizer. Compounding of 
HDPE with wood flakes was not found to alter ESCR of 
HDPE [11]. 
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EXPERIMENTAL 
Materials Used 

HDPE (HDPE-276) used in this study was custom 
synthesized according to a previous study [12]. It is a 
zirconium based single site catalyst with a high 
molecular weight value. A commercial blow-molding 
grade HDPE was also used to compare its ESCR with 
that of the custom synthesized HDPE-276. The 
commercial HDPE (HDPE-C) was a courtesy of Saudi 
basic industries corporation (SABIC) in Riyadh, Saudi 
Arabia. Table 1 gives some properties of used HDPEs. 

Melt Flow Index (MFI) 

Melt flow index or fluidity of the polymers used in 
this study was measured by a melt flow indexer (MFI 
10 by Lloyd Davenport, UK). Four consecutive readings 
of the MFI were taken and the average of these 
readings was recorded. 

ESCR Measurements 

ESCR tests were performed in accordance with 
ASTM D1693 (Environmental stress cracking (ESC) for 
polyethylene plastics). Test samples were prepared by 
compression molding of HDPE pellets in molten state 
(~260 °C) using a carver hot press. The dimensions of 
a sample bar are illustrated in Figure 1. A controlled 
notch is cut horizontally across each sample, which 
serves as a crack initiation point. The samples were 
bent and inserted into a “C” shaped bracket as a 
sample holder, creating a stress in the specimen 
(Figure 2). The sample holder that contains ten bent 
plastic samples is inserted into a tube filled with 
IGEPAL® solutionI GEPAL® solution 10 % 
(Nonylphenoxy polyethyleneoxy/ethanol). The tube is 
then placed into a water bath capable of providing 
controlled heated environment for the samples (50 °C). 
After that, samples are inspected periodically for visible 
cracking or complete failure.  

 

Figure 1: Test sample dimensions: length (A) = 38 mm, 
depth (B) = 13 mm, width (C) = 1.85-1.95 mm, notch depth 
(N) = 0.3-0.4mm. 

 

Figure 2: Test samples bent and immersed in the solution. 

RESULTS AND DISCUSSIONS 

Table 2 gives the results of ASTM D1693 
experiments performed for both HDPE-C and HDPE-
276. It is seen from Table 2 that HDPE-276 
synthesized in house had strong resistance against 
cracking under solution stressing since none of the 
specimens tested had failed during the course of the 
ESCR experiments. This is probably due to relatively 
higher molecular weight values and less percentage of 
chain branching as indicated in Table 1. Both 
homemade synthesized polyethylene, i.e. HDPE-276-
30 and HDPE-276-40, showed excellent resistance to 
stress cracking in the presence of chemical solution as 
this was clearly demonstrated by the stressed samples 
(Figure 3). All tested samples of HDPE-276 appeared 
to be free of crack propagation or splitting. In contrary, 

Table 1: HDPEs Used in this Study 

Melt Flow Index, MFI 
(g/10 min) @ 2.16 kg and 190 °C 

Branches/end 
Group % 

Molecular Weight /1000 
(g/mol) 

Polymerization 
Parameters Polymer 

No flow 0.04 696 30 par, 24 °C HDPE-276 

No flow 0.02 610 40 par, 24 °C HDPE-276 

0.107 - - - HDPE-C 
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a commercial HDPE (HDPE-C) stressed under the 
solution started to crack after 4 hours of testing and 
reached maximum number of failed samples at about 
20 hours of testing as shown in Table 2 and Figure 4. 
HDPE-C was also tested without applying any solution 
and surprisingly was found to be susceptible to dry 
environmental stress cracking as illustrated in Figure 5. 

This was also true when replacing IGEPAL solution 
with ordinary water were one can see that samples of 
HDPE-C may be cracked and ultimately splitted when 
stressed in the presence of water (Figure 6). This 
comparison study emphasizes the importance of 
selecting proper grade of PE for harsh environment of 
stresses both dry and solution even when the liquid is 
ordinary water. Recall that HDPE-C is a commercial 
one where additives are involved and that might have 

an effect on the ESCR. HDPE-276 is a natural one, i.e. 
only contained PE and traces of catalysts with no 
additives or fillers. 

 

Figure 4: Cracking of all samples of commercial HDPE 
(HDPE-C) after the course of ESCR test. 

Table 2: ESC Behavior of Homemade and Commercial HDPE 

Observation Time (hr) # Failed Samples 

 HDPE-C in Solution HDPE-C in Water HDPE-C w/o Solution HDPE-276-30 HDPE-276-40 

0.1 0 0 0 0 0 

0.25 0 0 0 0 0 

0.50 0 0 0 0 0 

1 0 0 0 0 0 

1.30 0 0 0 0 0 

2 0 0 0 0 0 

3 0 0 0 0 0 

4 0 0 0 0 0 

6 2 0 0 0 0 

8 5 0 0 0 0 

16 10 3 0 0 0 

24 A 7 0 0 0 

32  10 0 0 0 

40  A 2 0 0 

48   5 0 0 

 

 

Figure 3: Appearance of homemade HDPE (HDPE-276-30 and HDPE-276-40) after the course of ESCR test. 
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Figure 5: Cracking of some of the samples of commercial 
HDPE (HDPE-C) after the course of ESCR test without using 
any solution. 

 

Figure 6: Cracking of the samples of commercial HDPE 
(HDPE-C) after the course of ESCR test with water. 

CONCLUDING REMARKS 

This study highlighted the importance of selecting 
proper type of PE for harsh application when the 
material is subjected to stresses not only when dealing 
with solutions but also when handling ordinary water. 
Potential applications are liquid transfer through PE 
pipes and lining for landfills. Another factor that might 
have an effect on ESCR of PE is amount and type of 
additives and fillers used when manufacturing PE. 

ACKNOWLEDGMENT 

The author of this study thank king Abdulaziz city for 
science and technology (KACST) for providing fund 
and support. 

REFERENCES 

[1] Needham AD, Smith JWN, Gallagher EMG. The service life 
of polyethylene geomembrane barriers. Eng Geol 2006; 85: 
82-90. 
https://doi.org/10.1016/j.enggeo.2005.09.030 

[2] Marshall GP, Culver LE, Williams JG. Environmental stress 
crack growth in low density polyethylenes. Plast Polym 1970; 
38:95-101. 

[3] Brown HR. A theory of the environmental stress cracking of 
polyethylene. Polymer 1978; 19: 1186-1188. 
https://doi.org/10.1016/0032-3861(78)90069-1 

[4] Bandyopadhyay S, Brown HR. Environmental stress cracking 
of low molecular weight high density polyethylene. Polymer 
1981; 22: 245-249. 
https://doi.org/10.1016/0032-3861(81)90207-X 

[5] Bubeck RA. Kinetics of environmental stress cracking in high 
density polyethylene. Polymer 1981; 22: 682-686. 
https://doi.org/10.1016/0032-3861(81)90361-X 

[6] Aiba M, Osawa ZO. Effect of ultra-high molecular weight 
species in high-density polyethylenes on the resistance to 
creep failure by a surface active agent. Polym Degrad Stab 
1998; 61: 1-8. 
https://doi.org/10.1016/S0141-3910(97)00117-1 

[7] Cheng JJ, Polak MA, Penlidis A. Influence of macromolecular 
structure on environmental stress cracking resistance of high 
density polyethylene. Tunn. Underg. Space Tech 2011; 26: 
582-593. 
https://doi.org/10.1016/j.tust.2011.02.003 

[8] Huang Y, Brown N. The effect of molecular weight on slow 
cracking growth in linear polyethylene homopolymers. J 
Mater Sci 1988; 23: 3648-3655. 
https://doi.org/10.1007/BF00540508 

[9] Munaro M, Akcelrud L. Polyethylene blends: A correlation 
study between morphology and environmental resistance. 
Polym Degrad Stab 2008; 93: 43-49. 
https://doi.org/10.1016/j.polymdegradstab.2007.10.017 

[10] Khodabandelou M, Razavi Aghjeh MK, Rezaei M. Fracture 
behavior and environmental stress cracking resistance 
(ESCR) of HIPS/PE blends and the effect of compatibilization 
on their properties. Eng Fract Mech 2009; 76: 2856-2867. 
https://doi.org/10.1016/j.engfracmech.2009.07.024 

[11] Li R. Environmental degradation of wood-HDPE composite. 
Polym Degrad Stab 2000; 70: 135-145. 
https://doi.org/10.1016/S0141-3910(00)00099-9 

[12] Alsaygh AA, Al-hamidi J, Alsewailem FD, Al-Najjar IM, 
Kuznetsov VL. Characterization of polyethylene synthesized 
by zirconium single site catalysts. Appl Petrochem Res 2014; 
4: 79-84. 
https://doi.org/10.1007/s13203-014-0053-2 
 
 

 

Received on 12-1-2020 Accepted on 23-3-2020 Published on 28-9-2020 

DOI: https://doi.org/10.12974/2311-8717.2020.08.5 

© 2020 Alsewailem et al.; Licensee Savvy Science Publisher. 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in 
any medium, provided the work is properly cited. 
 


