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1 INTRODUCTION 

The decomposition of organic matter from municipal solid waste (MSW) is usually the primary source of 
heat generated in a landfill. This heat can affect the performance of the bottom liner, the cover, and the 
leachate collection system (Jafari et al. 2017). Aerobic conditions are the one cause of high temperature in 
a landfill (Rowe 1998). Air is introduced in a landfill during burial and the oxygen in the entrapped air re-
acts with methane releasing water, carbon dioxide and heat (Hao et al. 2017). Air can also be introduced 
in the landfill through excessive gas collection withdrawal which causes air to infiltrate into the landfill 
through cracks in the soil cover due to differential settlement or desiccation (Jafari et al. 2017). Aerobic 
biodegradation produces water, carbon dioxide and heat (Meraz and Dominguez 1998). Oxygen can also 
elevate the temperature in the landfill to 85°C and higher because of its contribution to combustion and 
smoldering at low oxygen levels (Jafari et al. 2017). The exothermal reactions from Aluminum produc-
tion waste (APW) (Calder & Stark 2010) and bottom ash (Klein et al. 2001) can also excessively elevate 
the temperature in a landfill.  

APW, raw municipal solid waste and industrial solid waste that contain aluminum can raise the tem-
perature of MSW landfill to approx. 150°C (Calder & Stark 2010). Highly exothermic reactions occur 
when the aluminum waste comes in contact with alkaline water (pH ≥ 9) (e.g., from alkaline incinerator 
ash) (Petrovic and Thomas 2008). These exothermic reactions can hinder the anaerobic microbial activity 
and can pyrolysize the waste (Calder and Stark 2010). The reaction of aluminum with alkaline water pro-
duces flammable hydrogen gas and an immense amount of heat and in the presence of aluminum waste, it 
is probably the reaction that takes place in MSW landfill in the presence of aluminum waste. Stark et al. 
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(2011) and Jafari et al. (2017) observed temperatures of MSW landfills with aluminum waste in range of 
88 to110°C. 

The exposure of GMBs to air at high temperatures (95, 105 and 115°C) caused a change in polymer 
morphology that evolved with increasing the incubation duration and temperature and changed the stress-
crack resistance (SCR) of the GMBs incubated at 105 and 115°C before the onset of oxidative degrada-
tion (Abdelaal et al. 2014).  

The objective of this research is to examine: (1) the morphological changes associated with the incuba-
tion of five different GMBs: two 1.5-mm high-density polyethylene (HDPE) GMBs, two 1.5-mm linear 
low-density polyethylene (LLDPE), and one 1.5-mm blended GMB, and (2) the probable effect on me-
chanical properties with special emphasis on the density of tie-molecules which control stress crack 
growth rate. The polymeric GMBs were incubated in air inside a forced-air oven at 105°C. 

High density polyethylene (HDPE) GMBs are typically composed of 96-98 % medium density polyeth-
ylene resin, 2-3 % carbon black (CB) and 0.25-1 % antioxidants and stabilizers (Hsuan et al. 2008). Line-
ar low-density polyethylene (LLDPE) GMBs are typically manufactured from LLDPE resin of percentage 
reduced to 94-96% and additives increased to 0.25-3% (Koerner et al. 2005). Blended polyolefin GMB 
(BPO) is a proprietary polymer resin (Morsy and Rowe 2017).  The molecular structure of HDPE and 
LLDPE are different. HDPE are characterized by having a low degree of short-chain branching (SCB) and 
LLDPE have more short-chain branching (SCB). SCB number and length directly affect the stress crack 
resistance (SCR), the melting points and the spherulite size (Bubeck and Baker 1982). 

SCB number and length affects the stress crack resistance by controlling the density of the tie-
molecules (molecules that connect different crystals and are critical for stress-crack resistance). Figure 1 
shows an electron micrograph of a PE crystallized from the melt where interlamellar and interspherulitic 
tie-molecules are bridging between lamellae in the same spherulites and lamellae from adjacent spheru-
lites, respectively. LLDPE usually has higher SCR than HDPE due to the presence of higher tie-molecules 
density. Microstructure of the polymer - controlled by branching- directly affects craze formation and 
stress-crack growth (SCG) (Bubeck and Baker 1982). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1. Electron micrograph of PE crystallized from the melt showing tie-molecules bridging between lamellae 
in a spherulite and lamellae from adjoining spherulites (modified after Keith et al. 1966) 

The increase in short-chain branching lowers the density of the polymer since they are removed from 
the crystalline regions causing disruption in the chain folding (VanderHart and Perez 1986). Consequent-
ly, the density of the crystalline regions decreases, and the density of tie-molecules increase (Lustiger and 
Ishikawa 1991) hence the stress-crack resistance (Huang & Brown 1990, O’Connell et al. 2003). 
 Subjecting the GMB sample to a high temperature for a relatively long period (annealing) will cause the 
thickening of lamellae and the higher the incubation temperature the higher the thickening rate (Peterlin 
1963). It has been established that annealing occurs via two procedures: one is the melting of the regions 
having their melting temperature below the annealing temperature and their reincorporation in larger crys-
tals which have melting temperatures higher than the annealing temperatures (unmolten) hence causing 
thickening of the crystals. The other process is the migration of the amorphous regions (solid-state crystal-
line growth) (Petermann et al. 1976). 
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2 EXPERIMENTAL INVESTIGATION AND EXAMINED GEOMEMBRANES 

The GMB coupons (9 cm × 18 cm) were placed in a glass jar and then incubated in air inside a forced-air 
oven at 105°C. The jar was not covered during the incubation to avoid any air pressure build-up. To col-
lect the samples, the jar was removed from the oven and left to cool down in room temperature for 3 
hours before collecting the samples (1 cm × 1 cm). The samples are then tested 24 hours after collection. 

Melting and crystallization temperatures of the GMB samples were measured via ASTM (E794) and 
the melting endotherms were obtained via ASTM (E793) using a differential scanning calorimeter (DSC). 
The testing program is set to equilibrate the sample at 0°C and then gradually raise the temperature to 
200°C at a rate of 10°C/ min. 

Two 1.5 mm HDPE GMBs (MyE15 and MyF3), both from manufacturer “y” were tested. Two 1.5 mm 
LLDPE GMBs (LxD15 and LxE15), both provided from manufacturer “x”, were also tested. Finally, a 
blended polyolefin (BPO) 1.5 mm-thick white on one side GMB (BzSW15), provided by manufacturer 
“z” was tested. Figure 2 is a schematic showing a generic melting enthalpy which is the area of the shaded 
area, the figure also shows the peak melting temperature. The initial peak melting temperatures as well as 
initial crystallinity for the five tested GMBs are presented in Table 1. The initial melting thermograms are 
shown in Figure 3 for MyE15, MyF3, LxD15, LXE15 and BzSW15. The percent crystallinity (Xc %) is 
calculated by dividing the melting enthalpy of the polymer by 290 J/g which is the melting enthalpy of 
perfectly crystalline PE viz:  
 

Xc (%) = [(ΔH) / (ΔH100)] × 100  

where, ΔH is the melting enthalpy representing the integrated area between the melted endotherm and ar-
bitrary baseline taken from 60 to 160°C. ΔH100 is the melting enthalpy of a perfect crystalline polyeth-
ylene (290 J/g). 

 

 

 
 
 
 
 
 

 
 
Figure 2. Schematic showing a melting endotherm thermogram, shaded area is melting enthalpy and Tp is the peak 

melting thermogram. 

 
Table 1. Peak melting temperature (Tm °C) and crystallinity percentage (%) for the five tested GMBs 

GMB MyE15 MyF3 LxD15 LxE15 BzSW15 

Tm (°C) 127.33 125.62 123.58 123.63 126.06 

 Xc (%) 52.12 54.78 45.70 40.61 31.51 

 
The crystallinity for the HDPE GMBs was the highest, and was lowest for BPO GMBs. The peak melt-

ing temperatures for the two HDPE and the blended GMBs are within the same range and higher than that 
of the two LLDPEs. The relatively lower crystallinity for LLDPE GMBs is due to the relatively higher de-
gree of short-chain branching (SCB). The relatively shorter long-periods of LLDPE GMBs is also caused 
by the relatively higher degree of SCB.  

Evolution of lamellae thickness with aging time is indicative of morphological changes and can be cal-
culated using Gibbs and Thomson Equation (Włochowicz and Eder 1984) viz: 

Lc (nm) = (0.627 × 414.2)/(414.2 – T) 
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where, Lc is the lamella thickness (nm) and T is the absolute peak melting temperature (K) and 414.2 K is 
the melting temperature of an infinitely thick perfect PE crystal. 

3 RESULTS 

The development of melt thermograms with ageing time at 105°C for HDPE (MyE15, MyF3), LLDPE 
(LxD15, LXE15) and BPO (BzSW15) are shown in Figures 4, 5, and 6, respectively. The evolution of 
crystallinity and lamellae thickness with ageing time for all GMBs are presented in Figures 7 and 8, re-
spectively. 

The evolution of melt thermograms with ageing for MyE15 (Figure 4a) involved a substantial increase 
in melt enthalpy, and hence crystallinity, with ageing time and is very evident from as early as 6 days. 
Crystallinity increased from 52 to 60% in 12 days and then slowly increased to 60.8% at 33 days without 
reaching a maximum value (Figure 7). There was no substantial increase in lamellae thickness with aging 
time based on peak melting temperature (Tp) measurement despite the relatively large scatter (Figure 8). 
The evolution of γ and β regions (Figure 4a) - where γ occurs below the annealing temperature (TA = 
105°C) and β occurs slightly above TA- are related to crystals that are formed below TA and crystals that 
are thickened above TA, respectively (Lu et al. 1992a). The thickened crystals above TA (β) were not con-
sidered in the evolution of lamellae thickening measurement since there was no change in the peak melt-
ing temperature for the testing period despite the high data scatter. 

 

 

 

 

 
 
 
 

 
 

Figure 3. Melt thermograms of the unaged GMBs. Inclined solid line represents the increase in melting tempera-
ture from 0 to 200°C at a rate of 10°C/min. 

The melt thermogram for MyF3 shows the evolution of the two regions γ and β same as MyE15 (Fig-
ure 4b). There was an increase in crystallinity from 54.8 to 58% in the first 12 days of incubation and then 
remained constant for the rest of the testing period (Figure 7). Lamellae thickness increased in the first six 
days of incubation and remained constant for the remaining testing period (Figure 8). 

The melting thermogram for both LxD15 and LxE15 (Figures 5 a and b, respectively) are different 
from those of HDPE GMBs showing more thickening of crystals above TA. Crystallinity of LxD15 started 
increasing after 12 days incubation (Figure 7) from 45.9 to 47.2%. Crystallinity of LxE15 started increas-
ing right from the beginning of incubation 40.6 to 42.5% after 12 days of incubation and then increased 
slowly from 42.5 to 43.5% after 33 days. The evolution of lamellae thickening of LxD15 and LxE15 were 
almost identical, the lamellae thickness for both GMBs increased relatively fast in the first 9 days of incu-
bation, the thickening then slowed down for the rest of the incubation period without reaching a maxi-
mum value. 

Blended GMB (BzSW15) showed a slow increase in crystallinity with time for the first 19 days (Figure 
7) and the increase in crystallinity accelerated for the rest of the testing period. Lamellae thickness also 
increased, relatively fast in the first three days of incubation and relatively slower afterwards without 
reaching a maximum value for the rest of the testing period. 
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4 DISCUSSION 

The kinks below and above the annealing temperature (TA = 105°C), γ and β regions respectively are as-
sociated with the crystalline regions melted during annealing and recrystallized upon cooling, and the 
crystals that form and/or thicken above the annealing temperature, respectively (Lu et al. 1992b). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. (a) Melt thermograms of (a) MyE15 and (b) MyF3 for unaged samples and after various days of incuba-

tion. Thermograms are vertically offset to clearly show the difference in the curves shapes. 

 

 

 

 

  

 

 

 

Figure 5. (a) Melt thermograms of (a) LxD15 and (b) LxE15 for unaged samples and after various days of incuba-

tion. Thermograms are vertically offset to clearly show the difference in the curves shapes. 

 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 6. Melt thermograms of BzSw15 for unaged samples and after various days of incubation. Thermograms are 

vertically offset to clearly show the difference in the curves shapes.  
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For the case of HDPE GMBs (MyE15 and MyF3) the β region is relatively small indicating that crystals 
formed and thickened above TA are relatively small. For the LLDPE GMBs (LxD15 and LxE15), the β re-
gion is larger than that for HDPE GMBs, since the crystals formed during annealing are formed between 
the short-chain branches (Lu et al. 1992b). The blended GMB (BzSW15) showed two peaks in the DSC 
melting thermogram indicating that a large portion of the crystals that formed during annealing above TA 
were formed between the short chain branches - which seems from the relatively low initial crystallinity 
of the GMB material - that the volume between the short chain branches is bigger than for HDPE and 
LLDPE GMBs. The peak melting temperature at β region coincides for BzSW15 with the peak melting 
temperature (112°C) associated with branched polyethylene while the higher peak melting temperature 
(126.2°C) is associated with linear polyethylene.  

 
Figure 7. Evolution of crystallinity with aging time for the five tested GMBs at 105°C incubated in air. Error bars 

represent data range. 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 8. Evolution of lamellae thickness with aging time for the five tested GMBs at 105°C incubated in air. Error 

bars represent data range 

Two competing processes occur during annealing and affect the density of tie-molecules which are re-
sponsible for stress crack growth: (a) upon annealing, tie-molecules are absorbed by one of the attaching 
thickening crystals and the molten molecules that recrystallize during annealing (β region) tend to have 
fewer tie-molecules when compared to the quenched state (Lu et al. 1992b) eventually increasing the rate 
of disentanglement and (b) upon annealing, the crystals size increase and the tie-molecules become taut 
which increases the entanglement, also the portion material which has a melting temperature lower than 
TA and that doesn’t crystallize during annealing but rather crystallize upon cooling from TA (γ region) 
tend to form tie-molecules which increases the entanglement noting that the tie-molecules’ density formed 
in γ region is still lower than their density in the unaged (as quenched from the melt) state. 

For the two HDPE GMBs, the amplitude of both γ and β regions increased upon annealing (Figures 4a 
and b) which indicates that the density of tie-molecules in β region has decreased and increased in γ re-
gion to an extent lower than that for the unaged state as previously indicated. Also, the increase in crystal-
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linity for both GMBs (Figure 7) and the increase in lamellae thickness upon ageing for MyF3 (Figure 8) 
measured for the linear portion of the polymer from the melt thermogram suggest that the overall density 
of tie-molecules for both GMBs will decrease during annealing with MyF3 being more subjected to high-
er reduction in tie-molecules density than MyE15 when compared to unaged tie-molecules density for 
both GMBs. For the two LLDPE GMBs, the amplitudes of both γ and β regions are relatively high com-
pared to HDPE GMBs indicating that a relatively large portion of crystalline lamellae having melting 
temperature lower than TA have recrystallized during annealing in volumes between short chain branches 
yielding lower density of tie-molecules compared to the as-quenched state (β region). The increase in la-
mellae thickness (Figure 8) for LxE15 and LxD15 and the relatively high amplitude of β regions suggest 
that the overall density of tie-molecules decreased upon annealing. For the BPO GMB, the increase in the 
amplitude of β region upon annealing is higher than the increase in the amplitude of γ region to the extent 
of creating another melting peak coinciding with branched polyethylene. It is expected that the loss in tie-
molecules density in comparison with the unaged density will be higher than the tie-molecules reduction 
for LLDPE and HDPE compared to their respective unaged densities.  

The disentangling effect caused by reduction in tie-molecules density for tested GMBs except for 
MyE15 due to thickening can be counteracted with tautness of remaining tie molecules that are better 
pinned to the adjacent crystals, which will slow the disentanglement. Upon further annealing and thicken-
ing of lamellae, it is expected that the tie-molecules will slip from one of the attaching lamella and be-
come incorporated in the other lamella hence accelerating the disentanglement and consequently the 
stress-crack growth. 

When subjected to elevated temperatures, HDPE, LLDPE and BPO GMBs experienced morphological 
changes which probably caused a reduction in tie-molecules’ density hence a possible reduction in the 
stress-crack resistance of the GMBs.  

5 CONCLUSIONS 

Five geomembranes (two HDPE, two LLDPE and one BPO) were incubated in air inside a forced-air ov-
en at 105°C to evaluate the morphological changes associated with annealing at high temperatures. The 
following conclusion were drawn from the melt thermograms: 
1- The amplitudes of γ and β regions for HDPE geomembranes were relatively low given the very small 

short chain branches density and consequently the small probability of crystalline regions being formed 
around them. The increase in crystallinity for MyE15 and MyF3, and the increase in lamellae thickness 
for MyF3 for few days after incubation is indicative of a reduction in tie-molecules density, tie-
molecules being responsible for controlling stress-crack growth, the higher the density of tie-molecules, 
the slower is the disentanglement and the stress-crack growth. 

2- The amplitudes of γ and β regions for LLDPE geomembranes were more pronounced than for HDPE 
geomembranes due to crystallization in the volume between the short chain branches; although it is ex-
pected that tie-molecules were formed in the γ regions, it is also expected that their density in γ region 
are lower than that the as-quenched (initial) state. Also, the relatively high amplitude of β region for the 
LLDPE geomembranes is indicative of crystalline regions formed at temperatures higher than the an-
nealing temperature. These crystalline regions are expected to have very low densities of tie-molecules. 
Furthermore, due to lamellae thickening for both LLDPE geomembranes, it is expected that the tie-
molecule density – especially those associated with the linear portion of the copolymer – will be re-
duced.   

3- β region for the blended geomembrane was more pronounced that γ region and creating a second melt-
ing peak which coincided with branched polyethylene portion of the resin. It is expected that density of 
tie-molecules was reduced due to the formation of β region and due to lamellae thickening of the linear 
portion of the resin.      

4- The thickening of lamellae and the increase in tautness of tie-molecules can be expected to counteract 
the reduction in stress-crack resistance caused by the reduction in tie-molecules density upon annealing. 
With further annealing, it is expected that the taut tie-molecules will slip and get incorporated in one of 
the attaching lamellae which will accelerate the stress-crack growth. 
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