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Abstract: The present work evaluated two high-density polyethylene (HDPE) geomembranes ex-
humed from mining facility constructions in Brazil. The MIN sample was exhumed from a pond
for water use for the iron ore process after 7.92 years of exposure. The MIN2 sample was exhumed
from a spillway channel of a ferronickel tailing dam after 10.08 years of service. The physical evalu-
ations showed high depletion for antioxidants that work in the temperature range of 200 °C. The
samples presented brittle tensile behavior and had similar behaviors between stress cracking and
tensile. Low tensile elongation values and low-stress crack resistance were noted. The MIN2 sample
presented a higher melt flow index (MFI) value and lower stress crack resistance. Thermogravimetric
curves (TG) under synthetic air purge gas evaluation showed that both samples presented a similar
behavior during the evaluation but had several mass losses. The results showed that exothermic and
endothermic events occurred with loss of mass and showed no combustion events in the differential
thermal analysis (DTA) curve evaluation. Differential scanning calorimetry (DSC) analysis showed no
changes in the samples’ behavior. Thus, the results of tensile, stress cracking, and viscosity properties
can demonstrate that changes in polymer structure occurred after field exposures.

Keywords: geomembrane; high-density polyethylene; durability; mining facilities construction;
thermal analysis

1. Introduction

A geomembrane is a polymeric or bituminous sheet manufactured by industry with a
very low permeability coefficient that is applied as a barrier or separation element [1,2]. The
high-density polyethylene (HDPE) geomembrane is the most widely used geosynthetic,
and is used as a liner in liquid and waste containment facilities [3,4].

Using HDPE geomembranes in construction works results in aging or degradation.
The degradation mechanisms can occur due to UV radiation, thermal exposure, oxidative
degradation, or chemical degradation. These mechanisms can act in isolation or work
simultaneously, changing the polymer’s morphology [5,6].

The formulation of high-density polyethylene geomembranes comprises 96-98% of
resin, 2-3% of carbon black, and 0.25-1.0% of additives as antioxidants and stabilizers.
Additives and carbon black are used in the blend to protect the resin, retarding the polymer
degradation to UV radiation and thermal degradation [7,8].

Chain scission and cross-linking are the mechanisms of degradation involved in
chemical aging, and they cause a modification in the polyethylene chains and changes the
material’s mechanical behavior [9].
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Gulec et al. [10] evaluated an HDPE geomembrane sample of 1.5 mm thickness in
contact with synthetic acidic mine drainage at 20, 40, and 60 °C for 88 weeks. The authors
compared the results with the same sample that had been in contact with acidic water
and deionized water at the same temperatures. The melt flow index test (MFI), oxidative
induction time (OIT), and Fourier transform infrared spectroscopy (FTIR) were performed
to evaluate the sample. The test results showed only slight effects on the geomembrane
properties for the MFI and FTIR. The OIT depletion decreased for all substances with the
time of the exposure. The depletion rate increased when the temperature rose. The highest
OIT depletion occurred for the sample in contact with synthetic acidic mine drainage. No
changes in the polymer structure were noted.

Abdelaal et al. [11] analyzed a high-density polyethylene geomembrane sample
(1.5 mm of thickness) in contact with an acidic solution (pH = 0.5), which represents many
mine solutions such as uranium, copper, and nickel. The estimation of the antioxidant
depletion time was 9 years at 60 °C, 16 years at 50 °C, and 28 years at 40 °C.

The study of a 1.5 mm-thick HDPE geomembrane’s chemical compatibility when
immersed in a low pH solution (pH = 0.5) was performed by Zhang et al. [12]. The
authors measured the crystallinity, melt flow index, oxidative induction time (standard
and high-pressure methods), and tensile properties until 1.6 years of exposure at different
temperatures. There was a tendency for the crystallinity to increase during exposure
time. Using the Arrhenius method to estimate the antioxidant depletion time, the authors
estimated 11 years to deplete the antioxidants at 50 °C and 250 years at 20 °C, both using
the OIT standard test method.

Samples of HDPE geomembranes with 0.8 and 2.5 mm of thicknesses were immersed
in a niobium solution with 60% concentration for 120 days at 23 and 50 °C by Lodi et al. [13].
The variation in tensile properties after exposure was not significant. The melt flow index
(MFI) test results showed an increase in the thicker sample. According to the authors, this
increase indicates a chain scission in the polymer.

Rowe and Ewais [14] exhumed a high-density polyethylene geomembrane (1.5 mm
thick) from an Argentinian mining facility after sixteen years of service. The samples were
exhumed from the slopes of the mining freshwater dam. The results of the stress cracking
resistance test showed low values, especially for the north-facing collection pond, which
had more hours a day of sun exposure than the west-facing freshwater dam, obtaining a
value less than 150 h.

Santos and Gardoni [15] compared virgin, laboratory aged, and exhumed samples
of high-density polyethylene with 1.5 mm thick. The exhumed sample was taken from a
Brazilian tailing dam, and it was in contact with cyanide fluid and exposed to the weather.
The laboratory aged sample was immersed in cyanide fluid and ultraviolet radiation.
Different tests were carried out to compare the behavior of the samples. The results showed
a tendency to decrease deformability and increase stiffness for the laboratory and exhumed
samples. The authors observed some cavities and cracks on the exhumed samples’ surface,
showing a significant degree on its surface.

HDPE geomembranes are usually applied as a liner in the environmental protection
of mining facilities. This work evaluated two exhumed HDPE geomembrane samples from
Brazilian mining facility constructions with 1.0 mm of thickness. The MIN sample was
exhumed from a pond for water use for the iron ore process after 7.92 years of exposure.
The MIN2 sample was exhumed from a spillway channel of a ferronickel tailing dam
after 10.08 years of service. This work compared the samples’ physical property values
with the American standard minimum values to analyze the samples’ final conditions.
The physical tests were carried out to determine the thickness, density, carbon black
content, viscosity, amount of antioxidants” different groups, tensile properties (resistance
and elongation), and stress crack resistance (brittle behavior tendency) of the materials.
Moreover, thermal analyses such as thermogravimetry (TG/DTG), differential thermal
analysis (DTA), and differential scanning calorimetry (DSC) were performed to complement
the physical analyses in terms of the polymer’s behavior, providing new thermoanalytical
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data for HDPE geomembranes after field exposure. These analyses aim to collaborate with
the durability knowledge of this geosynthetic, which is used in worldwide environmental
applications.

2. Materials and Methods
2.1. Materials

The present work studied two HDPE geomembrane samples exhumed from different
mining facilities in Brazil. The first sample, called MIN, was taken from a pond for water
use for the iron ore process after 7.92 years of exposure. Table 1 presents, as a reference, the
mining iron ore effluent’s characterization parameters of mining in Minas Gerais, Brazil.
The second sample, MIN2, was exhumed from a spillway channel of a ferronickel tailing
dam after 10.08 years of service. Table 2 shows, as a reference, the chemical composition
of a nickel waste disposed of in a tailing dam. Both samples present 1.0 mm of nominal
thickness, sample dimensions of 1.5 m of width and 2.0 m of length, and were stored in a
covered place without contamination immediately after collection until transportation to
the laboratory. The MIN sample was exhumed from a mining facility in Minas Gerais state,
the southwest region of Brazil. The MIN2 sample was exhumed from a mining facility in
Goias state, the midwest region of Brazil. In both locations, tropical semi-humid weather
predominates. Both samples were taken from the slopes of the geotechnical structures,
and they were exposed to environmental conditions, such as sun radiation, rain, wind,
and moisture. Moreover, the locations of the slopes from which the samples were taken
provided the contact of the samples with the effluents due to the effluents’ level variation
throughout the exposure field time.

Table 1. Parameters of iron mining effluent characteristics [16].

Parameter Average Value
Temperature 22°C
pH 9.8
True color 66 mg Co/L
Turbidity 2133 NTU
Total solids 1229 mg/L
Dissolved solids 479 mg/L
Suspended solids 750 mg/L
Sedimentable solids 28 mg/L
Fixed solids 1159 mg/L
Volatile solids 70 mg/L
BOD 9.2mg/L
Alkalinity 141.52 mg/L (CaCO3)
Chloride 0.003 mg/L
Amine 2.1mg/L

Table 2. Nickel waste chemical composition [17].

Chemical Compound Composition (%)
CaO 0.532
MgO 4.260
TiO, 0.183

Fe, 03 61.578
AL O3 7.385
SiO, 19.874
SrO Not identified
BaO Not identified
V1203 0.120
Cr03 3.998
Mo, 03 0.025
MnO 0.516
CoO 0.112
NiO 0.662
CuO 0.031
ZnO 0.057
CdO Not identified
P,0s 0.606

PbO 0.061
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2.2. Materials Characterization Methodology

The materials of this study were characterized using physical tests and thermal
analyses. The physical tests used were the thickness determination [18], density de-
termination [19], carbon black content [20], melt flow index [21], oxidative-induction
time [22,23], tensile properties [24], and stress crack resistance [25]. The thermal analyses
were performed by thermogravimetry (TG/DTG), differential thermal analysis (DTA), and
differential scanning calorimetry (DSC).

2.2.1. Physical Properties

The HDPE geomembrane’s thickness was determined using a dead-weight loading
gauge (200 £ 0.2 kPa) by measuring the difference between the dead-weight loading gauge
with and without the specimen, with a precision of 0.001 mm.

The test performed to determine the HDPE geomembrane’s density uses the Archimedes’
principle by measuring the immersed mass of the specimen (1.0 = 0.1 g) in isopropyl alcohol
at 21 £ 0.1 °C. The specimen’s mass was determined using an analytical balance with a
precision of 0.0001 g. The specimen was measured before and after the immersion in a vessel
and beaker.

The carbon black content (CBC) was determined by measuring the HDPE geomem-
brane’s specimen mass (1.0 + 0.1 g) with a precision of 0.0001 g by an analytical balance
before and after burning at 605 &= 5 °C in a muffle furnace.

The melt flow index (MFI) test was performed using a 5 &= 0.01 kg-dead-weight load
to extrude an HDPE geomembrane’s specimen at 190 &£ 0.08 °C for 10 & 0.01 min in a
smooth bore (2.095 £ 0.005 mm in diameter and 8.000 & 0.025 mm long). The mass was
determined using an analytical balance with a precision of 0.0001 g.

This study utilized two tests to determine the oxidative-induction time (OIT) of the
HDPE geomembrane samples. Standard OIT (Std. OIT) and high-pressure OIT (HP OIT)
tests were performed. Both tests can search the different antioxidants in the material’s
blend. DSC equipment was used to perform the tests, model Q20, manufactured by
TA Instruments in New Castle, DE, USA, using a sample mass of 5 & 0.5 mg inside an
aluminum crucible. The standard OIT test was performed at 200 & 2 °C with an oxygen
constant pressure of 140 + 5 kPa, a heating rate of 20 4+ 1 °C-min~!, and a flow rate of
50 &+ 5 mL-min~!. The high-pressure OIT test was conducted at 150 & 0.5 °C with an
oxygen constant pressure of 3.4 & 0.06 MPa and a heating rate of 20 + 1 °C-min .

The tensile test was performed using a universal machine manufactured by EMIC
in Sao José dos Pinhais, PR, Brazil, model DL 3000, with a 2-kN load cell, a test speed of
50 & 1 mm-min~!, and the type IV dog bone specimen. The tensile strength and tensile
elongation were recorded for the material’s machine direction.

The stress crack resistance (SCR) (mean rupture time of 5 specimens with the precision
of 1 s) was determined using a deadweight load of 30% of the yield tensile strength of
the samples (precision of 10 g) and a notch of 20% of the specimen thickness (precision
of 0.001 mm). The test was performed using equipment manufactured by WT Inddustria
at Sao Carlos, SP, Brazil. The specimens were immersed in a solution with 10 £ 0.1% of
Igepal CO 630 and 90 £ 0.1% of water at a constant temperature of 50 + 1 °C.

2.2.2. Thermal Analyses

The thermogravimetric analyses (TG/DTG and DTA) were performed using SDT
2960 equipment, manufactured by TA Instruments at New Castle, DE, USA. A heating rate
of 10 4+ 1 °C-min~! was used under synthetic air purge gas with a 100 + 5 mL-min~! of
flow. The sample support used was alpha alumina and the mass for each analysis was
around 7 & 0.5 mg.

The DSC equipment utilized in this study was manufactured by Mettler Toledo (DSC1
Stare model) at Columbus, OH, USA, using an aluminum crucible with temperature ranges
of —80 to 200 =+ 2 °C and 200 to 25 £ 2 °C in a nitrogen gas environment with a flow of
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50 + 5 mL-min~! and heating rate of 10 4- 1 °C-min~!. The sample support used was
aluminum, and the mass for each analysis was around 3 + 0.5 mg.

3. Results
3.1. Physical Evaluations

During the exposure period, the geomembrane samples were able to experience the
exposure of environmental agents in the field, such as ultraviolet radiation and thermal
variations. Moreover, chemical contact occurred between the samples with the effluents.
These agents can change the samples’ properties, modifying the materials’ performance as
an environmental protection liner.

The criteria utilized as a reference to compare the physical characterization of high-
density polyethylene geomembranes are determined by the American standard GRI-
GM13 [26], which specify the minimum property values for the product’s manufacturing
quality control. Tables 3 and 4 present the results of the physical tests for both exhumed
HDPE geomembrane samples studied and GRI-GM13’s minimum property values [26],
except for the MFI minimum value, which is not considered in the American standard.

Table 3. Exhumed samples’ physical test results.

Sample Thickness/ Density/ CBC/ MEFI/
P (mm) (g-cm~3) (%) (g-10-min—1)
MIN 0.896 0.947 2.02 0.4016
(£0.003) (£0.001) (£0.47) (£0.0052)
MIN2 0.942 0.949 2.81 0.8635
(0.024) (£0.001) (£0.04) (£0.0229)
GRI-GM13 [26] >1.0 >0.940 2.0-3.0 -

Standard deviations are between brackets. CBC—Carbon black content. MFI—Melt flow index.

Table 4. Exhumed samples’ physical test results.

Tensile Tensile

Sample St((limg)l T }gn(:\l)T Resist./ Elong./ S(i?/
(kN-m~1) (%)
MIN 29.55 110.45 22.11 301.15 45.25
(+4.70) (£5.87) (£4.05) (£397.19) (£34.13)
MIN2 10.86 113.25 24.14 495.52 20.22
(£5.60) (£12.37) (£4.30) (4:445.38) (£7.04)
GRI-GM13 [26] >100.0 >400.0 >27.0 >700.0 >500.0

Standard deviations are between brackets. Std. OIT—Standard oxidative induction time. HP OIT—High-pressure
oxidative induction time. SCR—Stress crack resistance.

According to Islam and Rowe [27], the geomembrane thickness influences the me-
chanical properties and the durability of the product. The thickness mean values of both
exhumed samples were lower than the nominal value (1.0 mm). The MIN sample presented
a thickness mean value 10% lower than the nominal value, whereas the MIN2 sample
showed a thickness value 6% lower than 1.0 mm. This non-compliance of the minimum
thickness mean value required by the manufacturer can prematurely decrease the material’s
properties and, consequently, decrease the product’s lifetime.

The density test results showed values higher than 0.940 g-cm~3, which is the min-
imum required value for GRI-GM13 [26]. The density of polyethylene influences the
physical and mechanical properties. In general, medium-density polyethylene (MDPE) is
more useful for liners, because it presents better chemical resistance, high strength, and
low permeability when compared to linear low-density polyethylene (LLDPE). However,
HDPE, which is a semi-crystalline structure polymer, is susceptible to stress cracking. The
HDPE geomembrane is formed by MDPE resin added with carbon black and additives,
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making the density higher than 0.940 g-cm 3 [28,29]. The test results demonstrate the use
of adequate resin of MDPE in the blend of both geomembrane samples.

The GRI-GM13 [26] prescribes a range of 2-3% of carbon black content in the product.
Both samples obtained values according to the American standard. The exhumed sam-
ples tested presented lower MFI values than 1.0 g-10-min"!. However, the MIN2 sample
obtained the highest MFI value of the samples studied, which was the double value of
the MIN sample value. According to Mufioz Gémez [30], high MFI values are related to
the low molecular weights of HDPE geomembranes. A polymer with a wide molecular
weight distribution presents a low viscosity and good stress crack resistance. Comparing
both tested samples, the MIN sample showed a lower MFI value and higher stress crack
resistance, demonstrating the same effect noted by Munoz Gomez [30].

Both samples tested obtained low values of Std. OIT, lower than 100 min. It is
possible to understand that the amount of antioxidants has almost ended for antioxidants
that work in the temperature range of 200 °C. Sample MIN2 presented the lowest Std.
OIT. The OIT may have been influenced due to the longer exposure time of this sample.
None of the tested samples presented HP OIT values equal to or higher than 400 min.
The presence of HALS (hindered amine light stabilizer) in the additive package increases
the HP OIT results because this test is performed at 150 °C. Probably none of the tested
samples presented HALS in their blend. Three different stages can evaluate the HDPE
geomembrane’s oxidation. The first stage is related to antioxidant depletion. The chain
reaction and the molecular composition changes start at the second stage. The third stage
is related to the free radical formations, and cross-linking occurs in the free radicals with
high changes in the molecular composition. Therefore, the mechanical and stress cracking
properties are decreased, increasing the susceptibility of the polymer to the degradation
effects [5,6,31]. It can be observed that the samples are still in the first stage of oxidation.

Lavoie et al. [32] tested a virgin HDPE geomembrane with 1.0 mm of nominal thickness
and obtained an expected ductile tensile behavior for all specimens tested. Otherwise, the
MIN and MIN2 samples exhibited brittle tensile behavior for some of the specimens tested,
demonstrating a variation among the specimens. The MIN sample presented specimens
1, 3, and 4 with elongations lower than 700%, otherwise specimens 2 and 5 presented
elongations higher than 700%. MIN2 sample showed brittle behavior for specimens 2 and 5,
while specimens 1, 3, and 4 presented elongations higher than 700%. This heterogeneity in
the tensile elongation among the specimens for both samples analyzed demonstrates that
changes occurred in the samples due to field exposition. Figures 1 and 2 show the samples’
tensile curves. Both samples presented tensile resistance values lower than the minimum
required value for the American standard. The MIN sample presented the lowest value
between the samples, probably influenced by the lower thickness. The tensile elongation
values obtained demonstrated, for both samples, lower values than the minimum required
value for the GRI-GM13 [26]. The MIN sample presented the lowest average tensile
elongation value, lower than 350%, which is less than 50% of the minimum required for
the GRI-GM13 [26] for the tensile elongation value. It is interesting to note that, despite
the consumption of antioxidants still being noticed (the first oxidation stage of the HDPE
geomembrane), changes occurred in the tensile properties of the samples.

Stress cracking of polymers is a phenomenon caused by tensile stresses lower than
mechanical strength, which promotes internal or external cracks. These cracks can be
accelerated by the environment [33]. According to the GRI-GM13 [26], the minimum
required value for the stress crack resistance is 500 h. Both samples presented stress crack
resistance values lower than the minimum required value by the American standard,
especially for the MIN2 sample, which presented the highest MFI value and the lowest
stress crack resistance between the samples. The MIN and MIN2 samples presented similar
behaviors between stress cracking and tensile parameters, with low tensile elongation
values and low-stress crack resistance.
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Figure 1. MIN sample’s tensile test curves, demonstrating the elongation’s variations among the
tested specimens.
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Figure 2. MIN2 sample’s tensile test curves, demonstrating the elongation’s variations among the
tested specimens.

3.2. Thermoanalytical Evaluations

Figure 3 shows the TG/DTG curves with 10 °C-min~! of heating rate using synthetic
air purge gas for the MIN and MIN2 samples. It can be observed that both samples
did not show mass variation between the initial temperature and 245 °C. The MIN2
sample presented the first mass variation of 9.81% (until 380 °C), while the MIN sample
presented the first mass variation of 8.18% (until 390 °C). The second mass variation
occurred until 445 °C and showed variations of 76.13% and 74.22%, respectively, for the
MIN and MIN2 samples. Furthermore, the MIN sample’s DTG curve at the second mass
variation presented an acute behavior and a wider curve than the MIN2 sample. The mass
variations” difference observed can be attributed to the different field exposures between
the samples. The final decomposition presented a similar behavior, with a mass variation
of 14.97% and 14.54%, respectively, for the MIN and MIN2 samples. At the end of the
decomposition, carbonaceous material was observed on the crucible for both samples.

Figure 4 shows the DTA curves for both samples. The endothermic peak can be
observed in both curves, at 128 °C and 131 °C, respectively, for the MIN and MIN2 samp]es.
This peak is attributed to the melting point of the materials in concordance with the DSC
curves. The exothermic peaks can be seen at 260 °C (MIN2 sample) and 267 °C (MIN
sample). These peaks are related to the samples’ first decomposition step. After 380 °C,
there are two exothermic peaks for both samples at 417 °C and 462 °C due to the third and
fourth thermal decomposition steps. These peaks represent the oxidative process of these
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materials and do not represent the materials’ combustion because the peaks are wide. The
combustion process peak would present the acute peak in the curves.
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Figure 3. TG/DTG curves for both samples, MIN sample (solid line) and MIN2 sample (dotted line),
under synthetic air purge gas with a flow through to 110 mL-min~!, with mass samples of about
7.30 mg, using 10 °C-min~! as heating rate, in an alpha alumina crucible.
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Figure 4. DTA curves for both samples, MIN sample (solid line) and MIN2 sample (dotted line),
under synthetic air purge gas with a flow through to 110 mL-min—!, with mass samples of about
7.30 mg, using 10 °C-min~! as heating rate, in an alpha alumina crucible.

Figures 5 and 6 show the DSC curves for the heating and cooling, respectively, at
temperature ranges from —80 to 200 °C and 200 to 25 °C, with 10 °C-min ! as a heating
rate. The purpose of using two temperature ranges was to verify the melting point and
crystallization. For the melting point (Figure 5), it can be observed that the difference
between the peaks is low (134 °C for the MIN sample and 133 °C for the MIN2 sample),
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which shows that the geomembranes” exposure conditions did not change the fusion
behavior. Likewise, the samples’ crystallization peaks, seen in Figure 6, present both peaks
with temperatures of 110 °C for the MIN sample and 111 °C for the MIN2 sample.
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Figure 5. DSC curves for both samples, MIN sample (solid line) and MIN2 sample (dotted line),
showing the samples’ melting point for a heating rate of 10 °C-min~! under nitrogen purge gas with
a flow through to 50 mL-min—1, with mass samples of about 3.50 mg in an aluminum crucible.
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Figure 6. Crystallization DSC curves for both samples, MIN sample (solid line) and MIN2 sample
(dotted line), for a heating rate of 10 °C-min~! under nitrogen purge gas with a flow through to
50 mL-min~!, with mass samples of about 3.50 mg in an aluminum crucible.
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4. Discussion

The exhumed HDPE geomembrane samples evaluated in this work presented some
critical differences in their physical test values compared to the American standard GRI-
GM13'’s [26] minimum property values.

The thickness test results showed that the samples’ mean values were lower than
the nominal value, which can collaborate to decrease the tensile properties prematurely,
reducing the material’s durability.

Both samples’” density and carbon black content test results demonstrated full com-
pliance with the GRI-GM13 [26]. Thereby, the correct raw materials were used, and the
carbon black amount was correctly added in the geomembranes.

The MIN2 sample presented an MFI test value double that of the MIN sample. It was
possible to note that the MIN2 sample showed a stress crack resistance value less than half of
the MIN sample. This behavior corroborates the literature, which has shown that an HDPE
geomembrane with a low viscosity can present high-stress crack resistance. However,
both samples showed lower stress crack values than the GRI-GM13 [26], demonstrating
brittle behavior. Moreover, the MIN and MIN2 samples presented similar behaviors
between stress cracking and tensile, with low tensile elongation values and low-stress crack
resistance. Both samples demonstrated lower tensile values than the American standard’s
minimum required values. This brittle behavior showed by both samples demonstrates
changes in the polymer’s structure caused by mechanisms of degradation and can indicate
that the end of the product’s life has been reached.

Both samples tested obtained lower values of OIT (Std. and HP) than the minimum
required values of the American standard. It can be seen that the amount of antioxidants
has been severely reduced for antioxidants that work in the temperature range of 200 °C,
which represents the beginning of a chain reaction, and changes in molecular composition
begin [34]. The MIN2 sample, which presents the longer field exposure time, showed the
lowest Std. OIT, lowest SCR, and lowest tensile elongation. It can be seen that the MIN2
sample presents a worse final condition than the MIN sample.

The thermal analyses did not demonstrate any considerable difference between the
samples analyzed. The thermogravimetric (TG) analysis showed differences in the mass
variations between the samples, which is attributed to the different field exposures.

5. Conclusions

This paper analyzed two different exhumed HDPE geomembranes that had been
used in mining facilities in Brazil using physical and thermoanalytical evaluations. During
exposure time, these samples could experience exposure to environmental agents and chem-
ical contact with mining effluents. These exposures can change the material’s properties,
influencing the product’s performance as an environmental protection synthetic barrier.

Both samples present thicknesses lower than the nominal value (1.0 mm), contributing
to premature degradation of the materials. The MIN sample presented a lower thickness
mean value (10% lower than the nominal value). The density test results showed values
higher than 0.940 g-cm ™3, which is the minimum required value for the American standard.
The density test results demonstrated the use of adequate resin of MDPE in the blend of
both geomembrane samples.

The exhumed samples tested presented lower MFI values than 1.0 g-10-min~!. How-
ever, the MIN2 sample obtained the highest MFI value of the samples studied, which was
double the value of the MIN sample. Comparing both tested samples, the MIN sample
showed lower MFI values and higher stress crack resistance.

The samples presented high antioxidant depletion at 200 °C, verified by the Std. OIT
results. The MIN2 sample had the lowest Std. OIT value; the longer exposure time may
have influenced this result. It can be seen that the amount of antioxidants is severely
reduced for antioxidants that work in the temperature range of 200 °C. At 150 °C, HP OIT
results showed that probably none of the samples had HALS in their additive packages. It
can be observed that the samples are still in the first oxidation stage.
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The samples showed brittle tensile behavior. The MIN sample presented the lowest
tensile resistance value between the samples, probably influenced by the lower thickness.
Furthermore, the MIN sample presented average tensile elongation values lower than
350%, which is less than 50% of the minimum required for the tensile elongation value.
Both samples presented similar behaviors between stress cracking and tensile, with low
tensile elongation values and low stress crack resistance. Interestingly, although antioxidant
consumption was still being noticed, changes in the tensile properties of the samples were
already taking place.

Both samples presented stress crack resistance values lower than the minimum re-
quired value by the American standard, especially for the MIN2 sample, which presented
the highest MFI value and the lowest stress crack resistance of the two samples. The
samples presented similar behaviors between stress cracking and tensile, with low tensile
elongation values and low-stress crack resistance.

The thermoanalytical evaluation was carried out by TG-DTA, and DSC was used
to determine the thermal stability, melting point, and crystallization. Thermogravimetry
under synthetic air purge gas showed that both samples displayed similar behaviors during
the evaluation but with high loss of mass. The MIN sample’s DTG curve at the second mass
variation presented an acute behavior and a wider curve than the MIN2 sample. The mass
variations’ difference observed can be attributed to the different field exposures between
the samples. The results showed that exothermic and endothermic events occurred with
mass loss and did not show any combustion event in the evaluated DTA curves. The
DSC analysis showed that the melting point and crystallization point were similar for the
samples evaluated, and that the effects of geomembrane exposures did not change the
behavior of the samples.

Thus, the analyses conducted on the geomembrane samples, especially for the tensile,
stress cracking, and viscosity properties, demonstrate that changes occurred in the poly-
mer’s structure after exposures in the field, indicating that the product had reached the
end of its lifespan.
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