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This investigation deals with the effect of hydrothermal aging on the electrical insulating 

properties of polyvinyl chloride used in medium voltage cables. The evolution of 

dielectric properties (dielectric loss factor, dielectric constant, dielectric strength and 

volume resistivity) as a function of aging time and temperature has been studied. After 

that, the mechanical characteristics (elongation at break and tensile strength) were also 

determined. Physico-chemical analysis was performed to highlight the structural changes 

induced by hydrothermal aging. Infrared spectroscopy using the Fourier transform (ATR-

FTIR) and thermogravimetric analysis (TGA-DTA) have been performed. The results 

obtained show that the loss factor and dielectric constant increase gradually with the 

increase of temperature, while the volume resistivity decreases. At 100℃, the general 

shape of the curves giving the evolution of dielectric properties as a function of aging 

time shows that both loss factor and dielectric constant increase while those of volume 

resistivity and dielectric strength decrease. In the case of 80℃, the loss factor decreases 

slightly and the dielectric constant remains almost constant with aging time, whereas the 

volume resistivity and dielectric strength increase. The activation energy varies with 

aging time. The impact of hydrothermal aging on the properties of the material has been 

established in this study. At the beginning of aging, the degradation is mainly due to the 

elimination of molecular HCl. At more advanced stages of aging, the degradation is 

attributed to the elimination of HCl and double bonds formation followed by a change in 

color. Other consequences of the degradation like crosslinking and swelling of the 

samples are also noticed. 
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1. INTRODUCTION

Polymeric materials are extensively employed in industrial 

and home life for various purposes. This large range of use of 

polymers stimulated academic and industry attention, with 

emphasis on new properties and prospective applications of 

these materials [1]. 

Today, polyvinyl chloride (PVC) is still one of the essential 

plastics worldwide. It is used for a wide range of applications. 

Among polymers, this material accounts for a high proportion 

because of its excellent properties. Furthermore, it has the 

advantage of low cost and high versatility. Cables constitute 

one of the most significant market applications for polyvinyl 

chloride (PVC). It is well known that electrical cables are 

commonly employed in metropolitan areas for electrical 

transport and distribution networks. Thus, increasing emphasis 

has been placed on the continual development of novel 

insulating materials in medium and high voltage cables [2-4]. 

Nevertheless, irreversible changes might occur due to the 

degradation after exposing these insulation materials to 

thermal, moisture, mechanical and electrical stresses during 

the operating conditions of power cables leading to the 

progressive deterioration of the characteristics of initial 

material and thence to the shortening of its lifetime [4-6]. 

Temperature and humidity are the primary stressors that 

may adversely impact the performance of these dielectric 

materials, causing irreversible degradation via thermal aging, 

hydrolytic aging, or a combination of the two (hydrothermal 

aging). In assessing electrical insulating materials, these 

diverse forms of aging are critical. 

Gonon et al. [7] proved that combined effects of humidity 

and thermal stress have a serious impact on the dielectric 

properties of epoxy-silica composites. It has been shown that 

water absorption rises with cure, when the dielectric constant 

is reduced and the loss factor increases. Hui et al. [8] 

demonstrated that hydrothermal aging causes the reduction of 

the electrical performance of the XLPE/silica nanocomposites. 

Roggendorf et al. [9] evaluated the variation of dielectric 

properties of polyamide as a function of aging times such as 

dielectric loss factor, dielectric constant and dielectric strength. 

It was found that higher water absorption in the pressure 

cooker leads to higher dielectric constant and loss factor and 

lower dielectric strength. 

Literature studies prove that the mechanical properties 

deteriorate because of micro-crack formation due to uneven 

thermal contraction and expansion at hydrothermal conditions 

Annales de Chimie - Science des Matériaux 
Vol. 46, No. 4, August, 2022, pp. 213-221 

Journal homepage: http://iieta.org/journals/acsm 

213

https://crossmark.crossref.org/dialog/?doi=10.18280/acsm.460407&domain=pdf


 

[10, 11]. Sebbane et al. [12] have reported that the degradation 

of mechanical characteristics of XLPE is mainly due to the 

chain scission caused by the thermo-oxydation of the material. 

It has been demonstrated that reduction in mechanical 

characteristics and water penetration rate is more significant 

than a rise in temperature at which the material has aged. In 

addition, the infiltration of water leads to a deterioration that 

is more characterized by plasticization than by chemical 

deterioration (hydrolysis). Yin et al. [13] have reported that the 

tensile strength and elongation at break of Vinylester Resin for 

Fiber-Reinforced Polymer Composites may be decreased for a 

prolonged duration of immersion. Djedjlli et al. [14] have 

reported that combined action of water and temperature 

induces no significant changes in mechanical properties. 

According to Larbi et al. [15] and Aldajah et al. [16], the 

hydrothermal aging of polymeric materials can induce a loss 

of rigidity and a loss of resistance to breaking, but a gain in 

ductility (larger elongation or strain at break) due to swelling 

phenomenon. Various investigations of hydrothermal aging of 

polyesters and polyamides have been conducted [17, 18], but 

few articles were devoted to PVC. 

Oxidation, the effect of water penetration, loss or migration 

of plasticizers, and dehydrochlorination are among the 

different aging mechanisms responsible for the decrease of 

electrical and mechanical properties [19-23]. 

The dielectric and mechanical properties of the material 

such as, loss factor, dielectric constant, volume resistivity, 

dielectric strength, elongation at break and tensile strength, 

have been investigated after hydrothermal aging. The aging 

experiments have been monitored under artificial conditions 

applied to accelerate the aging. ATR-FTIR and TGA-DTG 

analysis have also been conducted in order to give more 

insight of the study. The findings show that dielectric and 

mechanical properties are affected by hydrothermal aging for 

both aging temperatures 100℃ and 80℃. This impact is more 

significant in the case of 100℃. Furthermore, among the main 

factors affecting the degradation of PVC are 

dehydrochlorination and plasticizer migration. 
 

 

2. MATERIAL AND METHODS 

 

2.1 Material 
 

The polymer resin is produced by the American company 

INC USA SHEINTECH SE 1200 ITOCHU. It is marketed 

under the name PVC-S-70. Its density varies between 0.451 

g/cm3 and 0.601 g/cm3. Additives are added to the resin. The 

formulation of the mixture is as follows: 

 

- PVC, 100 parts 

- Plasticizer: Di-isodecycle phthalate (DIDP), 45 parts 

- Filler CaCO3, 10 parts 

- Stabilizer calcium zinc Ca/Zn, 5 parts 

 

The PVC resin and the various additives were introduced 

into a mixer whose cylinders were heated to 140℃ until a 

paste was obtained. The material, in the form of shreds, was 

cut into square plates of about 20 cm and 2 mm thickness. 

These were placed between the plates of a press, heated to 

160℃, for 5 min, with press force of 400 kN. Circular 

specimens with a diameter of 7.5 cm were made for the 

electrical tests. For the mechanical testing, 7.5 cm long 

dumbbell-shaped specimens were cut according to the IEC 

540 publication's specifications [24]. 

2.2 Hydrothermal aging  

 

Hydrothermal aging was performed by immersing the 

different samples in a container containing water. The whole 

set was introduced into ventilated air ovens with temperatures 

set at 80℃ and 100℃. The water was renewed every 24 h. The 

aging time reached 15000 h and 10000 h for the temperatures 

80℃ and 100℃ respectively. Samples were taken every 500 

hours. The test samples were put in a desiccator before the 

trials to ensure that there was no moisture present. 

 

2.3 Measurements of electrical properties 

 

To measure the dielectric loss factor and the dielectric 

constant of the insulation, we used a Schering bridge type 

TETTEX 2830/2831. The bridge consists of two heating plates 

that can raise the temperature up to 250℃. The system is 

equipped with a temperature controller. The measuring device 

is connected to a computer. The sample was placed between 

two circular stainless steel electrodes with a surface area of 20 

cm2. A set of weights exerted a pressure of 750 g/cm2 on the 

assembly to avoid the presence of air between the specimen 

and the electrodes. These tests were performed under an AC 

voltage of 2 kV, 50 Hz. The insulation resistance of the 

polymer was measured using a pico-amperemeter integrated 

into the Schering bridge. The measurement was performed at 

2 kV DC voltage. The sample temperature varies from 20℃ to 

140℃ with steps of 10℃ using a potentiometric temperature 

regulator monitored by computer. Three samples were tested 

for dielectric loss factor, dielectric constant, and volume 

resistivity at each aging period. For each parameter, an average 

of three values was determined. The breakdown tests were 

carried out at room temperature using a high voltage AC 

generator, type BAUR OLPRUFGERAT PGO, 90 A, which 

can supply a voltage of up to 90 kV at 50 Hz. The electrodes 

used are made of brass, flat and of Rogowski type. The test 

cell containing the electrode arrangement is filled with 

insulating oil (Borak 22) to prevent bypassing. The rate of rise 

of the voltage ramp is 2 kV/s, and the oil is stirred during all 

the tests. 

 

2.4 Measurements of mechanical properties 

 

The specimen was traction-broken using an MTS Criterion 

type 42 traction apparatus for the testing. The dynamometer 

has two jaws and moves at a speed of 200 mm/min to apply 

increasing force. The value of extensometer gage length is 20 

mm. The dumbbell's dimensions (width and thickness in 

millimeters) are also inserted into the machine's software. A 

computer is used as the measurement apparatus. The tests were 

carried out at room temperature without the need of special 

equipment. Tensile strength and elongation at break were 

measured. The tensile strength was calculated as force at the 

break per unit cross-sectional area of the sample in N/mm2. 

The elongation at break, also called strain at break, is the ratio 

of the modified length to the initial length after the breakage 

of the specimen. The following relationship gives the property 

of elongation at break expressed in %: 

 

∆𝐿 (%) =
𝐿 − 𝐿0

𝐿0

 (1) 

 

where: 

- L0: Length separating the two marks delimiting the 
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calibrated zone before breaking (L0 = 20 mm). 

- L: Length separating the two markers delimiting the 

calibrated area after breakage [mm]. 

- ΔL : Elongation at break [%]. 

 

The tensile test was performed on six specimens at various 

aging time. Average values of tensile strength and elongation 

at break respectively were determined. 

 

2.5 Spectroscopy ATR-FTIR 

 

The adaptable ATR-FTIR approach may be used to 

emphasize the chemical alterations brought on by 

hydrothermal aging. A ATR-FTIR Agilent Cary 630 type 

spectrometer was used in our work to evaluate materials with 

a thickness of 2 mm. Unaged and aged specimens were 

scanned with a resolution of 4 cm-1 in the spectral region of 

650-4000 cm-1. Seventy four scans were performed for each 

specimen. 

 

2.6 Thermogravimetry analysis (TGA-DTA)  

 

The decomposing process was monitored with a TA 

Instruments SDT Q600 thermal analyzer. A quantity of 7.771 

mg of the material was put in an alumina crucible for each test. 

All of the tests were carried out in a nitrogen environment with 

a 50 mL/min flow rate. The samples were heated at a steady 

rate of 10℃/min between 30℃ and 900℃ for the analysis. 

 

 

3. RESULTS AND DISCUSSION  

 

3.1 Variation of electrical characteristics as a function of 

aging time 

 

3.1.1 Dielectric loss factor 

Figure 1 shows the variation of the dielectric loss factor as 

a function of aging time. At 100℃, the characteristic is 

irregular with the presence of four peaks corresponding to an 

aging time of 1000 h, 3500 h, 5000 h and 6500 h, slowly 

decreasing after 8000 h of aging. On the 80℃ curves, there are 

four peaks corresponding to aging times of 1000 h, 3500 h, 

6500 h and 10000 h. After 10000 h, the dielectric loss factor 

decreases slightly until an aging time of 15000 h. 

 

 
 

Figure 1. Variation of the dielectric loss factor versus the 

aging time 

 

3.1.2 Dielectric constant 

The evolution of the dielectic constant (Ɛr) as a function of 

aging time is shown in Figure 2. At 100℃, Ɛr increases from 

7.36 to 9.66 after 1000 h of aging. It then slightly decreases 

and reaches a value of 8.45 after 2000 h. The curve of Ɛr shows 

a non-monotonic variation from 2000 h to reach a value of 

10.754 after 7000 h of aging. Beyond this time the dielectic 

constant increases sharply and reaches a value of 25.52 

corresponding to 10000 h of aging. At 80℃, Ɛr decreases to 

7.06. It then increases slightly from 500 h and reaches two 

peaks of 8.72 and 9.64 after an aging time of 3500 h and 8000 

h, respectively. Beyond this time, Ɛr decreases slightly and 

remains almost constant. 

 

 
 

Figure 2. Variation of the dielectric constant versus the aging 

time 

 

3.1.3 Volume resistivity 

Figure 3 represents the variation of volume resistivity with 

aging time. At 100℃, the volume resistivity was 7.995 x 1010 

(Ω.cm) before aging. This property decreases considerably 

after 3000 h to reach a minimum value of 6.51 x 109 (Ω.cm). 

Beyond this time, the curve presents a non-monotonic 

variation with fluctuations to reach 6.70 x 1010 (Ω.cm) 

corresponding to 10000 h of aging. At 80℃, resistivity 

decreases rapidly from 3.01 x 1011 (Ω.cm) and reaches a 

minimum value of 2.50 x 1010 (Ω.cm) after 1000 h of aging. 

In the interval of 1000 h and 6500 h, the curve shows a non-

monotonic variation with fluctuations to reach a value of 4.513 

x 1010 (Ω.cm). We note that from 7000 h, it increases 

considerably to reach a value of 7.11 x 1011 (Ω.cm) 

corresponding to 8000 h of aging. The volume resistivity starts 

to fluctuate to reach a value of 7.48 x 1011 (Ω.cm) after 15000 

h of aging. 

 

 
 

Figure 3. Variation of the volume resistivity versus the aging 

time 

 

3.1.4 Dielectric strength 

Figure 4 represents the variation of the dielectric strength as 
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a function of aging time. At 100℃, the dielectric strength 

increases considerably from 16.68 kV/mm to 20.21 kV/mm 

after 2000 h of aging and then the dielectric strength decreases 

to 17.42 kV/mm. The dielectric strength increases and reaches 

a maximum value corresponding to 21.7 kV/mm after 3500 h 

of aging and then decreases considerably to reach a value of 

48.81 kV/mm at 7000 h. Then the dielectric strength increases 

again and reaches a value of 20.46 kV/mm. Beyond this time, 

it decreases rapidly and reaches a minimum value of 13.94 

kV/mm after 10,000 hours of aging. At 80℃, the dielectric 

strength increases from 16.68 kV/mm to 17.75 kV/mm for an 

aging time of 500 h. Beyond this time, the curve presents non-

monotonic variations with fluctuations to reach a 20.16 

kV/mm value after 15000 h of aging.  

 

 
 

Figure 4. Variation of the dielectric strength versus the aging 

time 

 

3.2 Variation of mechanical properties as a function of 

aging time 

 

3.2.1 Elongation at break 

Figure 5, shows the variation of the elongation at break as a 

function of aging time. At 100℃, the value of the elongation 

at break was 233% before aging. It then decreases 

considerably and reaches a minimum value of 80.13% after 

8500 h of aging. Beyond this time the elongation increases 

slightly to reach a value of 93.35% after 10000 h of aging. At 

80℃, the elongation increases from 233% to 277% after 500 

h of aging and beyond this time the curve presents a non 

monotonous variation with a lot of fluctuation to reach a value 

of 224.84% at 9000 h. Then the elongation decreases 

considerably to reach a minimum value of 163.69% at 11000 

h. From this time onward, the elongation improves slightly and 

reaches a value of 211.84% after 15000 h of aging. 

 

3.2.2 Tensile strength 

Figure 6 shows the variation of the tensile strength as a 

function of aging time. At 100℃, tensile strength before aging 

was 21.83 N/mm2, and then it started to increase rapidly to 

reach a maximum value of 24.55 N/mm2. Beyond this time, 

the tensile strength decreases considerably until reaching a 

minimum value corresponding to 19.87 N/mm2 after 10000 h 

of aging. At 80℃, before aging, the tensile strength was 21.83 

N/mm2. This value decreases considerably and reaches a 

minimum value equal to 19.71 N/mm2 after 500 h of aging. 

After that, it increases considerably to reach a maximum value 

of 22.29 N/mm2 after 5000 h of aging. Beyond this time, the 

curve presents a non-monotonic variation with a lot of 

fluctuation to reach a 21.74 N/mm2 after 15000 h of aging. 

 

 
 

Figure 5. Variation elongation at break as a function of aging 

time 

 

 
 

Figure 6. Variation of tensile strength versus aging time at 

100℃ and 80℃ 

 

3.3 Variation in electrical characteristics as a function of 

Temperature 

 

3.3.1 Dielectric loss factor 

Figure 7 shows the evolution of the dielectric loss factor as 

a function of temperature before and after aging. The 

temperature varied from 20℃ to 140℃. Before aging, Tgδ 

decreases from 8.96 x 10-2 to 5.77 x 10-2 at a temperature of 

70℃, and then it slowly increases and reaches a value of 53.27 

x 10-2 at 140℃. At 100℃, the Tgδ increases gradually from 

6.2 x 10-2 to 35.25 x 10-2 at a temperature of 80℃. Beyond this 

temperature, the Tgδ increases rapidly to 323.67 x 10-2 at 

140℃. At 80℃, Tgδ increases slightly from 4.54 x 10-2 to 7.89 

x 10-2 and then decreases slowly to 7.24 x 10 -2 for a 

temperature of 80℃. Beyond this temperature, Tgδ increases 

rapidly and reaches a value of 219.67 x 10-2 at a temperature 

of 140℃. 

 

3.3.2 Dielectric constant  

Figure 8 shows the variation of dielectric constant with 

temperature before and after aging. The temperature varied 

from 20℃ to 140℃. Before aging, the dielectric constant Ɛr 

increases slowly from 4.501 to 7.604 for a temperature of 

140℃. At 100℃, the dielectric constant Ɛr increases rapidly 

from 9.012 to 26.199 at a temperature of 110℃. It then 

decreases to 21.78, corresponds to the temperature of 130℃ 

and then increases again and reaches a value of 23.22 at a 

temperature of 140℃. After aging for 15000 h at 80℃, the 

dielectric constant increases rapidly from 3.72 to 10.84, at a 

temperature of 140℃. 
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Figure 7. Variation of dielectric loss factor versus 

temperature before aging, at 100℃ and at 80℃ 

 

 
 

Figure 8. Variation of the dielectric constant versus 

temperature before aging, at 100℃ and at 80℃ 

 

3.3.3 Volume resistivity 

Figure 9 shows the variation of volume resistivity with 

temperature before and after aging. The range of temperature 

variation is from 20℃ to 140℃. Before aging, the volume 

resistivity increases from 8.22 x 1012 (Ω.cm) to 4.45 x 1013 

(Ω.cm) and then decreases to 7.995 x 1010 (Ω.cm) at a 

temperature of 100℃. Then the volume resistivity increases 

slightly to 1.029 x 1011 (Ω.cm) at a temperature of 110℃. 

Beyond this temperature, the resistivity decreases to a value of 

3.94 x 1010 (Ω.cm), at the temperature of 140℃. At 80℃, the 

resistivity remains almost constant until 40℃. It then 

decreases rapidly and reaches a value of 1 x 1010 (Ω.cm) at 

140℃. 

To properly analyze the resistivity behaviour, we plotted the 

volume resistivity as a function of the inverse of the absolute 

temperature before and after aging times of 15000 h and 10000 

h at 80 and 100℃, respectively (Figure 10). The results show 

that the volume resistivity decreases linearly with temperature. 

These straight lines obey Arrhenius' law, which is true for the 

volume resistivity ρ. 

 

𝜌 =  𝜌∞exp (
−𝐸𝑎

𝑅𝑇⁄ ) (2) 

 

where: 

- ∞ (Ω.cm) is the limit of the value of the resistivity at 

infinite temperature. 

- Ea (J.mol-1) is the activation energy of the process. 

- T (K) is the absolute temperature. 

- R is the gas constant (R = 8,314 J.mol-1.K-1). 

 
 

Figure 9. Variation of the volume resistivity versus the 

temperature before aging, at 100℃ and at 80℃ 

 

 
 

Figure 10. Variation of volume resistivity versus inverse of 

absolute temperature (x10-3 K-1) at 80℃ and at 100℃ 

 

The values of the activation energy before and after aging 

are shown in Table 1. 

 

Table 1. Values of the activation energy (kcal/mol) 

 
Aging Time (h) Activation Energy (kcal/mol) 

Before aging 25.54 

10000 at 100℃ 49.38 

15000 at 80℃ 48.96 

 

 

4. ATR-FTIR SPECTROSCOPY RESULTS 

 

The ATR-FTIR absorbance spectra of unaged (virgin) PVC 

(black) and aged PVCs for 15000 hours (red) and 10000 hours 

(blue) recorded between the wavenumbers 4000 cm-1 and 600 

cm-1 are shown in Figure 11. Complete spectra adequately 

show the characteristic bands of PVC. These bands are from 

the data found in the literature for PVC. 

The absorption bands observed in ATR-FTIR spectra before 

and after aging at 80 and 100℃ are given in Figure 11. In the 

spectrum of the untreated sample, the main peaks at 2850 - 

2950 cm-1, 1255-1275 cm-1, 1425-1458 cm-1 and 741 cm-1, 

characteristic for a PVC structure, were found, which are 

attributed to C-H (valence), C-C (valence), C-H (deformation), 

and C-Cl valance bands, respectively [25-32]. In the FTIR 

spectra of PVC after treatment at 80℃ and 100℃, the intensity 

of the bands decreased as compared to the untreated sample. 

Hydrothermal aging reduced the peak intensity of the bands 

for the stretching of the C-Cl band at 741.9 cm-1 and C-H at 
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2850 - 2950 cm-1. This observation suggests that the PVC 

structure is altered after hydrothermal aging. 

The bands observed around 1720 cm-1 and 873 cm-1 are 

attributed to the vibration of C=O groups in plasticizers and 

CaCO3 (multifunctional additive) respectively [27, 33]. The 

peak at 3600-3200 cm-1 is attributed to the -OH stretching of 

water (H2O) [34]. 

 

 

 

 
 

Figure 11. Thermal aging of PVC ATR-FTIR spectra: (a) 

full spectra; (b) focusing on the absorption bands between 

600 and 1900 cm-1; (c) focusing on the absorption bands 

between 2359 and 3912 cm-1 

 

 

5. TGA-DTA ANALYSIS RESULTS 

 

Thermogravimetric (TGA-DTA) analysis of the unaged 

(virgin) PVC (black) and aged PVCs for 15000 hours (red) and 

10000 hours (blue) shows two mass loss (Figure 12). The first 

signal between 100℃ and 300℃ corresponding to the 

departure of HCl (dechlorination) accounts for about 60% of 

the total weight loss. A second mass loss at temperatures 

between 300℃ and 450℃, is attributed to hydrocarbons as a 

polyene-like structure with the total weight loss of 15%. 

This step involves pyrolysis of the polyene structure, 

yielding mainly to the formation of coke. 

 

 
 

In differential thermal (DT) analysis, the loss of HCl and 

polyene structure corresponds to endothermic peaks at 290℃ 

and 450℃.  

 

 

 
 

Figure 12. TGA and DTA curve for: Before aging, 15000 h 

at 80℃ and 10000 h at 100℃ 

 

 

6. CHANGES IN COLOR 

 

The degradation occurs with elimination of HCl and is 

accompanied by a change in color. The samples are colored 

due to the removal of an HCl molecule which leads to the 

formation of conjugated double bonds in the PVC [35]. As 

soon as the conjugation index is around 4-5, the structure 

absorbs part of the spectrum of visible light: the material is 

colored. As the loss of HCl intensifies over time, the 

conjugation index also increases. It quickly changes from a 

pale yellow color for the unaged sample (a) to dark brown 

color for the aged sample at 100℃ (c) as shown in Figure 13. 

 

 
 

Figure 13. Color change of PVC samples: a) unaged, b) aged 

for 15000 h at 80℃, c) aged for 10000 h at 100℃ 

b) 

c) 

a) 
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7. DISCUSSIONS 

 

The results obtained show the variation of electrical and 

mechanical properties of PVC versus the aging time and 

temperature, respectively. These properties are: dielectric loss 

factor, dielectric constant, volume resistivity, dielectric 

strength, elongation at break, tensile strength, ATR-FTIR and 

TGA-DTA.  

 

- The variation of dielectric loss factor and dielectric 

constant has similar behavior with aging time. Their 

increase is attributed to the double bonds formation after 

removal of HCl, leading to alternating single and double 

bonds [36, 37]. This structure is what makes them 

conductive as they allow electrical charge to move along 

their monomer chain leading to a considerable 

augmentation in the conductivity, whereas, their decrease 

is due to rearrangements of the polymer’s molecular 

chains, expressing a reduction in the polymer conductivity. 

At 80°C the dielectric constant remains stable during all 

the aging time, which explains that double bonds 

responsible for the loss of the dielectric constant are not 

formed at this temperature as confirmed by the results of 

thermogravimetry (Figure 12).  

- The augmentation of the volume resistivity is probably 

due to the reduction of the mobility of charge carriers, 

while the diminution is attributed to a 

dehydrochlorination phenomenon, which leads to the 

formation of double bonds and release of HCl molecules 

from the PVC polymer chains under temperature effect 

[38]. The decrease of volume resistivity is more 

pronounced in the case of 100℃ because of the number 

of charge carriers created by the loss of HCl, which is 

higher compared to 80℃. This loss of HCl is confirmed 

by the ATR-FTIR and TGA analyses. 

- The rigidity of the material depends on the number of 

unsaturation (double bonds) formed during aging. In the 

case of 100℃, the number of double bonds is more 

important compared to the one treated at 80℃. This 

behavior explains the significant decrease in the dielectric 

strength of the polymer at 100℃. 

- The drop in mechanical properties (elongation at break 

and tensile strength) is attributed to the increase in the 

number of unsaturation of the material. This decrease is 

more accentuated in the case of 100°C. The reduction of 

mechanical properties can also be explained by the loss of 

plasticizer which is confirmed by the ATR-FTIR. 

- From Figure 10, the activation energy (Ea) can be 

estimated. The value is 25.54 kcal/mol before aging. It 

grows to 48.96 kcal/mol and 49.38 kcal/mol for 15000 

hours at 80℃ and 10000 hours at 100℃, respectively. As 

a result, the activation energy varies with aging. This 

phenomenon is likely attributable to the variation in 

chemical reaction rates of HCl elimination, which become 

more pronounced after aging. These results are consistent 

with those published elsewhere. Morel et al. [39] 

investigated activation energy as functions aging time in 

polyethylene-terephthalate films. 

- The thermal stability of PVC decreases with aging time 

due to the loss of HCl. According to the results shown in 

Figure 12, the material aged at 100℃ is the least stable 

compared to the material aged at 80℃ and/or the unaged 

material. 

Among the main processes that cause the degradation of 

PVC are dehydrochlorination and loss of plasticizer. 

PVC degradation occurs when the material undergoes 

elevated temperatures that can cause the loss of physical 

properties, such as optical and mechanical properties. The 

degradation onset temperature of the unaged and aged PVC at 

80℃ was around 260℃ but for the sample aged at 100℃, 

degradation begins before 200℃ (Figure 12). Chlorine content 

in polyvinyl chloride is approximately 56.7%, it is released as 

HCl gas when PVC is heated at 300℃. Thermogravimetric 

data showed that the unaged PVC, aged at 80℃ and aged at 

100℃ lost 65.31%, 62.11% and 59.42% of their original mass 

respectively at 300℃, suggesting that the totality of HCl is 

removed in the first stage. The TG curve for PVC showed all 

compounds losing 60% of its weight by 300°C and then a total 

of 80% by 400°C, suggesting that the evolution of plasticizer 

occurs in two stages and the polymer undergoes negligible 

further weight loss in its conversion to coke. This degradation 

is confirmed by IR analysis. The IR spectrum of PVC showed 

that the C-H bands (2957 cm-1) of the compound aged at 100℃ 

lost half of their intensity (Figure 11-c). The dechlorination of 

PVC was evidenced by the decreasing intensity of the C–Cl 

(750 cm-1) stretching vibration. In addition, the bands at about 

1654 cm-1 assigned to C=C appeared and the intensity of this 

band was increased (Figure 11-b) for the aged PVC at 100°C, 

indicating the elimination of HCl during the hydrothermal 

dechlorination of PVC. The evolution of HCl results in 

unsaturation in the polymer chain. The dehydrochlorination 

appears to progress in stepwise fashion along the polymer 

chain to produce conjugated unsaturation (b). This leads to 

color formation in the residue of the aged PVC at 80℃ and 

100℃ (Figure 13.). 

The hydrothermal degradation of PVC occurs by a radical 

mechanism and exhibits two reaction types of degradation 

(Figure 14): elimination (path 1) and substitution (path 2). 

During the radical mechanism elimination reaction (path 1), 

between 200 and 360℃, mainly HCl and polyene are formed. 

The hydroxylation of PVC is obtained by the radical 

substitution reaction (path 2). During this reaction the Cl 

atoms are replaced by O-H groups, leading to the formation of 

alcohol or polyol (c) [34]. 

The peak at around 3381 cm-1 observed in Figure 11(c) 

assigned to the –OH group confirmed the replacement of –Cl 

with the –OH group.  

The presence of this group (O-H) in the aged samples at 

80℃ and 100℃, suggests the formation of a hydroxyl group 

(c) by radical substitution reaction as shown below: 

 

 
 

Figure 14. Reaction pathways of PVC degradation 

 

The degradation also affected the plasticizer, the vibration 

band of the C=O group of the ester function at 1720 cm-1 is 

reduced by half for the compound aged at 100℃. During this 

process, plasticizer (Di-isodecycle phthalate) decomposes into 

benzene, alkene and CO2. As shown in Figure 11(b), the band 

at 1123 cm-1 ascribed to the C-O decreased, indicating the 
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degradation of the functional group and also the skeletal chain 

of plasticizer (DIDP). A swelling of PVC has been noticed. 

This behavior is due to the OH groups formed during the 

substitution of the chlorine atoms as shown by the products (c) 

of the chemical reaction (path 2- Figure 14). 

 

 

8. CONCLUSION  

 

In this paper, the effects of hydrothermal aging conditions 

on PVC's electrical and mechanical properties have been 

investigated. This work shows that both properties have been 

seriously affected by the combined action of temperature and 

water. Among factors which cause the increase of the 

dielectric properties (loss factor and dielectric constant) is the 

formation of double bonds after removal of HCl. On the 

another hand, the considerable augmentation of the polymer’s 

conductivity is explained by the alternance in single and 

double bonds caused by removal of HCl, whereas reduction of 

the loss factor and dielectric constant is due to the 

rearrangements of the polymer's molecular chains. Because 

there are more charge carriers produced by the loss of HCl at 

100℃ than at 80℃, the volume resistivity decreases more 

noticeably at this temperature. The ATR-FTIR and TGA 

analyses support this loss of HCl. The material's stiffness is 

determined by the quantity of unsaturation (double bonds) 

produced during degradation. Compared to the sample treated 

at 80℃, the quantity of double bonds in the 100℃ conditions 

is more significant. This phenomenon explains why the 

polymer's dielectric strength decreases significantly at 100℃. 

The increase in the number of unsaturations in the material 

leads to the material's stiffness, which causes a decrease in 

mechanical properties (elongation at break and tensile 

strength). In the case of 100℃, this decrease is more 

pronounced. The loss of plasticizer can be also added to the 

factors inducing the decrease of mechanical characteristics. 

The higher activation energy at 100℃ can be explained by the 

higher number of double bonds formed during the aging 

process. The results obtained show that the material aged at 

100℃ is the least stable due to the loss of HCl from PVC. The 

degradation was characterized by outgassing, color change, 

and swelling of the PVC. 
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