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ABSTRACT The reliability of crystalline silicon photovoltaic (PV) modules is determined not only by the efficiency loss of the 

silicon cells but also by the degradation of other components (ethyl vinyl acetate, ribbon, glass, and backsheet). Among these 

components, the backsheet provides electrical insulation and physical support, and acts as a barrier against moisture and weathering of 

the PV module. We investigated the degradation of different types of backsheets under damp heat conditions [95°C/85% relative 

humidity (R.H), 85°C/85% R.H]. During the damp heat treatment, tensile tests were carried out to investigate the mechanical 

degradation of the backsheets. The molecular weight of the polyethylene terephthalate (PET) in the backsheets was measured by gel 

permeation chromatography (GPC) to understand the intrinsic mechanism of degradation. After damp heat test, mechanical 

degradation of backsheet occurred significantly beyond passing the specified molecular weight region of PET film in backsheet 

materials. By finding the correlation between tensile strength and the molecular weight of the backsheets, our results make it possible 

to improve the reliability of backsheets.
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1. Introduction

As a promising renewable energy source, photo-

voltaic (PV) energy is gaining great support and 

concern from scientists worldwide. As the efficiency 

of crystalline PV modules approaches the theoretical 

value, the development of a crystalline PV module 

is driven by the need to reduce cost and improve 

long-term reliability. The long-term reliability of 

a crystalline PV module can be achieved by under-

standing the degradation mechanism of each component 

comprising a crystalline PV module.
[1–3] 

Among those 

components, the glass and the polymeric backsheet 

protect the inner silicon cell of the PV module from 

external stresses such as an electric insulator.
[4,5]

 In 

particular, the backsheet material is more vulnerable 

to the external environment than the glass because 

it is designed using multiple layers of polymeric 

materials
[6] 

such as polyethylene terephthalate (PET), 

polyvinyl fluoride (PVF), and polyvinylidene fluoride 

(PVDF).
[7,8] 

In these materials, PET is commonly used 

as the core material for all types of backsheets. PET 

has a high crystalline melting temperature (260°C), 

and the stiff polymer chains in PET impart high 

mechanical strength, toughness, and fatigue resistance 

up to 150–175°C, as well as good chemical resistance.
[9]
 

In our study, damp heat tests were carried out to 

accelerate the field conditions for various types of 
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Fig. 1. Three types of backsheets used in our experiment: 
(a) PVDF-laminated backsheet, (b) PET-laminated 
backsheet, and (c) fluorine-coated backsheet

backsheets with a PET core layer. Under damp heat 

conditions, we investigated the mechanical properties 

of the backsheet materials to determine their degree 

of degradation, and we analyzed the change of molecular 

weight to understand the intrinsic mechanism of 

degradation. Degradation is a chemical process that 

affects not only the chemical composition of the 

polymer but also the physical parameters such as 

mechanical properties, chain conformation, molecular 

weight, molecular weight distribution, and crystallinity.
[10]

 

Therefore, we reveal the correlation between the 

mechanical properties and the molecular weight of the 

backsheet materials, and suggest that this correlation 

is a key factor in improving the reliability of backsheet 

materials. 

2. Experiment

Three different types of backsheets were prepared 

for this study. All the backsheets for our study were 

typical three-layer polymer laminates, as shown in 

Fig. 1.

Although the core layer of each backsheet was 

PET and the films on the cell side were all white 

polyethylene (PE) with TiO2 (titanium dioxide) pigment, 

the peripheral layers exposed directly to the harsh 

external environment were a polyvinylidene fluoride 

(PVDF)-laminated film, a PET-laminated film, and 

a fluorine-coated backsheet. PVDF films laminating 

method and fluorine-coating method have been 

adapted in order to reduce the module cost with 

high environment-resistance, instead of a polyvinyl 

fluoride (PVF) film (a type of fluoropolymer), which 

is widely used in outer layer of backsheets. We also 

investigate the effect of polyethylene terephthalate 

(PET) as peripheral layer of backsheet due to strong 

mechanical strength.
[7,11]

 

The specimens 5 mm wide and 120 mm long were 

prepared for the tensile strength and damp heat 

tests. To investigate the effect of temperature, the 

samples were tested at 85°C and 95°C at a fixed 

relative humidity (R.H) of 85%. During the 85°C/85% 

R.H and 95°C/85% R.H damp heat tests, the tensile 

strength was measured every 250 h and 200 h. After 

1200 h under 95°C/85% R.H, samples were broken 

during handling, allowing us to investigate the 

mechanical degradation behavior under 95°C/85% 

R.H condition. On the other hand, the tensile strength 

of the sample subjected to 85°C/85% R.H was measured 

over 2000 h due to the less harsh conditions. The 

tensile strength was measured as a function of the 

exposure time to investigate how well the material 

could maintain its initial performance. The tensile 

tests were conducted at a testing speed of 1 mm/s 

using a tensile testing system (MTS 858 Systems). 

After the tensile test, the fractures of each specimen 

were observed by optical microscope to find the 

crystallinity of the PET films as core materials.

The molecular weight of the PET layer in the 

backsheet was determined by gel permeation chro-

matography (GPC) analysis at 600, 1000, and 2000 

h under 95°C/85% R.H conditions to identify the 

polymeric degradation of the PET layer.
[12]

 The molecular 

weight of PET determines the tensile strength of 

the backsheet.
[13]

 Analysis was performed on a Waters 

GPC System (Waters Corporation) and the signals were 

detected using Waters 410 differential refractometer 

detectors. Each sample (50 μL) was chromatographed 
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Fig. 2. (a) Tensile strength of three types of backsheets as 
a function of displacement and (b) maximum tensile 
strength of unaged backsheets

Fig. 3. Variation of tensile strength for backsheet materials 
under (a) 85°C/85% R.H and (b) 95°C/85% R.H 
conditions

in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) as the 

mobile phase with a 0.6 mL/min flow rate using 

TSKgel superAWM-H (6.0 × 150 mm) columns. The 

whole system, including columns, detectors, and 

interdetector tubing, was maintained at a constant 

temperature of 40°C. The molecular weight calibration 

line was established using polymethylmethacrylate 

(PMMA) as a reference sample. Number average 

molecular weights were calculated using Eq. (1) and 

they were normalized for comparison of the degradation 

rate.
[14]
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, (1)

where 

 is the average molecular weight and Ni is 

the number of polymers with molecular weight Mi.

3. Results

Fig. 2(a) shows the initial tensile strengths of the 

three types of backsheet as force–displacement curves 

and Fig. 2(b) compares their maximum tensile strength. 

The maximum tensile strength of the PET-laminated 

backsheet is higher than that of the PVDF-laminated 

and fluorine-coated backsheets. The investigated 

unaged PET materials exhibited ductile behavior. 

PET elastic modulus values of approximately 4000 

MPa.
[7]
 In contrast, the PVF and PVDF fluoropolymers 

exhibited significantly lower elastic modulus values 

ranging from 1500 to approximately 2000 MPa.
[7]

 

Therefore, the elongation of the fluorine-coated and 

PVDF-laminated backsheet were larger than PET- 

laminated backsheet due to lower elastic modules. 

Fig. 3 shows the change of tensile strength of the 

backsheet materials as a function of aging time for 

each test condition. In all specimens, the tensile 

strength of backsheet decreased slightly up to 2000 
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Fig. 4. Cross-sectional optical micrographs of fracture of PET 
films after 1000 h under 95°C/85% R.H conditions for 
(a) PVDF-laminated backsheet, (b) PET-laminated 
backsheet, and (c) fluorine-coated backsheet

Fig. 5. Variation of molecular weight (normalized) for the three 
types of backsheets under 95°C/85% R.H conditions

h under the condition of 85°C/85% R.H, whereas the 

tensile strength decreased significantly after passing 

600 h under the condition of 95°C/85% R.H. The 

tensile strength of the PET-laminated backsheet 

was higher than that of the others under both damp 

heat conditions. The PVDF-laminated backsheet 

degraded, followed by the fluorine-coated backsheet. 

PET-laminated backsheets contain hydrolysis-resistant 

PET, which maintains its performance integrity longer 

than regular PET.
 [15,16]

 The PVDF-laminated backsheet 

had more resistance against water vapor than the 

fluorine-coated backsheet. The decrease in mechanical 

strength is caused by the hydrolytic and thermal 

degradation of the organic materials in backsheet 

materials. 

Moreover, it has been reported that the drop in 

tensile strength of PET materials is mostly due to 

hydrolysis of the PET polymer.
[17-19]

 As shown in 

Fig. 3, the rate of hydrolytic degradation increased 

with increasing temperature.

To find out the hydrolysis mechanism of the PET 

polymer, we also observed optical micrographs of 

the cross sections of the backsheets subjected to 95 

°C/85% R.H conditions for more than 1000 h after 

tensile testing. Fracture cracks were mainly found 

in the PET core material for all the backsheets, as 

shown in Fig. 4. 

At the point of physical rupture of the specimens 

the PET films in the backsheet materials cracked, 

resulting in brittle fracture. This brittle fracture 

was caused by an increase of crystallization in the 

PET film during the application of damp heat. Cracking 

of the backsheet is potentially serious to electric 

safety. The fabrication of high-durability PET films 

is the one of the key factors to improving the long- 

term reliability of PV modules. The increase in 

crystallinity is caused by the generation of low- 

molecular-weight compounds.
[20,21]

To clarify the degradation mechanism of the PET 

film of the backsheets, the molecular weight of the 

PET film was measured by using a GPC analyzer at 

specified time intervals under 95°C/85% R.H conditions. 

GPC, also known as size-exclusion chromatography 

(SEC), can obtain the molecular weight distribution 

of polymers. The molecular weight for all the unaged 

PET polymers was approximately 13,000. After being 

subjected to damp heat, it dramatically decreased to 

approximately 500 (Fig. 5). The degradation of PET 

polymers with different types of end-groups on the 

small polymer chain results in a decrease in the 

molecular weight through hydrolysis of the PET 

polymer.

Significant hydrolysis of PET is known to occur 

in moist, wet, or humid conditions at temperatures 

above Tg. Hydrolysis of PET results in different 

types of end-groups on the polymer chain.
[22]

 The 

initial step is the scission of the chain of the ester 
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Fig. 6. Mechanism of hydrolysis involving chain scission of 
PET polymer as core material in backsheet

Fig. 7. Decrease of tensile strength as a function of molecular 
weight for the three kinds of backsheet materials 
under 95°C/85% R.H conditions

linkage, resulting in a decrease in molecular weight 

and an increase in number of carboxyl end-groups. 

The methylene group, which is located at the β 

position to the carbonyl group, is the main point 

where the decomposition process is initiated. The 

main side reaction is β scission of the ester linkage, 

resulting in a vinyl-terminated carboxylate unit and 

carboxyl-terminated units, as shown in Fig. 6. The 

formation of acetaldehyde is explained generally 

through the McLafferty rearrangement involving a 

six-membered transition state occurring through 

inter- or intra-molecular hydrogen shifts in the 

methylene group, which is located at the β position 

relative to the carbony l group.
[9]
 The results include 

an increase in carboxylic and aldehyde end groups 

and an increase in smaller chain fragments (Fig. 6). 

Researchers have reported density changes during 

the degradation process,
[22]

 which have been attributed 

to the crystallization process. Crystallinity changes 

occurring during degradation are extremely important 

because the morphology governs things such as small 

molecule transport and tensile strength. It has also 

been found by researchers that the initial degree of 

crystallinity greatly affects the rate of hydrolysis.
[23,24]

The molecular weight of a polymer is one of the 

key parameters determining its physical properties 

such as stiffness, strength, and toughness.
[25-27]

 The 

GPC results showed that during the application of 

damp heat, the molecular weight of the PET films 

decreased in all specimens, matching well with the 

decrease in tensile strength, as shown in Fig. 3. It 

is known that the relation between tensile strength 

and the molecular weight of a polymer can be appro-

ximated by a proportional relation.
[28,29]

Equation (2) shows that the tensile strength (S)–

molecular weight (M) relation for a polymer can be 

approximately presented by the inverse relation.
[19,30]

  
∞




. (2)

A decrease of tensile strength of backsheet materials 

can be plotted as a function of the molecular weight 

of the PET film over a specific time, as shown in 

Fig. 7. The tensile strength of the backsheet materials 

did not change considerably with decreasing molecular 

weight of the PET film to 8000. However, in the 

range of 6000-8000 molecular weight), the tensile 

strength of the backsheet materials decreases sharply 

as compared to the slight reduction of the molecular 

weight of the PET film. Using Fig. 7, we could predict 

that properties of the degraded backsheets such as 
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tensile strength and crystallinity from the molecular 

weight of PET by GPC analysis. In other words, during 

application of damp heat, the mechanical durability 

of backsheet materials can be retained before the 

molecular weight of the PET film decreases to the 

transient-molecular-weight region. 

4. Conclusions

We demonstrated the degradation of backsheet 

materials by investigating the tensile strength and 

molecular weight. The tensile strength of backsheet 

materials decreased during the damp heat test (95 

°C/85% R.H, 85°C/85% R.H), although the PET film- 

laminated backsheet was superior to the others. 

This result shows that the PET film, which formed 

the core layer in the backsheet materials, degraded 

and became brittle due to the increased crystallinity 

of the PET polymer during the application of damp 

heat. After the damp heat test, the brittle fracture 

of the core PET film was revealed microscopically, 

and we showed photographs of the internal cracks 

of the PET film. By analyzing the molecular weight 

of the PET film, the decrease of the molecular weight 

of the PET film was correlated with the tensile 

strength of the backsheet materials. 

In addition, and regardless of the backsheet 

material, it was found that significant mechanical 

degradation of the backsheet occurred once the 

molecular weight of the PET film decreased below a 

specified region. Based on our results, we can esta-

blish the prognosis of backsheet materials by finding 

the degradation factor of backsheet materials for 

assuring the long-term reliability of backsheet 

materials.
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