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Abstract
A secondary master batch process had been applied to design a polyolefin encapsulant material for photovoltaic modules, 
in which the polymer blend was composed of polyolefin elastomer (POE) and linear low-density polyethylene (LLDPE) 
with the addition of the cross-linking agent of tert-butylperoxy 2-ethylhexyl carbonate (TBEC) and silane coupling agent of 
γ-methacryloxypropyl trimethoxy silane (KH570). The rheological property from Haake torque rheometer illuminated that 
the chemical cross-linking reaction could take place between the POE and TBEC. The LLDPE was added for further increas-
ing the cohesion of polymer blend by obtaining much more physical cross-linking points from the physical entanglement 
between the flexible chains of LLDPE and the amorphous zone of POE. However, the transmittance of polymer blend ran 
down with the rise of LLDPE content within the polymer blend. The number and site of melting points of polymer blend by 
the DSC analysis show that there was compatibility between the POE and LLDPE within the polymer blend; meanwhile, the 
resultant molecular structures of the polymer blend also had been explained by the FTIR spectra. These results unanimously 
illuminated that it was a feasible solution for fabricating the polyolefin encapsulant material for photovoltaic modules.
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Introduction

Long durability of photovoltaic (PV) modules was critical 
to reduce the lifespan cost in the solar cells [1–4]. However, 
the ability to maintain the stability of PV module efficiency 
under long-term and harsh environment conditions mostly 
relied on reliable encapsulant materials that they should have 
the characteristics of high transmittance, strong adhesion 
between the encapsulant and substrate, low interface con-
ductivity, and low moisture permeation [1].

Synthetic polymers have been playing an increasingly 
important role as the encapsulation materials in PV mod-
ules in recent years [5, 6]. Ethylene–vinyl acetate (EVA) 
was a copolymer of ethylene and vinyl acetate, and it was a 
thermoplastic elastomer (without vulcanization) with high 
flexibility and toughness, widely used in the plastic indus-
try, especially, commonly used as encapsulant material for 
crystalline silicon solar cells [7, 8]; however, it was not con-
ducive to the repairing of defective PV modules, which was 
due to the EVA film was not prominent enough in its aging 
resistance and the chemical reaction of cross-linking during 
the processing. Therefore, there were some new encapsu-
lant materials in the field of industry which can replace the 
EVA, such as thermoplastic urethanes, polyolefin encapsu-
lant materials, polyvinyl butyral, and thermoplastic silicone 
elastomer [9–12]. Among them, the polyolefin encapsulant 
materials had their great market prospects because of their 
low price and high encapsulant efficiency.

Polyolefin elastomer (POE) was a copolymer of ethyl-
ene and octylene whose crystallization property was mainly 
affected by the content and spatial distribution of octyl in the 
POE [13, 14]. Although the aging resistance of POE was 
excellent, its cohesion was small for the POE was a saturated 
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polyolefin material. What is more, the POE can exhibit high 
transmittance, persistent bonding, and good creep resistance 
with the small deformation [1, 3, 4, 15–18]. It was considered 
to be designed as one of the polymeric encapsulants for the 
photovoltaic modules in solar cell, which can adapt to harsh 
environment such as the high and low temperature cycle [5, 
6, 10, 15].

This work focused on developing a suitable and new PV 
encapsulation material instead of EVA that was commonly 
used for the crystalline silicon solar cell. For this purpose, the 
LLDPE had been added into the pristine POE to obtain much 
more physical cross-linking points for improving its cohesion 
and creep resistance, and then the expected polymer blend 
POE/LLDPE with the additives of tert-butylperoxy 2-ethyl-
hexyl carbonate (TBEC) and γ-methacryloxypropyl trimeth-
oxy silane (KH570) had been granulated evenly with a second-
ary master batch process, and finally the optical performance 
analysis and the peel strength measurement could confirm 
that it was feasible for the design solution on the polyolefin 
encapsulant material for PV modules in crystalline silicon 
solar cells.

Experimental

Materials

Polyolein elastomer (POE) was bought from Dow Chemi-
cal Company, linear low-density polyethylene (LLDPE) 
was obtained from SINOPEC Maoming Petrochemical 
Branch, tert-butylperoxy 2-ethylhexyl carbonate (TBEC, 
99.5 mass%) was purchased from Tokyo Chemical Industry, 
γ-methacryloxypropyl trimethoxy silane (KH570, ≥ 97.0 
mass%) was provided from Shanghai Reagents Company. The 
borosilicate glass plates of 3.2 mm thickness, the ribbons of 
2 mm width, and the backsheet used for adhesion measure-
ment were supplied by Guangzhou Chemical Reagent Factory.

Sample preparation

The polymer compounds of POE/TBEC (POE/TBEC was the 
abbreviation of the compound between POE and TBEC), POE/
TBEC/KH570, POE/LLDPE/TBEC, and POE/LLDPE/TBEC/
KH570 with the appointed formula (Tables 1 and 4) had been 
mixed well by a mechanical stirrer (SHR-10A, Laizhou Jintai 
Chemical Industry, China), and then each polymer compound 
was granulated by a plastic extruder (SJZS-10B-SZS-20, 

Ruiming Plastic Machinery Manufacturing Plant, China) at 
140 °C.

Measurements

The laminator curing adopted in this work by using an auto-
matic laminating machine for solar photovoltaic modules 
(KSL2345OAC-C/D, QHD Visual Automation Equipment 
Co., Ltd.). The sample of lamination process was loaded at 
50 °C with 200 Pa, heated to 85 °C for 6 min, and heated 
to 110 °C for 2 min, and pressure was then applied to a dia-
phragm on top of the samples. After that, the sample was 
heated to 150 °C for 8 min, cooled down to 85 °C, and finally 
vented to atmospheric pressure. The samples for optical per-
formance test with a lamellae structure of glass slide/poly-
meric film/glass slide were compounded in the laminator. The 
curing of sample for the peel strength measurement was oper-
ated on a press vulcanizer (BFC-25T, Panstone, China) with a 
clamping force of 25 MN and a plate unit pressure of 14 MPa. 
The curing process by the press vulcanizer was carried out at 
140 °C and lasted for 40 min. The peel strength measurement 
of the samples was carried out using an American standard test 
method (ASTM) D903-98 with a separation angle of approxi-
mately 180 o and a separation rate of 152 mm min−1 at the 
room temperature of 25 °C [1]. The sample for peel measure-
ment adopted a compound mode of polymer blend/PET back-
sheet. The cross-linking degree measurement of the samples 
was dealt with GB/T 36965-2018 of China that the test method 
for cross-linking degree of ethylene–vinyl acetate copolymer 
applied in photovoltaic modules—differential scanning calo-
rimetry (DSC). The data of rheological property were adopted 
by Haake torque rheometer (Haake Rheocord 9000, German). 
The ultraviolet–visible light transmission analysis of samples 
was conducted by a HITACHI U-3010 spectrocolorimeter with 
a compound mode of glass/polymer blend/glass. The melting 
points of the polymer and the polymer blend were measured 
by differential scanning calorimeter (DSC, Netzsch DSC 200-
PC) and operated in N2 atmosphere. The DSC instrument was 
calibrated with an indium standard, and Al was used as refer-
ence material. Each sample of about 10 mg was scanned at a 
heating rate of 10 °C min−1. The Fourier transform infrared 
spectroscopy (FTIR) spectra were obtained on a Magna-550 
FTIR instrument for analyzing the molecular structure of the 
POE and the polymer blend. The sample films were directly 
prepared from the POE or the polymer blend by the press vul-
canizer and used for FTIR analysis.

Table 1   Composition of the 
chemical cross-linking system 
POE/TBEC/KH570 based on 
weight parts (phr, per hundred 
of resin)

Entry POE TBEC KH570

1 100 1.5 –
2 100 1.5 0.3
3 100 1.5 0.7
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Results and discussion

The chemical cross‑linking of POE without LLDPE

The rheological data of the pristine POE and the polymer 
compound POE/TBEC had been obtained by Haake torque 
rheometer with a rotational speed of 50 r min−1 at 150 °C 
as shown in Figs. 1 and 2, respectively. Contrasting with 
the rheological data of the pristine POE (Fig. 1), Fig. 2 
shows that a cross-linking reaction occurred after the addi-
tion of the peroxide initiator (namely the cross-linking 
agent) of TBEC into the pristine POE at the run time of 
1.1 min, the molecular chain of the POE changed from lin-
ear structure to three-dimensional network structure, and 
the viscosity of the polymer compound increased at the 

same time, and it presented an obvious rise of the torque 
with increasing the run time from 1.1 to 4.8 min. There-
fore, the rise of the torque curve can be used as a marker 
of the beginning of the cross-linking reaction. Moreover, 
the slope of the rising curve for the torque reflected that 
there was a faster speed of cross-linking reaction for the 
polymer compound POE/TBEC that had taken place as 
well. However, these could not be observed in the case of 
pristine POE (Fig. 1).

To clarify the role of the silane coupling agent of KH570, 
the results of cross-linking degree for the polymer compound 
with different mass parts of KH570 (Table 1) show that it 
was less than 12.8 mass% for the laminator curing (Table 2). 
It meant that it was difficult to take place the obvious cross-
linking reaction throughout the polymer compound within a 
relatively short period of curing time (16 min). However, the 
polymer compound could obtain a much bigger cross-linking 
degree (76.0–89.4 mass%) resulting from the curing process 
which was operated on the press vulcanizer with a long time 
for 40 min. It concluded that the chemical cross-linking reac-
tion took place in a difficult manner and need much more 
energy consumption for the single polymer component of 
POE. The grafting of KH570 would be more practicable 
to solve this shortcoming for the crossing–linking degree 
increasing with the mass parts of KH570 (Table 2). Table 3 
shows that the adhesion of samples with a certain amount of 
KH570 was more than that from the sample without KH570 
for different curing processes of laminator curing and press 
vulcanizer. Since the POE used in this work had less adhe-
sion, the silane coupling agent of KH570 had been added 
into the POE with an obvious promotion for the adhesion of 
samples as shown in Table 3. Therefore, the above results 
consistently proved that the grafting of KH570 onto the POE 
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Fig. 1   Rheological property of the pristine POE
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Fig. 2   Rheological property of the chemical cross-linking system 
with a mass ratio of mPOE/mTBEC = 100:1.5

Table 2   Cross-linking degree of the chemical cross-linking system 
shown in Table 1 with two different curing processes

Entry Laminator curing/mass% Curing of press 
vulcanizer/
mass%

1 5.2 76.0
2 6.5 84.2
3 12.8 89.4

Table 3   Peel strength of the chemical cross-linking system shown in 
Table 1 with two different curing processes

Entry Laminator curing/N cm−1 Curing of press 
vulcanizer/N cm−1

1 12 48
2 15 56
3 18 72
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can both improve the cross-linking degree and the adhesion 
of POE.

The chemical cross‑linking of POE with LLDPE

In order to improve further the cohesion of POE, one of the 
most effective methods was the addition of LLDPE into POE 
to obtain much more physical cross-linking points from the 
physical entanglement between the flexible chains of LLDPE 
and the amorphous zone of POE as shown in Fig. 3. Based 
on this reason, the POE and the LLDPE had been mixed as 
full as possible before the cross-linking reactions took place. 
The resultant peel strength of polymer blends is shown 
in Fig. 4. It was shown that the peel strength of polymer 
blends changed with the content of LLDPE in the polymer 
blend with a mass ratio of mPOE/mLLDPE/mTBEC = 100:n:1.5, 
in which the n represented the mass parts of LLDPE that 
was added into POE for each appointed formula of poly-
mer blends. It displayed that the cohesion of polymer blends 
was more than 60 N cm−1 that was the standard cohesion 
of EVA used commonly as encapsulant in the solar cell 
when the content of LLDPE in the polymer blend was n ≥ 4. 

Nevertheless, when the content of LLDPE increased to n = 5, 
the cohesion of polymer blends could not be absolutely con-
trolled by the increment of the physical cross-linking point. 
Figure 4 also shows that the cohesion of pristine POE (n = 0) 
was less than that of the polymer blends with LLDPE (n > 0), 
for the grafting amount of the cross-linking agent (TBEC) 
onto the pristine POE was less than that of POE/LLDPE 
blends. It meant that the TBEC used here was more active 
to the external LLDPE in contrast with the single component 
of POE. In other words, the LLDPE could directly improve 
the adhesion of polymer blends. Consequently, the addition 
of LLDPE could help us to improve the creep resistance of 
POE, especially used for encapsulant, and plays an important 
role in the dimensional stability under different conditions 
of external environment temperature. 

On the other hand, the silane coupling agent (KH570) 
had been also added into the polymer blend POE/LLDPE/
TBEC (Table 4) to define the formula of the polyolefin 
encapsulant material designed for photovoltaic modules. 
The DSC curves of the POE and the chemical cross-linking 
system compounded by POE and LLDPE are presented in 
Fig. 5. The thermal behavior of the POE and its correspond-
ing polymer blend both show that there were almost two 
identical melting points. They were 44 °C and 66 °C for the 
POE (Fig. 5a), and melting points were 45 and 64 °C for the 
polymer blend (Fig. 5b). Multiple melt peaks in the POE 
and its polymer blend were ascribed to different crystalline 
polymorphs that were also present in their common compo-
sition of polyolefin. However, it was quite different for the 
latter on the melt behavior, and the polymer blend displayed 
a quite higher melting point located at 114 °C, because the 
LLDPE had been artificially added into the polymer blend. 
Therefore, it made the melting point shift toward the higher 
temperature range than that of the POE. It was noted that 

Crystallization zone

Fig. 3   A scheme of physical entanglement between the LLDPE and 
POE within the polymer blend POE/LLDPE. The red dotted circle 
represented the crystallization zone of the POE, while the flexible 
chains (black line) from LLDPE and POE were interlaced together in 
the amorphous zone. (Color figure online)
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Fig. 4   Peel strength and transmittance of the polymer blends with a 
mass ratio of mPOE/mLLDPE/mTBEC = 100:n:1.5, where n repre-
sented the weight parts of LLDPE in the polymer blends. The trans-
mittance of polymer blend was adopted at a wavelength of 520 nm

Table 4   Composition of the chemical cross-linking system POE/
LLDPE/TBEC/KH570 based on weight parts (phr, per hundred of 
resin)

Sample 1/phr Sample 2/phr Sample 3/phr

POE: 75 Sample 1: 20 POE: 95
LLDPE: 25 POE: 80 LLDPE: 5
TBEC: 7.5 TBEC: 1.5
KH570: 3 KH570: 0.6
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the number of the third melting point of polymer blend was 
smaller than that of the pristine LLDPE of 120 °C, which 
illuminated that there was certain compatibility between the 
POE and LLDPE within the polymer blend. Consequently, it 
made the melting pointing move to the lower range of tem-
perature than that of the pristine LLDPE as shown in Fig. 5b. 
These data confirmed that the chemical cross-linking reac-
tion had taken place in the polymer blend POE/LLDPE/
TBEC/KH570.

The FTIR spectra of the POE and the polymer blend 
POE/LLDPE/TBEC/KH570 had been obtained and are 
shown in Fig. 6. In the FTIR spectra, the peak sites of 
2920–2940 cm−1 and 2850−2870 cm−1 were correspond-
ing to the asymmetric stretching vibration and symmetric 
stretching vibration of methylene, respectively. Meanwhile, 
the absorption peak located at 1465 cm−1 was ascribed to 
the bending vibrations of methylene from POE and poly-
mer blend, and 720 cm−1 was the peak site for rocking 
vibration from the group of −(CH2)n– (n ≧ 4). These data 
show that the FTIR spectrum of the POE (Fig. 6a) and 
polymer blend (Fig. 6b) was very similar; however, the 

dual crystalline peaks between 720 and 670 cm−1 appeared 
in the polymer blend, which illuminated a crystalline poly-
mer of LLDPE lay in the polymer blend (Fig. 6b). On the 
other hand, the absorption peak intensity that is located 
at 1018 cm−1 of the polymer blend (Fig. 6b) was stronger 
than that of the pristine POE (Fig. 6a), which confirmed 
that the content of methyl in the polymer blend was higher 
than that of the POE, for the branching degree of polymer 
chain of the LLDPE was higher than that of the POE. The 
data from FTIR confirmed again that the cross-linking 
reaction had been taken place in the polymer blend POE/
LLDPE/TBEC/KH570.

Figure 7 shows the transmittance of the pristine POE and 
the polymer blend POE/LLDPE/TBEC/KH570. The trans-
mittance of polymer blend (sample 2 in Table 4) increased 
rapidly between 310 nm and 550 nm and reached a maxi-
mum number in the transmittance of 86.4% at 550 nm and 
then decreased slowly after 550 nm. The transmittance of 
pristine POE was higher than that of the polymer blend 
between 310 and 550 nm. These data show that the addi-
tion of the opaque LLDPE made the transmittance of the 
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polymer blend lower than that of the pristine POE. Table 5 
shows that the transmittance of sample 3 was less than that 
of the sample 2, even though they both had same mass parts 
of 5 phr LLDPE in the polymer blends, for a secondary mas-
ter batch process method had been adopted by sample 2 to 
get the chemical cross-linking system. Contrasting with the 
pristine POE, the transmittance of sample 2 and sample 3 
were less than that of the pristine POE as shown in Table 5. 
It illuminated that the transmittance might be affected 
most by the polymers from the cross-linking system. From 
Table 5, it also deduced that the transmittance measured by 
UV–Vis spectrophotometer had more relevance on the char-
acterization of the transparency for the polymer blends. The 
transmittance of sample 2 was higher than that of sample 3; 
meanwhile, the haze of the former (6.2%) was superior to 
latter (14.4%), which kept consistent in their optical perfor-
mance. It was due to a secondary master batch process had 
been adopted by sample 2, which made the polymers and 
additives mixing more evenly. It also meant that if the mass 
parts of LLDPE in the cross-linking material system were 
further reduced and the LLDPE was uniformly dispersed, 
then the effect of LLDPE on optical properties should be 
smaller, which could be confirmed by the relationship 

between the transmittance and the mass parts of LLDPE in 
the chemical cross-linking system as shown in Fig. 3.

Conclusions

In this work, a polyolefin encapsulant material designed for 
photovoltaic modules had been successfully prepared with 
a secondary master batch process by compounding poly-
olefin elastomer (POE) and linear low-density polyethylene 
(LLDPE) with the addition of the small molecular addi-
tives of the cross-linking agent of tert-butylperoxy 2-eth-
ylhexyl carbonate (TBEC) and the silane coupling agent of 
γ-methacryloxypropyl trimethoxy silane (KH570). Haake 
torque rheometer shows that there was an obvious rise of the 
torque with run time ranging from 1.1 to 4.8 min, which illu-
minated that the chemical cross-linking process between the 
POE and TBEC was feasible. The KH570 and LLDPE had 
been added in sequence to increase the cross-linking degree 
and the cohesion for the polymer blend. The compatibility 
between the POE and LLDPE had been proved from the 
data of melting point peaks by DSC analysis. The dual peaks 
between 720 and 670 cm−1 were taken as another proof for 
the existence of LLDPE from FTIR. It was concluded that 
the polymer blend with a mass ratio of mPOE/mLLDPE/m
TBEC/mKH570 = 95:5:1.5:0.6 and taking the transmittance 
of 86.4% and the peel strength of 65.2 N cm−1, which used 
as encapsulant material was feasible for the photovoltaic 
modules.
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