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Abstract:



Mineral oil is widely used as liquid insulation in high voltage equipment. Due to environmental considerations, recently natural esters have been considered as naturally friendly liquid insulation candidates for high voltage transformers. In this experiment, transformer insulation paper was subjected to get accelerated aging test with copper strip in natural ester in a hermeneutical heat-resistant glass bottle at temperatures of 120 °C and 150 °C for 336 h, 672 h and 1008 h. The experimental results of Fourier transform infrared spectroscopy (FTIR) showed that the intensity of the absorbance peak of the O–H functional group decreased with aging, while the intensity of the C–H and C=O functional group absorbance peaks have increased with aging and the intensity of the C–O functional group absorbance peak has a tendency to increase with aging. The energy dispersive X-ray spectroscopy (EDS) experimental results showed that the weight percent of the element C increased with aging and the weight percent of the element O has decreased with aging. The experimental results show a good correlation between the degree of polymerization (DP) and the weight percent of O element. This indicates that EDS may be used as a new method for estimating the DP of transformer insulation paper.
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1. Introduction


An electric power system consists of generating stations, transmission, and distribution systems. One of the most important pieces of equipment in electric power systems are power transformers. The performance of transformers depends substantially on the condition of its liquid and solid insulation. Insulating liquids provide two purposes in the transformer operation, as an insulation material and the cooling medium [1]. The lifetime of a transformer is mainly determined from the degradation of the insulation paper due to thermal-depolymerization and mechanical stress [2]. Heat, moisture and oxygen accelerate the degradation/aging process of transformer insulation paper which is subjected to irreversible degradation [3]. Liquid insulating and solid insulating materials of transformers interact during operation so that their performance can affect each other.



For a long time, mineral oil has been extensively used as the transformer oil. Petroleum products are eventually going to run out, and that could be a serious problem even by the mid-twenty-first century [4]. In the future, natural esters will take over the role of mineral oils as transformer insulation liquids due to escalating price of conventional oils and increasing environmental constraints imposed by the authorities [3]. The advantage of using natural esters as transformer insulating liquids is the non-toxic characteristics of the material which will not produce any toxic products during fires [1] and higher fire point of about 300 °C [5]. Natural esters are more environmentally compatible because they are biodegradable [1]. Natural esters have a significantly higher breakdown voltage level than mineral oil [6]. Some authors have suggested that the good performance of transformer insulation paper as solid insulation of transformers immersed in natural esters is due to the fact that these oils are more hydrophilic than mineral oil [7,8]. In natural ester/pressboard insulation, moisture tends to remain in the natural ester, while in the mineral oil/pressboard insulation system moisture tends to remain in the pressboard [9]. Thus water is absorbed by the natural esters, making the transformer insulation paper drier [10,11]. The lifetime of paper aged in natural esters is higher than that of the paper aged in mineral oil [12]. Many researchers agree that the insulating paper performance in natural esters is better than in mineral oil [3,7,13,14]. In other hand, the acidity level of natural esters rapidly increases with aging in a moisture rich environment due to hydrolytic processes [14]. The acidity levels of natural esters are not detrimental to paper insulation performance, but it is necessary to investigate the effect of high acidity level on paper and steel materials, especially its corrosion effects [14].



One of the alternative insulating liquids are natural esters from palm oil [1]. Investigation of electrical, physical and chemical properties of palm oil shows that the liquid possesses good properties to be used as substitutes for mineral oil in high voltage experiments [1,15,16]. This study focuses to present the results of a laboratory study of the chemical structure of the transformer insulation paper under accelerated thermal aging test in natural ester from palm oil. In this paper, accelerated thermal aging test at 120 °C and 150 °C was conducted for 336 h, 672 h and 1008 h. The degree of polymerization (DP) and tensile strength (TS) were measured and analyzed. The chemical structure of transformer insulation paper was identified using Fourier transform infrared spectroscopy (FTIR) and energy dispersive X-ray spectroscopy (EDS). Spectroscopy is a powerful non-destructive technique that utilizes electromagnetic radiation interaction effect to determine the energy level and structure atomic or molecular substance [17]. Spectroscopy has been successfully used to quantify 2-FAL compound in transformer oil, identify the interfacial tension number of transformer oil, quantify and identify the dissolved decay product in oil [17,18,19,20]. In this research paper, the correlation between DP and chemical structure will also be presented to estimate the DP value of paper insulation using a spectroscopy technique.




2. Materials and Methods


2.1. Samples


The insulating liquid used in this experiment was a commercially available natural ester from palm oil. The type of transformer insulation paper used for these studies was Kraft paper for transformer windings. The thickness of the paper is 0.01 mm and the basis weight is 0.011 g/cm2. The initial water content for new transformer insulation paper is about 5% at the room humidity and temperature levels. Each aging test bottle contained transformer insulation paper (10 g), natural ester (200 g) and a copper metal strip (8.75 g) [21]. The transformer insulation paper was wrapped around the copper metal strip. Firstly, the natural ester samples in the glass bottles were heated without sealing at a temperature of 100 °C for 24 h in order to ensure the same initial conditions [1,15,16]. Then the transformer insulation paper and copper metal strip were put into heat-resistant and sealed glass bottles. Thermal aging in sealed systems was chosen based on the recommendation of the IEEE loading guide for modern sealed transformers [22]. All the sealed glass bottles were put in a different aging oven and heated to 120 °C, while the other oven was heated to 150 °C for 336, 672 and 1008 h. The 150 °C temperature level selected from the reference published in IEEE by McShane, et al. [13], while the 120 °C temperature level is a hot spot temperature according to the IEEE [23]. Samples and their treatments are shown in Table 1.



Table 1. Samples and treatment.







	
Sample

	
Aging






	
T0

	
New




	
T1.120

	
120 °C for 336 h




	
T2.120

	
120 °C for 672 h




	
T3.120

	
120 °C for 1008 h




	
T1.150

	
150 °C for 336 h




	
T2.150

	
150 °C for 672 h




	
T3.150

	
150 °C for 1008 h











2.2. Tensile Strength (TS) and Degree of Polymerization (DP)


A Mark-10 Force Gauge was used in this experiment to conduct TS test. It has ±0.1% accuracy, a sampling rate of 14,000 Hz and is suitable for tension and compression measurement applications up to 500 lbF (2500 N). The transformer insulation paper was inserted to the Mark-10 Force Gauge and pulled until it tore. The speed of the tensile test was 10 mm/min. The measurement of the DP was conducted by using the intrinsic viscometer method, including the capillary viscometer and cupryetilene solvent diamine. The DP test was conducted by referring to the ES ISO 5351 standard.




2.3. Fourier Transform Infrared Spectroscopy (FTIR) and Energy Dispersive X-ray Spectroscopy (EDS)


An ALPHA FTIR Spectrometer (Bruker Corporation, Billerica, Massachusetts, USA) was used in this experiment to get infrared spectra of functional groups of transformer insulation paper. The attenuated total reflection (ATR) technique was used to get the infrared spectra. The penetration depth of the light beam into the sample using this mode is about 0.5–3 μm, depending on the ATR material used [3]. Small samples of transformer insulation paper were prepared to conduct this measurement. The measurement of each sample was conducted twice to ensure the value of intensity of peak absorbance. Figure 1a shows the ALPHA FTIR spectrometer.


Figure 1. (a) ALPHA FTIR Spectrometer; (b) Hitachi SU 3500 and EDAX.
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The analysis of the chemical structure of the paper was conducted by using EDS measurement. In this research, a Hitachi SU 3500 (Hitachi High-Technologies Corporation, Minato-ku, Tokyo, Japan) and EDAX (Ametek, Inc., Mahwah, NJ, USA) instrument was used to conduct the EDS measurements. Before the EDS measurements were conducted, small samples of transformer insulation paper were put on the specimen holder to perform the coating process using an MC1000 Ion Sputter. EDS measurements have the purpose to identify the chemical elements of the transformer insulation paper. Figure 1b shows the Hitachi SU 3500 and EDAX system used for the EDS measurements.





3. Results and Discussion


3.1. Degree of Polymerization (DP) and Tensile Strength (TS)


Figure 2 shows the reduction of the DP of transformer insulation paper with aging at the temperatures of 120 °C and 150 °C. The DP indicates the number of C6H10O5 glucose rings that compose the cellulosic macromolecule and it is the valuable indicator that provides information about the degradation state of cellulose and mechanical strength [24]. It is seen that the DP has decreased faster at 150 °C than at 120 °C. At about 140 °C, the rate of the degradation process increases significantly, implying either a change in the activation energy or in the pre-exponential factor [25]. The DP of paper samples aged at 150 °C was significantly decreased due to thermal stress at high temperature, in which the weak links existing in polymer chains are easily chopped [3,9,26,27].


Figure 2. Measured DP of paper samples.
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Figure 3 shows the time dependence of TS under accelerated thermal aging at the temperatures of 120 °C and 150 °C. The figure indicates that the TS has reduced faster under higher temperature [28]. From these figures it seems that the reduction behavior of the DP is similar to the TS.


Figure 3. Measured TS of paper samples.
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Figure 3 shows TS values of insulation paper in natural ester at 120 °C and 150 °C within 0–1008 h. The transformer insulation paper under accelerated thermal aging at a temperature of 120 °C in natural ester reached the IEEE end-of-life criterion of TS 50% at 672 h. The transformer insulation paper under accelerated thermal aging at a temperature of 150 °C in natural ester reached the IEEE end-of-life criteria of TS 50% at 336 h, and TS 25% 672 h. The value of DP and TS have decreased due to thermal stress under accelerated thermal aging. The degradation process of transformer insulation paper due to thermal aging can be explained by the structural changes of the natural ester and the transformer insulation paper using FTIR and EDS. The interactions between the natural ester and transformer insulation paper during thermal aging involve hydrolysis and transesterification processes.



Figure 4a,b show the correlation between DP and TS of paper samples at the aging temperatures of 120 °C and 150 °C. In these studies, linear regression is used to get the correlation between DP and TS. R2 is the correlation coefficient which has the value range of 0–1 or 0–100%. R2 measures how close the data is to the regression line. The closer the value of R2 is at 1 or 100%, the more positive a linear relationship the correlation has. The value of R2 = 97.5% was for the correlation between DP and TS of paper samples at the aging temperature of 120 °C and the value of R2 = 96.9% for the correlation between DP and TS of paper samples at the aging temperature of 150 °C, so there is a correlation between physical and chemical characteristics of paper samples which is shown by the correlation between DP and TS. Table 2 shows the visual appearances of transformer insulation paper under accelerated thermal aging at different aging time and temperature. The color of transformer insulation paper become darker with aging [29].


Figure 4. Correlation between DP and TS of paper samples at aging temperature (a) 120 °C and (b) 150 °C.
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Table 2. Visual appearances of paper surface.







	
Temperature

	
Aging Time (h)




	
0

	
336

	
672

	
1008






	
120 °C
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150 °C
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3.2. The Structural Changes of Transformer Insulation Paper


FTIR spectroscopy was used to analyze the structural changes which are shown by the intensity of peak absorbance of functional group of material. Figure 5 shows the spectra of transformer insulation paper in natural ester under accelerated thermal aging for 1008 h at aging temperatures of 120 °C and 150 °C. The intensity of the peak absorbances of paper samples has a tendency to decrease with aging temperature due to the rate of degradation process which increases with aging temperature. Table 3 and Table 4 show the intensity of peak absorbance of the functional groups of the paper samples at the temperatures of 120 °C and 150 °C which will be analyzed in this research paper.


Figure 5. FTIR Spectra of transformer insulation paper for at aging temperature 120 °C and 150 °C for 1008 h.
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Table 3. Intensity of peak absorbance of functional groups of paper samples at temperature 120 °C.







	
Wavenumber (cm−1)

	
Functional Group

	
New

	
T1.120

	
T2.120

	
T3.120






	
1159

	
C–O

	
0.08585

	
0.11775

	
0.09983

	
0.10341




	
1743

	
C=O

	
0.01372

	
0.06336

	
0.07268

	
0.10618




	
2854

	
C–H

	
0.02616

	
0.05563

	
0.0662

	
0.09905




	
2922

	
C–H

	
0.02516

	
0.06646

	
0.08567

	
0.1248




	
3273

	
O–H

	
0.08377

	
0.07906

	
0.07358

	
0.06933




	
3325

	
O–H

	
0.08305

	
0.08125

	
0.07617

	
0.07111










Table 4. Intensity of peak absorbance of functional groups of paper samples at temperature 150 °C.







	
Wavenumber (cm−1)

	
Functional Group

	
New

	
T1.150

	
T2.150

	
T3.150






	
1159

	
C–O

	
0.08585

	
0.12555

	
0.11669

	
0.10868




	
1743

	
C=O

	
0.01372

	
0.04943

	
0.06493

	
0.08902




	
2854

	
C–H

	
0.02616

	
0.05131

	
0.05869

	
0.08909




	
2922

	
C–H

	
0.02516

	
0.06143

	
0.07405

	
0.11136




	
3273

	
O–H

	
0.08377

	
0.07764

	
0.07407

	
0.06387




	
3325

	
O–H

	
0.08305

	
0.07947

	
0.07603

	
0.06532










The predominant chemical reaction in natural esters subjected to high temperature is hydrolysis [30]. Hydrolysis and transesterification process can change the chemical structure of transformer insulation paper which can be shown by FTIR analysis. Natural ester molecules are triglycerides, which consist of three fatty acids and one glycerol molecule [9]. Triglyceride and three water molecules are involved in hydrolysis reaction [10,31]. Figure 6 shows the hydrolysis reaction of natural ester [10]. This process generates glycerol and long chain of fatty acids and then the long chain fatty acids which have long-alkyl-chains (-R) consisting of a lot of C–H functional groups bind to the cellulose through transesterification generating transesterified cellulose and three molecules of water as shown in Figure 7. The transesterification process involves cellulose and the long chain of fatty acids, which bind to cellulose.


Figure 6. Hydrolysis reaction of natural ester.
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Figure 7. Transesterification process of transformer insulation paper.
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Figure 8a,b illustrate the variations of FTIR spectra around 2900 cm−1 of the transformer insulation paper at the aging temperatures of 120 °C and 150 °C. As shown in these figures, there are two absorbance spectra peaks at 2854 cm−1 and 2922 cm−1 which represent C–H functional groups. Figure 8a,b show that the intensity of the peak absorbances of the C–H functional groups of transformer insulation paper have increased with aging due to hydrolysis of the natural ester and transesterification of the transformer insulation paper. as shown in Figure 8 [10]. So, the long alkyl chain which is initially part of fatty acids in natural ester binds to cellulose. Further, transesterification process in the insulating paper can be confirmed by C=O functional group at 1743 cm−1 [3].


Figure 8. FTIR spectra at wavenumber 3000–2700 cm−1 of transformer insulation paper at aging temperature (a) 120 °C and (b) 150 °C.
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Figure 9 shows the correlation between intensity of peak absorbance of C–H functional group absorbance (at wavenumber 2922 cm−1 and 2854 cm−1) and the average number of chain scissions of transformer insulation paper. In these studies, linear regression is used to get the correlation between the chemical structure and the aging performance characteristic of transformer insulation paper. Average number of chain scissions is used to describe the degradation of cellulose due to thermal aging, which is given in Equation (1) [32]:


[image: ]



(1)






Figure 9. Correlation between average number of chain scission of transformer insulation paper and intensity of peaks absorbance of C–H functional group at aging temperature (a) 120 °C (2922 cm−1); (b) 150 °C (2922 cm−1); (c) 120 °C (2854 cm−1); (d) 150 °C (2854 cm−1).
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Figure 10a,b illustrate the variations of FTIR spectra around 1700 cm−1. The C=O functional group didn’t appear in new transformer insulation paper, but there is a peak absorbance in its spectrum after thermal aging. This carbonyl band indicates the presence of an ester bonded to the cellulose, providing evidence that the transesterification has taken place [30]. Figure 10a,b show the intensity of the absorbance peak of the C=O functional group has increased with aging, showing that the chemical structure of transformer insulation paper has changed after thermal aging. The C=O functional group which is initially part of fatty acids in natural ester binds to cellulose. The produced ester group firmly bonded water molecules to the ester group and the long chain fatty acids esterified on cellulose were arranged in parallel with the cellulose chain to form a “water barrier” that can reduce the potential damage of water on the transformer insulation paper [8].


Figure 10. FTIR spectra at wavenumber 1800–1700 cm−1 of transformer insulation paper at aging temperature (a) 120 °C and (b) 150 °C.
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Transesterification of the long chain fatty acids may protect of cellulose insulation in two ways: by strengthening C–O and C–C bonds in cellulose and forming a barrier preventing water ingress to the cellulose [8]. The intensity of peak absorbance of the C–O functional group at wavenumber 1159 cm−1 of the aged transformer insulation paper is greater than in new transformer insulation paper as shown in Figure 11. This peak confirms that transesterification process may allow the estimated lifetime of transformers that use natural ester as insulating liquid longer than when using mineral oil. Figure 12 shows the correlation between the intensity of peak absorbance of C=O functional group at wavenumber 1743 cm−1 and the average number of chain scission of transformer insulation paper.


Figure 11. FTIR spectra at wavenumber 1500–900 cm−1 of transformer insulation paper at aging temperature (a) 120 °C and (b) 150 °C.
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Figure 12. Correlation between average number of chain scission of transformer insulation paper and intensity of peaks absorbance of C=O functional group (1743 cm−1) at aging temperature (a) 120 °C; (b) 150 °C.
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Figure 13a,b illustrate the FTIR spectra variations around 3200 cm−1. There are two absorbance peaks at 3273 cm−1 and 3325 cm−1 which represent the O–H functional groups. The intensity of the absorbance located close to 3340 cm−1 can be attributed of hydroxyl groups which are a typical characteristic of cellulose [33]. Figure 13a,b show that the intensity of the absorbance peaks of the O–H functional group decreased during aging. This O–H functional group decrease can be attributed to the reduction of molecular weight [3]. The reduction of O–H functional groups is due to the hydrolysis reaction of cellulose, which generates glucose and oxidation reactions during aging which generate CO2 and H2O [34]. Figure 14 shows the correlation between DP and the intensity of peak absorbance of the O–H functional group at wavenumber 3325 cm−1 and 3273 cm−1 of insulating paper.


Figure 13. FTIR spectra at wavenumber 3700–3000 cm−1 of transformer insulation paper at aging temperature (a) 120 °C and (b) 150 °C.
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Figure 14. Correlation between average number of chain scission of transformer insulation paper and intensity of peaks absorbance of O–H functional group at aging temperature (a) 120 °C (3325 cm−1); (b) 150 °C (3325 cm−1); (c) 120 °C (3273 cm−1); (d) 150 °C (3273 cm−1).
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The EDS results show that the main elements of transformer insulation paper are the elements C and O. The result is in accord with the fact that paper is composed of cellulose which has chemical formula C6H10O5 [35]. Hydrogen was not detected because the H 1s electrons are valence electrons and don’t participate in chemical bonding [35]. Hydrogen are not useful in elemental identification using the EDS method [36]. The result shows that the weight percent of the C element in transformer insulation paper has increased with aging as shown in Figure 15. Figure 16a,b show the correlation between the weight percent of C element and the average number of chain scissions of transformer insulation paper.


Figure 15. Weight percent of C and O elements of transformer insulation paper at aging temperature (a) 120 °C and (b) 150 °C.
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Figure 16. Correlation between average number of chain scission of transformer insulation paper and weight percent of C element (a) 120 °C; (b) 150 °C and Correlation between DP of transformer insulation paper and weight percent of O element; (c) 120 °C; (d) 150 °C.
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The result of EDS shows that the weight percent of O element has decreased with aging due to oxidation reaction of transformer insulation paper during aging which CO2 and H2O are generated from glucose. Figure 16c,d show the correlation between DP and the weight percent of O element. From the Table 5, the value of R2 = 9134 and R2 = 9971 indicate the correlations between average chain scission and the weight percent of the C element which are greater than the other correlation.



Table 5. Correlation between average number of chain scission and functional group/chemical element of transformer insulation paper.







	
Sample

	
Functional Group/Chemical Element

	
Testing Method

	
R2






	
120

	
C–H (2922 cm−1)

	
FTIR

	
0.9763




	
150

	
0.8104




	
120

	
C–H (2854 cm−1)

	
FTIR

	
0.9839




	
150

	
0.8534




	
120

	
C=O (1743 cm−1)

	
FTIR

	
0.932




	
150

	
0.9317




	
120

	
Weight Percent C

	
EDS

	
0.9134




	
150

	
0.9971










From Table 6, the values of R2 = 0.9964 and R2 = 0.9814 are the correlations between DP and the weight percent of the O element which are greater than the other correlation. The value of R2 of the correlation between DP and intensity of peak absorbance of the O–H functional group is very small because the degradation of transformer insulation paper increases significantly during thermal aging. This research shows that EDS can be used as a testing method to predict DP through the percentage of decreasing of O element.



Table 6. Correlation between DP and functional group/chemical element of transformer insulation paper.







	
Sample

	
Functional Group/Chemical Element

	
Testing Method

	
R2






	
120

	
O–H (3325 cm−1)

	
FTIR

	
0.9362




	
150

	
0.5561




	
120

	
O–H (3273 cm−1)

	
FTIR

	
0.8083




	
150

	
0.425




	
120

	
Weight Percent O

	
EDS

	
0.9964




	
150

	
0.9814












4. Conclusions


This study confirmed that the DP and TS decreased with aging. There is a correlation between physical and chemical characteristics of paper samples which is shown by the correlation between DP and TS. The interactions between natural esters and transformer insulation paper can be explained by the hydrolysis reaction of natural esters and a transesterification process of transformer insulation paper. FTIR results showed that the intensity of the absorbances representing C–H and C=O functional groups have increased with aging due to hydrolysis of the natural ester and the transesterification process which involved the long alkyl chains of fatty acids. The peak absorbance at 1743 cm−1 in the FTIR spectra of transformer insulation paper aged in natural ester confirms the transesterification process of cellulose in the natural ester. The good performance of transformer insulation paper in natural ester can be explained by the chemical structure analysis using FTIR and EDS. The strengthening of the intensity of peak absorbance of the C–O functional group at wavenumber 1159 cm−1 of the aged transformer insulation paper give evidence that the moisture within the transformer insulation paper tends to remain in the natural ester and this causes the paper to become drier. This peak confirms that transesterification process of transformer insulation paper in natural ester as insulating liquid may make the estimated lifetime of transformers longer than using mineral oil as insulating liquid. There is a correlation between the intensity of the absorbance of the peaks of C–H and C=O functional group and the weight percent of the C element with the average number of chain scission of transformer insulation paper. There is also a correlation between DP with the intensity of the absorbance of O–H functional group peaks at wavenumbers of 3325 cm−1 and 3273 cm−1 and the weight percent of the O element of transformer insulation paper. The experimental results using FTIR and EDS show a good correlation between the chemical structure and DP. These results give initial information about the feasibility of using spectroscopy techniques to identify and quantify the DP value. Further, EDS can be more suitable to be used as a testing method to predict DP through the weight percent of the element O.
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