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Abstract
In the evolving landscape of power transformers, the integration of advanced technologies, such as high-performance poly-
mers obtained by Fused Filament Fabrication (FFF), is crucial. This study investigates the compatibility and performance 
of various 3D-printed polymer materials—Biofila, polyvinylidene fluoride (PVDF), polyphenylene Sulfone (PPSU), poly-
etheretherketone (PEEK), polyetherimide (ULTEM 1010), and polyetheretherketone reinforced with 20% glass fiber (PEEK-
GF20) for use in power transformer components. Through oil compatibility, dielectric strength, and kerosene compatibility 
evaluations, the study gauges their suitability for this application. The results reveal that PPSU, PEEK, and ULTEM 1010 
exhibit promising characteristics, specifically in regard to dielectric breakdown voltage and kerosene and insulating oil 
compatibility. In contrast, Biofila presented severe cracking when exposed to the mineral oil and PVDF and PEEK-GF20 fall 
short in terms of dielectric strength, rendering them unsuitable. Kerosene compatibility assessments show minimal material 
changes, confirming that all studied materials have good resistance to this drying agent, commonly used on power transform-
ers. This research aims to provides essential insights into material selection for a new generation of power transformer parts.

Keywords  Additive manufacturing · Fused filament fabrication · Mineral oil compatibility · Dielectric breakdown · 
Kerosene compatibility · Power transformers

C. Costa, P. Lopes, J. Castro, J. R. Matos, H. Lopes, T. A. Dutra, 
contributed equally to this work.

 *	 Pedro Lopes 
	 pmlopes@inegi.up.pt

	 Catarina Costa 
	 clcosta@inegi.up.pt

	 João Castro 
	 jcastro@inegi.up.pt

	 João R. Matos 
	 jrmatos@inegi.up.pt

	 Helena Lopes 
	 helena.lopes@efacec.com

	 Joana R. Gouveia 
	 jrgouveia@inegi.up.pt

	 Sara M. Pinto 
	 smpinto@inegi.up.pt

	 Inês Ribeiro 
	 iribeiro@inegi.up.pt

	 Luís Oliveira 
	 loliveira@inegi.up.pt

	 Thiago Assis Dutra 
	 thiagoassis.dutra@gmail.com

1	 INEGI- Instituto de Ciência e Inovação em Engenharia 
Mecânica e Engenharia Industrial, FEUP Campus, Rua Dr. 
Roberto Frias, 400, Porto 4200‑465, Portugal

2	 University of Porto, Praça de Gomes Teixeira, 
Porto 4099‑002, Portugal

3	 EFACEC, Parque Empresarial Arroteia Rua Poente, São 
Mamede Infesta, 4465‑591 Porto, Portugal

4	 C‑MAST ‑ Centre for Mechanical and Aerospace 
Science and Technologies, Universidade da 
Beira Interior, Rua Marquês d’Avila e Bolama, 
6201‑001 Covilhã, Castelo Branco, Portugal

http://orcid.org/0009-0001-5442-5632
http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-024-00614-z&domain=pdf


	 Progress in Additive Manufacturing

1  Introduction

In recent years, there has been a remarkable evolution in 
products, machines, and manufacturing processes, driven 
by the advancement of digital technologies and the emer-
gence of Industry 4.0. In this new era, the integration of 
advanced technologies has led to the concept of Trans-
former 4.0, a new generation of power transformers with 
superior performance characteristics. The improvement of 
reliability and the increase in efficiency are crucial objec-
tives in the development of these systems [1, 2].

Power transformers are one of the most important 
equipment on the electricity grid, enabling the transmis-
sion and distribution of electrical energy. The main func-
tion of these machines is to allow the transfer of electrical 
energy between circuits with different voltages. Over the 
years, new materials and construction solutions have been 
developed, focusing mainly on the active part of the power 
transformer as opposed to its insulation system composed 
of cellulosic materials. Nowadays, as a large part of power 
transformers are reaching their expected life [3], and new 
manufacturing technologies are available, a research 
opportunity emerges for the application of new materials 
in these pieces of equipment.

Additive manufacturing (AM) technologies showed 
their potential to produce new parts for power transformers 
by leveraging the increased complexity, functionality, and 
operational performance of components that new designs 
can provide [4, 5]. Not specifically related to the tech-
nological process, but to the technology, AM can create 
opportunities for power transformers such as decentralized 
production, on-demand, low lead time and geographically 
close to customer replacement parts production, digital 
stock, and further digitalization of the manufacturing pro-
cess [6]. The digital process aims to achieve a zero defect-
based approach [7].

High-performance polymers have gained some atten-
tion as potential insulation materials due to their desir-
able electrical, mechanical and thermal properties [8, 9]. 
Their lightweight nature and chemical resistance make 
them attractive candidates for the development of high 
performance transformer components [10, 11].

There is an established knowledge on the literature, 
related to the ageing of mineral oil in transformers and 
the associated physical and dielectric effects on the tra-
ditionally manufactured insulating components, made 
mainly of cellulose paper or wood, and on the actual power 
transformer performance [12–15]. However, for polymeric 
materials, even-tough some work has been carried out such 
as in Ref. [16] it appears to be mainly early and explora-
tory work. For instance, in Ref. [17], the dielectrical and 
thermal properties of FFF produced Polycarbonate (PC), 

polyethylene terephthalate glycol (PETG) and acrylonitrile 
butadiene styrene (ABS-T) are evaluated. In Ref. [18], the 
same assessment is conducted for polylactic acid (PLA).

On the other hand, there are several investigations on high 
performance polymers. In Ref. [19] and [20], the authors 
investigated the effect of printing parameters on the geo-
metrical and mechanical properties of polyetheretherk-
etone (PEEK) and polyetherimide (PEI) 3D printed parts. 
Their work provided contributions to both the academy and 
industry, given the difficulties related to the 3D printing of 
materials that possess high melting temperatures. Although 
there have been studies to evaluate the dielectric behavior 
of printed polymers, there is not much work related to the 
compatibility with the transformer’s products or the dielec-
tric strength of different high performance polymers. The 
characterization and compatibility assessment of these poly-
mers are essential to ensure their suitability for demanding 
power applications.

Thus, the present work focuses on investigating the effects 
of critical environmental conditions on high-performance 
3D printed polymers for transformer applications. The study 
encompasses a comprehensive evaluation of various thermo-
plastic polymers, including Biofila, polyvinylidene fluoride 
(PVDF), polysulfone (PSU), polyphenylsulfone (PPSU), 
PEEK, PEI-ULTEM 1010, and glass fiber reinforced PEEK 
(PEEK-GF20). To assess the performance and suitability of 
these materials, a series of tests was conducted. The tests 
included oil compatibility, dielectric tests, and kerosene 
compatibility evaluations.

Understanding the behavior and performance of these 3D 
printed polymers under critical environmental conditions is 
crucial to their successful application in power systems. The 
results obtained from the conducted tests provide valuable 
insight into the compatibility, electrical insulation prop-
erties, and response to environmental stressors, enabling 
informed material selection and design considerations for 
high performance transformer components.

2 � Materials and methods

2.1 � Materials

The performance and longevity of power transformers is 
highly dependent on the materials used in their construc-
tion. High-performance polymers or polymer-based compos-
ites, which have the potential to be used as advanced Fused 
Filament Fabrication (FFF) materials [21–37], are excellent 
options to satisfy the demanding requirements of power 
transformer applications since they exhibit unique traits 
such as high chemical and electrical resistance, mechanical 
strength, thermal stability, and reduced weight. The materi-
als investigated in this study are as follows:
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•	 Biofila;
•	 polyvinylidene fluoride (PVDF);
•	 polyphenylsulfone (PPSU);
•	 polyetheretherketone (PEEK);
•	 polyetherimide (PEI)-ULTEM 1010;
•	 PEEK-GF20 (PEEK reinforced with 20% glass fiber).

These materials were selected because they represent a 
diverse set of polymers with unique properties. In conform-
ity with the power transformer’s components requirements, 
it is essential that the considered materials have high dielec-
tric strength, good chemical resistance and strong mechani-
cal properties.

Biofila is a biopolymer produced out of renewable mate-
rial (lignin, wood, stark) that are not included on the food 
chain. These type of filaments do not depend on raw oil 
prices and speculation, therefore can be seen as a safer 
option that has less impact on the environment as well. Nev-
ertheless, the work developed within 3D printed Biofila is 
limited. PVDF is an organic polymer known to be resistant 
to alcohols, oils, strong acids, halogen and basic solutions 
[38]. PPSU is a heat-resistant polymer with good mechani-
cal and dielectric properties, as well as chemical resistance, 
usually used to produce membranes for filtration, pervapora-
tion and gas separation [39–41]. PEEK is extremely resistant 
to chemical and thermal degradation. It resists to several 
solvents except to sulphuric acid [42]. The PEEK-GF20 pre-
sents higher tensile and flexural modulus when compared 
to PEEK [43]. ULTEM 1010 is a thermoplastic with high 
mechanical strength and chemically resistant to hydrocar-
bons, automotive fluids, alcohols and aqueous solutions. It 
shows stable dielectric breakdown [44].

Table 1 compares the chosen materials to the filaments 
used for general purpose commonly known PLA, ABS and 
PET-G. The mechanical properties were collected from tech-
nical sheets from the supplier 3DxTechTM . The dielectric 
strength and chemical resistance is not provided. Several 
researches were studied [38, 45, 46], yet there is not much 
information available about the dielectric strength, neither 
about the chemical compatibility of these thermoplastics, 
specially when subjected to insulation oil and kerosene.

The work described in this article intends to character-
ise the chemical resistance of high performance 3D printed 
materials when exposed to power transformer insulating oil 
and to kerosene (the drying agent used on power transformer 
components). Besides, the dielectric strength after oil expo-
sure is assessed. The results expect to contribute for further 
developments on the deployment of the use of new materials 
and technologies on the power transformers industry.

2.2 � Methods

To assess the suitability of the studied materials for their 
application in power transformer insulation systems, it is 
necessary to consider two specific characteristics to allow 
correct operation of the transformer: (i) electrical insulation 
capacity, measured through the dielectric strength, and (ii) 
compatibility with oil and other agents such as kerosene.

Any material that integrates the insulating system in a 
power transformer must ensure insulation between turns, 
and between the windings and the magnetic circuit, avoid-
ing direct contact between conductive components.

In the case of oil-immersed distribution transformers, it is 
necessary to ensure that the insulating material is compatible 

Table 1   Mechanical properties, dielectric strength and chemical resistance of the selected materials compared to PLA, ABS and PET-G. (NT—
not tested. No information provided on the supplier’s technical sheet)

Material Flexural 
strength 
[MPa]

Flexural 
modulus 
[MPa]

Tensile 
strength 
[MPa]

Tensile 
modulus 
[MPa]

Dielectric 
strength [kV/
mm]

Chemical resistance

PLA 115 [47] 115 [47] 56 [47] 2865 [47] 25–34 [46] Not resistant to: mineral oil, ethanol, gasoline [45, 48]
ABS 76 [49] 1985 [49] 42 [49] 1950 [49] 38–41 [46] Not resistant to: mineral oil, acetone, gasoline[45, 48]
PET-G 72 [50] 1600 [50] 45 [50] 1650 [50] 21–40 [46] Limited resistance to: mineral oil, acetone, gasoline[45, 

48]
Biofila NT NT 51 [51] 2700 [51] NT NT
PVDF 50 [52] 1800 [52] 51 [52] 2450 [52] 10–27 [38] Resistant to: benzene, glycerol, ethanol, methanol, pro-

panol, mineral oil, paraffin oil [38, 53]
PPSU 110 [54] 2215 [54] 55 [54] 2310 [54] 14–20 [55] Resistant to: gasoline, motor oil, transmission fluid [56]
PEEK 130 [57] 2700 [57] 100 [57] 3720 [57] 20 [58] Resistant to: benzene, glycerol, methanol, diesel, mineral 

oil, parafin oil [59]
ULTEM 1010 110 [60] 2510 [60] 56 [60] 2500 [60] 16-33 [61] Resistant to: benzene, engine coolant, motor oil, trans-

mission oil [62]
PEEK-GF20 130 [63] 7625 [63] 105 [63] 7250 [63] 20 [58] NT
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with the oil contained in the tank, keeping the contamination 
level as low as possible to preserve the fluid quality.

Kerosene is used during the drying process of the cel-
lulosic materials inside the power transformer. There-
fore, compatibility of the samples with kerosene was also 
assessed.

2.2.1 � Printing parameters

The samples were printed using FFF technology [21–37], 
which increasingly plays an important role in this power 
industry components, while at the same time research has 
increased in recent years. Given the characteristics of the 
materials adopted in the present work, to produce all the 
specimens the AON M2 3D printer was used, which has the 
following characteristics:

•	 Maximum bed temperature: 220 ◦C;
•	 Maximum extrusion temperature: 450 ◦C;
•	 Maximum chamber temperature: 135 ◦C;
•	 Build volume: 450 mm x 450 mm x 565 mm (length x 

width x height).

For each polymer examined, a set of printing tests was per-
formed to identify a suitable combination of printing param-
eters. The considered printing parameters were:

•	 Bed temperature;
•	 extrusion Temperature;
•	 chamber temperature;
•	 speed;
•	 extrusion multiplier;
•	 layer height;
•	 layer width.

According to [64], the most influential printing parameters 
are layer height, extrusion temperature, speed, and bed tem-
perature. Therefore, these parameters were tested starting 
from the supplier’s recommendation and selected according 
to the best overall success of the printing process.

Ref. [65] highlights the importance of a heated cham-
ber when printing high-performance polymers, allowing a 

higher control of the parts shrinkage, the interlayer stresses 
and the warpage and delamination-associated defects. The 
chamber temperature should be kept as close to the glass 
transition temperature (Tg) as possible taking into consid-
eration the printer’s limitations. In this study, the maximum 
chamber temperature allowed by the equipment was 135 ◦C , 
while the PPSU’s Tg is 220 ◦C [54], PEEK’s Tg is 143 ◦C 
[57], ULTEM 1010s Tg is 217 ◦C [60] and PEEK-GF20’s 
Tg is 143 ◦C [63]. The suppliers do not recommend heated 
chamber to print Biofila and PVDF.

The extrusion multiplier influences the amount of mate-
rial extruded while the nozzle travels at a given speed. Using 
a too high extrusion multiplier implies material overflow 
and lowering dimensional accuracy. In the opposite case, a 
very low extrusion multiplier results in worse stress–strain 
characteristics and voids [66]. The layer width defines the 
distance between consecutive lines of deposition. For the 
herein mentioned application and specially for the dielec-
tric strength test, the samples must have as less voids and 
porosities as possible to assess the actual polymer dielectric 
behavior. Thus, these two printing parameters were selected 
based on the visual layer integrity and cohesion.

Table 2 summarizes the parameters adopted to produce 
the testing specimens for this work.

2.2.2 � Geometry and printing strategies

Since the standards for oil compatibility and dielectric tests 
do not require a specific geometry, the samples were defined 
as rectangular shapes with dimensions of 100 mm x 50 mm 
x 1 mm, 100 mm x 50 mm x 2 mm, and 100 mm x 50 mm 
x 6 mm, as displayed in Fig. 1. The surface area of each 
specimen is 10,300 mm2 , 10,600 mm2 and 11800 mm2 , 
respectively.

The printing strategy for the samples involved varying the 
infill orientations based on their thickness. For samples with 
a thickness of 1 mm, an infill orientation of 0 ◦ was adopted. 
For those with a thickness of 2 mm, infill orientations of 
0 ◦ , 90◦/0◦ , and 0 ◦/90◦ were used. For samples with a thick-
ness of 6 mm, an infill orientation of 45◦/-45◦ including one 
perimeter was adopted. Figure 2 summarizes the adopted 
printing strategies.

Table 2   Parameters employed 
for each polymer printed (RT = 
Room temperature)

Material Biofila PVDF PPSU PEEK ULTEM 1010 PEEK-GF20

Bed temperature [ ◦C] 60 90 160 220 160 155
Extrusion temperature [ ◦C] 210 265 400 420 370 375
Chamber temperature [ ◦C] RT RT 135 135 135 135
Speed [mm/s] 45 5 16 5 20 10
Extrusion multiplier 1.0 0.87 0.90 0.87 0.94 0.80
Layer height [mm] 0.3 1.0 1.0 1.0 1.0 1.0
Layer width [mm] Automatic 1.6 1.6 1.6 1.6 1.6
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Table 3 details the samples that were subjected through 
oil compatibility and/or dielectric strength tests and to the 
kerosene compatibility assessment.

The kerosene compatibility test standard, similarly to the 
oil compatibility test, does not require a specific geometry. 
Therefore, the adopted geometry was similar to a dog bone 
shape, as displayed in Fig. 3, considering the future intention 
of performing mechanical assessments on these samples. 
Each sample had a thickness of 7 mm and a theoretical sur-
face area, in contact with kerosene, of 8246 mm2. 

2.3 � Oil compatibility test

Insulating mineral oils are commonly used in electrical 
equipment employed in the generation, transmission, distri-
bution, and general utilities of electrical energy. Maintaining 
oil quality is fundamental to ensure reliability throughout 
electrical equipment operation.

The oil compatibility test was designed to evaluate the 
compatibility between the material and the insulating min-
eral oil (Nytro Taurus). For each assessment, two beakers 
were prepared: one with 800 ml of insulating oil as the con-
trol and another beaker with the same amount of oil and two 
samples. The strategy of including two samples in a beaker, 
one with 1 mm and the other with 2 mms, was used to better 
utilize the available space inside the oven. The beakers were 
placed in a ventilated oven at 100 ◦C for 164 h, to simulate 
ageing. The time and temperature defined for the ageing 
procedure was defined internally by EFACEC, the power 

Fig. 1   Sample PVDF-4

Fig. 2   Printing strategies for: (a) Specimen 100 mm x 50 mm x 1 mm; (b) Sample 100 mm x 50 mm x 2 mm with 0 ◦ infill; (c) Sample 100 mm 
x 50 mm x 2 mm with 0 ◦/90◦ infill; (d) Sample 100 mm x 50 mm x 2 mm with 90◦/0◦ infill and (e) Sample 100 mm x 50 mm x 6 mm
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transformers producer, which were developed considering 
several energy sector applicable standards.

After the ageing period, the oil from each container was 
analyzed to assess each polymer degradation. The following 
tests were conducted:

•	 Color and appearance assessment;
•	 Water content analysis;
•	 Acidity level determination;

•	 Interfacial tension measurement;
•	 Dissipation factor (tg� ) measurement;
•	 Disruptive tension measurement (in accordance with IEC 

60422 [67]);
•	 Dissolved gas analysis (DGA) of gases dissolved in oil 

(in accordance with IEEE C57.104 [68]).

The test results provide insight into any changes in the prop-
erties of the insulating oil as a result of the interaction with 
the polymer.

2.3.1 � Requirements

The geometry of the samples was determined by the con-
tainer used for the tests. The samples had dimensions of 
100 mm x 50 mm x 1 mm, 100 mm x 50 mm x 2 mm, or 
100 mm x 50 mm x 6 mm (length x width x thickness), as 
previously shown in Fig. 1. The test plan involved the testing 
of six samples for each material.

2.4 � Dielectric test

The dielectric test aimed to characterize the dielectric 
strength of the studied materials as a solid insulating mate-
rial, using the relevant power frequencies in accordance with 
the standard ASTM D149-09 [69] Method A—Short-Time 
Test.

According to the standard, the dielectric test should 
mimic the application conditions as much as possible. The 
work carried out in [70] concluded that the sample density 
affects the dielectric strength of the material. Hence, the 
samples exposed to dielectric experiments were aged and 
tested in terms of oil compatibility before. Consequently, 
the dielectric behavior of the samples might be influenced 
by previous exposures, and therefore, the breakdown tension 
values might not be similar to the theoretical properties. The 
results should be compared between themselves for the sake 
of the power transformer application and not extrapolated to 
different dielectric assessments using different surrounding 
medium, electrodes, or methods.

An alternating voltage at a commercial power frequency 
of 60 Hz was applied to a test specimen submerged in insu-
lating oil using two Type 3 electrodes from a DTA equip-
ment with a voltage rating of 80 kV.

The voltage was gradually increased from zero until die-
lectric failure occurred. The dielectric failure is evidenced 
by a rapid increase in the conductance of the dielectric under 
test, which limits the electric field that can be sustained.

The measured value obtained from the test was the 
dielectric breakdown voltage through the thickness of the 
test sample, which characterizes the dielectric strength of 
the polymer that is usually expressed in kV/mm. This volt-
age represents the maximum voltage that the material can 

Fig. 3   (a) Dog bone samples’ dimensions; (b) Sample ULTEM 1010-
8

Table 3   Characterization of the tested samples

Material Sample Geometry Thick-
ness 
[mm]

Infill Orientation

Biofila 1 and 2 Rectangular 6 +45◦/-45◦

PVDF 1, 2 and 3 Rectangular 1 0◦

4 2 90◦/0◦

5 0◦

6 0◦/90◦

PPSU 1,2 and 3 Rectangular 1 0◦

4 2 0◦

5 90◦/0◦

6 0◦/90◦

7,8 and 9 Dogbone 7 0◦

PEEK 1,2 and 3 Rectangular 1 0◦

4 2 0◦/90◦

5 0◦

6 90◦/0◦

7,8 and 9 Dogbone 7 0◦

ULTEM 1010 1, 2 and 3 Rectangular 1 0◦

4 2 0◦/90◦

5 and 6 0◦

7, 8 and 9 Dogbone 7 0◦

PEEK-GF20 1,2 and 3 Rectangular 1 0◦

4 2 90◦/0◦

5 and 6 0◦
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withstand without experiencing electrical breakdown. The 
test setup is depicted in Fig. 4.

2.4.1 � Requirements

The dielectric breakdown voltage can be influenced by the 
electrodes material and geometry, sample thickness, tem-
perature, testing time, wave form, current frequency, and 
surrounding medium. All tests were done using the same 
electrodes, applied current, and submerging insulating 
oil. Temperature variations were not taken into account 
as no major changes were recorded during the test. In 
regard to thickness changes, more than one thickness was 
experimented for each material for a more comprehensive 
comparison.

The ASTM D149-09 standard [69] does not specify a 
particular geometry for the samples, but it requires the speci-
mens to be larger than the electrodes to avoid measuring the 
dielectric strength of the insulating oil. After consulting the 
dielectric strength per thickness in the literature (Table 1), 
the maximum thickness to be tested was set to 2 mm for all 
materials except Biofila, due to a lack of information on its 
dielectric strength. Because of the maximum voltage rating 
of the equipment used, higher thicknesses could compromise 
the results.

2.5 � Kerosene compatibility test

The drying process in power transformers aims to remove 
water from the interior of the insulating system, which is 
typically composed of cellulosic materials, such as card-
board or wood laminates. The presence of water significantly 
reduces the dielectric strength and accelerates the aging of 

the insulating structure, compromising the lifespan of the 
transformer. According to [71], the moisture content present 
in a new transformer unit should typically not exceed 0.5%. 
To achieve this, it is necessary to submit the transformer to 
an efficient drying process.

One of the more effective drying processes applied in 
power transformer components is the Vapor Phase. It 
involves injecting a heated solvent at low pressures into a 
sealed autoclave, which promotes the removal of water mol-
ecules from the insulating components. Kerosene is used as 
solvent due to its significantly lower vapor pressure com-
pared to water.

Generally, the drying cycle consists of at least five main 
steps:

•	 Evacuation: Pressure is reduced from atmospheric to 
around 10 mbar inside the autoclave.

•	 Heating: It consists of the evaporation of kerosene and its 
injection into the autoclave. Kerosene steam condenses 
upon contact with surfaces at lower temperatures, releas-
ing a high amount of energy that, when transmitted to the 
insulating masses, vaporizes the water inside, forcing it 
to leave. At this stage, the average temperature of the 
insulating materials should not exceed 120 ◦

C.
•	 Removal: Pressure in the autoclave is reduced, promoting 

the removal of water, kerosene and other residues from 
the insulation system components.

•	 Distillation: Separates kerosene from other impurities 
mixed with it during the removal stage, such as water, 
oil, and solid particles. This process cleans the kerosene, 
restoring its properties as a heat transfer agent. It is rec-
ommended that distillation occurs at the end of the initial 
heat-removal cycles.

Fig. 4   Dielectric strength test 
setup: a sample and b measure-
ment equipment
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•	 Vacuum: Autoclave pressure drops to the lowest value 
allowed by the vacuum system to ensure the greatest 
pressure differential between the interior of the insulation 
components and the surrounding environment, facilitat-
ing the removal of remaining water.

Figure 5 illustrates the steps of the drying process. The 
distillation step is not illustrated in the figure. The num-
ber of consecutive heating and removal cycles applied is 
selected according to the mass of the insulating materials 
to be dried.

2.5.1 � Requirements

For the test herein studied, three Heating-Removal-Dis-
tillation (Fig. 5) stages were adopted. The drying cycle is 
detailed in Table 4. The duration of each stage was defined 
internally by EFACEC based on previous experience. Three 
samples of each material should be considered for significant 
results.

The total drying process time was 41 h. The kerosene 
compatibility result was based on the comparison of the 
sample weight and dimensions before and after the dry-
ing process, implying contamination or deterioration of the 
material.

Fig. 5   Example of Vapor Phase drying cycle

Table 4   Vapor Phase drying 
process applied to the 
specimens

Stage 0 1 2 3 4

Evacuation Duration [h] 2
Criterion - Pressure [mbar] 7

Heating Duration [h] 9 3 2
Criterion - Probe temperature [ ◦C] 100 115 115

Removal Duration [h] 2 1 1
Criterion - Pressure [mbar] 20 20 20

Distillation Duration [h] 4 2
Vacuum Walls heating duration [h] 9

Duration without walls heating [h] 6
Criterion - Pressure [mbar] 0.5
Criterion - Extracted water rate [g/ton h] 20
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3 � Results and discussion

3.1 � Oil compatibility test

The results from the physical and chemical tests on the 
materials after oil exposure are stated in Table 5, while 
Table 6 detail the results of the dissolved gases assess-
ment on the oil.

According to IEC 60422 [67], no significant changes 
were observed on the insulation oil after exposure to the 
proposed polymers.

Biofila has shown a slight increase in CO
2
 and CO 

content, as can be seen in Table 6. PVDF presented an 

increase in the content of H 
2
 and CO. PPSU, PEEK and 

ULTEM 1010 did not present any significant alteration on 
the dissolved gases on the insulation oil. There was also 
an increase in the content of H 

2
 , C 

2
H

6
 , CH

4
 and CO in the 

PEEK-GF20 specimens.
However, all these gains are below the typical values for 

gases produced in in-service transformers (aged oil) men-
tioned in the standard IEEEC 57.104 [68]. PPSU, PEEK, 
and ULTEM 1010 did not show significant influences on 
the physical properties of the oil and the dissolved gases. 
Even though all polymers have shown compliant parame-
ters, Biofila samples were severely deformed and presented 
significant cracks (see Fig. 6). Therefore, this material was 
disregarded and no more samples were tested.

Table 5   Physical and chemical tests for evaluation of oil compatibility

Material Sample Color and 
appearance

Water content Acidity level 
[mgKOH/kg]

Interfacial tension 
[mN/m]

tg� Disruptive 
tension 
[kV]

Biofila Control 0.2 15.0 0.005 41.4 0.00053 69.7
1 and 2 0.2 6.3 0.043 35.8 0.00104 64.1

PVDF Control 0 26.4 0.005 37.4 0.00055 56.9
1 and 4 0 22.0 0.006 39.2 0.00153 64.5
Control 0 18.5 0.007 31.4 0.00302 65.4
2 and 5 0.5 13.9 0.011 28.7 0.00406 72.1
Control 0 12.1 0.005 41.6 0.00040 63.3
3 and 6 0 10.2 0.005 41.5 0.000132 75.7

PPSU Control L0.5 15.3 0.007 36.1 0.00081 53.7
1 and 4 0 19.3 0.005 36.5 0.00063 71.6
Control 0 14.4 0.005 35.7 0.00131 67.4
2 and 5 0 16.1 0.005 34.9 0.000166 61.1
Control L0.5 12.7 0.020 30.4 0.00201 45.1
3 and 6 L0.5 13.2 0.018 30.3 0.00268 38.5

PEEK Control 0 26.4 0.005 37.4 0.00055 56.9
1 and 4 0 16.4 0.005 38.2 0.00170 53.4
Control 0 18.5 0.007 31.4 0.00302 65.4
2 and 5 0.5 13.3 0.010 29.3 0.00497 73.5
Control 0 12.1 0.005 41.6 0.00040 63.3
3 and 6 0 12.7 0.005 42.3 0.00151 65.6

ULTEM 1010 Control L0.5 15.3 0.007 36.1 0.00081 53.7
1 and 4 0 7.8 0.005 36.6 0.00062 54.5
Control 5 14.4 0.005 35.7 0.00131 67.4
2 and 5 0 26.1 0.005 36.2 0.000161 32.6
Control L0.5 12.7 0.020 30.4 0.00201 45.1
3 and 6 L0.5 21.6 0.019 31.8 0.00181 49.5

PEEK-GF20 Control 0 26.4 0.005 37.4 0.00055 56.9
1 and 4 0 34.9 0.005 39.3 0.00041 50.4
Control 0 18.5 0.007 31.4 0.00302 65.4
2 and 5 0 20.5 0.009 33.3 0.00110 71.1
Control 0 12.1 0.005 41.6 0.00040 63.3
3 and 6 0 11.3 0.005 38.4 0.00035 64.5
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3.2 � Dielectric test

Concerning the dielectric test, a container with only oil and 
no sample in between the electrodes was tested for distances 
of 1 and 2 mm. This distance corresponds to the thickness 
of the sample when it is placed between the electrodes. This 
measurement does not determine the oil dielectric strength 
since the standard is only applicable to solid materials. Nev-
ertheless, this value sets a reference for each thickness, that 
gives further insight to the comparison of results obtained 
for the different polymers investigated herein. The tested 
specimens are those previously detailed in Table 3, from the 
materials PVDF, PPSU, PEEK, ULTEM1010, and PEEK-
GF-20. Table 7 details the dielectric breakdown results for 
each sample.

The dielectric strength test ends when a perforation of the 
sample is achieved, as shown in Fig. 7, or a deviation of the 
electric arc around the sample occurs.

Table 8 condenses the average dielectric breakdown 
results and the percentage of variation. The “Variation from 
the oil dielectric breakdown” column characterizes the dif-
ference between the average measurement recorded for that 
material and thickness and the dielectric breakdown meas-
ured with only oil in between the electrodes at a distance 
equal to the sample’s thickness. It is important to highlight 
that a negative variation in the respective oil breakdown 
means that the sample assessment withstood less voltage 
than the oil experiment itself.

For a distance of 1 mm between the electrodes, the dielec-
tric breakdown for PPSU, PEEK, and ULTEM 1010 was 
very similar, reaching almost 30% above the comparison 
value of the mineral oil. Furthermore, the dielectric break-
down of specimens with a thickness of 2 mm was slightly 
lower for ULTEM 1010 (40 kV), while PEEK and PPSU 
reached 15% higher than the reference.

Figure 8 presents the results of the dielectric test for all 
the materials tested for the two thicknesses considered. The 
results from samples PEEK-GF20-1 and PEEK-GF20-4 were 

Fig. 6   Biofila specimens after 
aging

Table 7   Dielectric breakdown results

Material Sample Dielectric 
Breakdown 
(kV)

PVDF 1 17.0
2 15.5
3 16.6
4 28.7
5 29.1
6 29.5

PPSU 1 26.7
2 28.8
3 27.4
4 39.8
5 41.2
6 40.9

PEEK 1 29.7
2 27.5
3 26.6
4 41.9
5 41.7
6 39.8

ULTEM 1010 1 24.6
2 25.5
3 32.0
4 41.2
5 41.5
6 37.3

PEEK-GF20 1 0.9
2 15.6
3 19.8
4 1.8
5 35.6
6 37.5
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considered as outliers and therefore were not included in 
the average dielectric breakdown, as their values were much 
lower than those of the remaining measurements.

As mentioned above, the measurement performed using 
only the insulating oil does not refer to the actual dielectric 
strength of the fluid, since the applied standard is only valid 
for solid materials. However, it serves as a comparison of 
the remaining results.

As can be seen in Table 8, as well as in Fig. 8, the dielec-
tric breakdowns of PVDF and PEEK-GF20 were, on aver-
age, lower than the measured breakdown voltage obtained 
for the insulating oil. Moreover, those two materials were 
verified as incompatible with the application and therefore 
were not considered for further testing. According to the 
dielectric results, for the samples with a thickness of 2 mm, 
no significant influence of the infill orientation was observed 
on the overall dielectric results.

3.3 � Kerosene compatibility test

To evaluate the effect of kerosene, the samples were weighted 
and measured before and after exposure. Variations seem 

negligible. However, the samples were not sealed in vacuum 
between the kerosene exposure and the measurements. In an 
attempt to diminish the influence absorbed humidity has on 
the specimens weights they were dried, before the final weight 
measurement.

According to the drying specifications of the filament pro-
vider, the material should be exposed to 313.15 K cycle for 
4 h. The heating and cooling rates were set to 3.5 K/min and −
2.3 K/min respectively, as can be seen in Fig. 9.

Table 9 reports the final results and comparisons of the 
mass. No dimensional changes were observed after exposure 
to kerosene. On average, PEEK had 0.04% of weight gain 
(9 mg), PPSU a 0.25% loss (58 mg), and ULTEM 1010 a 
0.15% gain (34 mg). Since none of the results was significant 
enough to disregard any of the polymers, all tested materials 
were considered kerosene resistant.

Fig. 7   Visible sample perfora-
tion due to dielectric test on 
specimen PPSU-6, PEEK-6, 
and ULTEM 1010-2 from left 
to right

Table 8   Average dielectric 
breakdown tension for 
specimens with thickness of 1 
and 2 mm

Material Thickness = 1 mm Thickness = 2 mm

Average dielectric 
breakdown [kV]

Variation from the oil 
dielectric breakdown

Average dielectric 
breakdown [kV]

Variation from the oil 
dielectric breakdown

PVDF 16.37 –20 % 29.10 –19 %
PPSU 27.63 29 % 40.63 15 %
PEEK 27.93 30 % 41.13 16 %
ULTEM 1010 27.37 28 % 40.00 13 %
PEEK-GF20 17.70 –11 % 36.55 5 %
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4 � Conclusions

In the present work, advanced polymers manufactured 
through 3D printing, including Biofila, PVDF, PPSU, 
PEEK, ULTEM 1010 and PEEK-GF20 were studied for 
their applicability in power transformers construction. 
To assess their suitability, oil compatibility, dielectric 
strength, and kerosene compatibility tests were performed.

Regarding oil compatibility, some properties such as 
appearance, water content, dissipation factor, and dis-
solved gas in the oil were analyzed to investigate pos-
sible contamination according to IEC 60422 [67] and 
IEEE C57.104 [68]. Increases in CO

2
 and CO contents 

were verified for Biofila, and an increase in H 
2
 and CO 

content was verified for PVDF. An increase in H 
2
 , C 

2
H

6
 , 

CH
4
 , and CO content was also verified for PEEK-G20. 

Fig. 8   Dielectric breakdown plot for PVDF, PPSU, PEEK, ULTEM 1010, PEEK-GF20 and oil for the samples with a thickness of 1 and 2 mm

Fig. 9   Thermal cycle adopted 
to dry the specimens exposed to 
kerosene
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Nevertheless, the observed increments were not meaning-
ful compared to normal contamination on an operational 
power transformer.

Although Biofila did not present a significant variation in 
oil chemical appearance or content, the samples used in the 
oil compatibility tests were strongly damaged throughout the 
assessment, exhibiting warping and visible cracks. Hence, 
the material was not considered for the remaining tests. In 
total, six samples of each material were exposed to mineral 
insulating oil, except Biofila, which was tested with only 
two parts.

The dielectric strength was also explored. The same six 
samples of PVDF, PPSU, PEEK, ULTEM 1010, and PEEF-
GF20 (three with a thickness of 1 mm and three with a 
thickness of 2 mm) previously exposed to mineral oil were 
evaluated. For comparison, dielectric breakdown measure-
ments were performed with electrodes at the same distance 
as the thickness of the samples and without any material in 
between besides the insulating oil. Both PVDF and PEEK-
GF20 exhibited lower average dielectric breakdown val-
ues than the reference measurement, thus these materials 
were discarded from further testing. No clear relation was 
observed between the infill orientation and the dielectric 
breakdown. The best dielectric breakdown results were 
achieved by PEEK with 27.93 kV for samples with 1 mm 
thickness and 41.13 kV for those with 2 mm.

The remaining materials were tested for kerosene compat-
ibility, in which the dimensions and weight of the samples 
were measured before and after a drying process with kero-
sene injection. An additional thermal cycle recommended 
by the filament supplier was performed to dry the samples 
before the final weight measurement. For this test, three 
samples were used for each polymer. The weight changes 
were revealed to be marginal, as the maximum mass varia-
tion detected was 0.25% (58 mg) for PPSU. Based on these 
results, PEEK, ULTEM 1010, and PPSU were considered 
resistant to kerosene.

From the results presented here, at least three advanced 
polymer materials (PEEK, ULTEM 1010, and PPSU) have 
the basic requirements for application in power transformer 
insulation systems. Although a complete substitution of cel-
lulosic materials for these materials still remains a challenge, 
due to the excellent insulation properties, availability, and 
low cost of paper and cardboard, these polymers combined 
with 3D printing technology present the potential to be a 
flexible solution to the development of quickly customizable 
components embedded with sensorization systems for the 
next generation of power transformers.
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Table 9   Samples dimensions 
and mass results before/after 
exposure to kerosene and after 
drying

Material Sample Before kero-
sene exposure

After 
kerosene 
exposure

After drying Weight change 
after exposure

Weight 
change after 
drying

Mass [g] Mass [g] Mass [g] [%] [%]

PEEK 1 21.88 21.88 21.88 0.02 0.02
2 21.65 21.66 21.66 0.04 0.07
3 21.74 21.75 21.75 0.03 0.04

PPSU 1 23.40 23.25 23.23 −0.65 −0.73
2 22.44 22.46 23.44 −4.17 0.00
3 23.38 23.39 23.38 0.05 −0.01

ULTEM 1010 1 22.58 22.60 22.59 0.07 0.04
2 22.54 22.56 22.56 0.09 0.03
3 22.59 22.68 22.67 0.42 0.38
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