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Abstract

The importance superconductors have in energy applications and their high fabrication cost led
to the necessity of developing a recycling method to reduce their environment footprint. Yttrium
Barium Copper Oxide (YBCO), a well known superconductor, was chosen to test the method.
Doping with Ca, Fe and graphene was also attempted to improve its superconducting properties.
For the synthesis of YBCO, conditions such as the influence of sintering time and temperature and
the influence of milling time were tested. Optimal conditions for the synthesis of superconducting
YBCO were not achieved, probably due to a short sintering time. The recycling process was
divided into two steps: sintering at 900 °C for 16 hours and then milling for 180 minutes. 3D
printing was tested for both synthesized and recycled powders. The elements used to dope the
YBCO at the tested concentrations did not show superconducting properties. The properties
of synthesized, recycled and doped YBCO were evaluated using scanning electron microscope
imaging, Raman spectroscopy, X-ray diffraction analysis, electric measurements and levitation
tests.
Longer sintering times and different doping concentrations should be tested in future works to
achieve better superconducting properties.

Keywords: YBCO, 3D Printing, Recycling, Doping
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Resumo

A importância que os supercondutores têm em aplicações relacionadas com energia e o seu ele-
vado custo de fabrico, levaram à necessidade do desenvolvimento de um método de reciclagem
de modo a diminuir a sua pegada ambiental. O óxido de ítrio, bário e cobre (YBCO) é um
supercondutor bastante estudado, sendo por isso o escolhido para testar o método. A dopagem
com Ca, Fe e grafeno foi também testada de modo a melhorar as propriedades supercondutoras.
Para a síntese de YBCO estudou-se a influência do tempo e temperatura de sinterização e tam-
bém o tempo de moagem. As condições ótimas para a síntese de YBCO supercondutor não foram
conseguidas, provavelmente devido aos baixos tempos de sinterização escolhidos. O processo de
reciclagem foi dividido em dois passos: sinterização a 900 °C por 16 horas e moagem por 180
minutos. A impressão 3D foi realizada tanto para pós sintetizados como reciclados. Os elementos
utilizados na dopagem de YBCO, nas concentrações escolhidas, não demonstraram ser eficazes
na obtenção de propriedades supercondutoras. As propriedades dos pós de YBCO sintetizados,
reciclados e dopados foram avaliadas utilizando microscopia eletrónica de varrimento, espectro-
scopia de Raman, difração de raios X, medidas elétricas e testes de levitação.
Como principal conclusão, o tempo de sinterização dos pós e outras concentrações de dopagem
devem ser testadas em futuros trabalhos de modo a verificar se de facto estes elementos possi-
bilitam a melhoria das propriedades supercondutoras.

Palavras-chave: YBCO, Impressão 3D, Reciclagem, Dopagem
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Chapter 1

Introduction

1.1 Superconductors

Superconductivity was firstly discovered in 1911 by Heike Kamerlinght Onnes while studying
the electrical properties of frozen mercury, discovering that its electrical resistance decreased
from 10-1 to 10-5

Ω near 4.2K [1]. It has been defined a critical temperature (TC) to which this
phenomenon is manifested and is reversible, meaning that above this temperature the resistance
recovers its previous values [1]. An extensive investigation on the field led to the appearance of
a variety of materials such as alloys, pure metals, binary and ternary compounds and organic
materials. This led to the discovery of superconductor materials with higher TC [1].
In 1986, Karl Alex Müller and George Bednorz discovered the first superconductor material with
TC above 35K, La2CuO4 [2]. In 1987, by substituting La3+ by Y3+ it was possible to discover
the first material to have TC above the boiling temperature of nitrogen [2]. This discovery
raised hope and increased the research on the area, focusing on materials with even higher TC
values [1],[3]. In Figure 1.1, it is possible to observe the advances made regarding the research
of superconductors.

Figure 1.1: Evolution up to 2020 of main superconductor materials [4].

1.1.1 Superconductive State

Superconductors are frequently described as materials with zero electrical current resistance
when under certain conditions, such as critical temperature (TC), critical current density (JC)
and critical external magnetic field intensity (HC) [5]. JC is the maximum current that the
superconductor can carry, and HC is the maximum magnetic field that the superconductor can
endure before returning to a non-superconductive state. Figure 1.2 shows a representation of how
the superconductive state is influenced by temperature, current density and magnetic field [6].
In 1933 it was discovered that if a material was placed in a magnetic field, while at a temperature
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1.1. SUPERCONDUCTORS

below its TC, that the field would be expelled from its interior [1]. However, if the magnetic
field applied was higher than HC or if the temperature was higher than TC, the material would
revert to a normal conductor [1]. The phenomenon of magnetic field expulsion is called the
Meissner effect and correlates the perfect diamagnetism that is exhibited by the material when
the magnetic field applied and the temperature is below a certain critical value [1].

Figure 1.2: Limits of the superconductive state [6].

The discovery of superconductor materials with higher TC, also induced the discovery that,
those materials might behave differently with the magnetic field, creating the classes of type I
and type II superconductors [7]. In type I the normal state is attained abruptly for a given
critical magnetic field HC. In type II, the magnetization drops before reaching HC [1]. There
is some penetration of the flux in the specimen at a certain HC1, creating vortexes, for values
below HC, maintaining its superconductive properties up to a field of HC2, with a value above
HC [1]. Above HC2, the material will begin to behave like a normal conductor, as can be seen
in Figure 1.3 A and Figure 1.3 B [1]. It is important to note that, as London discovered, the
magnetic flux lines, in both types of superconductors, will not be completely expelled from the
superconductor but instead will remain confined in a thin surface layer called penetration depth
that can be observed in Figure 1.3 C [1].

Figure 1.3: A - Type I and B - Type II superconductors, C - Schematics of magnetic line flux in
type I and type II superconductors, D - YBCO perovskite structure [8],[9].

The current transport on superconductors type I is made by the Cooper pairs. As the temperature
decreases, the electrons with energy close to the Fermi level will interact with the ion-lattice,
due to the reduced scattering at low temperatures, causing the current to continue flowing and
have no incoherent scattering [1]. When the pairs are formed, the two electrons have zero net
momentum and opposite spins, causing the current flow not to change and then having incoherent
scattering [1]. The only scattering event that will reduce the current occurs when the pair has
energy greater than its binding energy [1]. For current densities below JC, the energy will not be
surpassed, and there will not be any loss of current during the transport [1]. For superconductors

2



CHAPTER 1. INTRODUCTION

type II, there is also a carrier pairing, like plasmons, exitons or magnons, and an energy gap,
however, it is still not known which excitations are responsible for the inter-electron attraction
[1].
The temperature is the most important parameter that regulates the superconductive state, it
affects the value of HC, determine if the flux will penetrate the material and the formation of
Cooper pairs [1].

1.1.2 Yttrium Barium Copper Oxide

In 1987, Paul Ching-Wu, Maw-Kuen Wu and their fellow co-workers discovered, by modificating
original oxides, a new kind of type II superconductors: the Yttrium Barium Copper Oxide
(YBCO), with a TC=91K [1],[3],[10]. Its structure is similar to the one of a perovskite, with
sheets of copper and oxygen atoms alternated with sheets of yttrium and oxygen atoms [1]. In
Figure 1.3 D it can be seen the orthorhombic form of YBCO [1]. The unit cell contains one layer
of the metallic cation copper surrounded by four oxygen ions (Cu 1), a layer of barium oxide,
another layer of copper surrounded by five oxygen ions (Cu 2) and a layer of yttrium, short of
four oxygen atoms. The presence of the double CuO2 layer is what it is believed to be the key
to the occurrence of the superconductive sate in these kind of oxides [1].
The general formula of YBCO is YBa2Cu3O7 –x in which x takes values between 0 and 1. If the
value of x is equal to 0, the structure will be orthorhombic, as can be seen in Figure 1.3 D, if the
value is higher than 0.6, the structure will change to tetragonal. The unit cell parameters and
the TC will also be influenced by x and the value of TC=91K is only possible for values below 0.2
[1]. With its ceramic nature, YBCO will have brittle behavior which will make the production
of complex geometries difficult [10].
The previous form of YBCO is known as YBCO 123 (YBa2Cu3O7) but it is also possible to obtain
other forms of YBCO, such as YBCO 211 (Y2BaCuO5) that is obtained when the synthetization
temperature goes above 1030 °C. This material does not possess superconducting properties but
is believed to act as a pinning center for vortices and thus increases the JC [11],[12]

1.1.3 Applications

The production of superconductors will depend on the desired shape (wires, thins films or bulk
materials), and the desired final application [7],[13]. Some of the applications for superconduc-
tivity can be referred in Table 1.1 [1]. For other applications, namely the ones specifically for
high temperature superconductors, may refer to the work of Mendes et al.[7] as well as Saxena
et al.[1] and Wei et al.[14].
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Table 1.1: Different applications for superconductive materials.

Basis Application

R=0 and high JC

1.Magnets
2.Passive microwave devices

3.Interconnects in microelectronics
4.Electrical energy transport by cables

Josephson tunneling

1.Microwave detectors and mixers
2.Physical measurements (like SQUID)

3.Computers for fast logic and memory circuits
4.Plasma and space

5.Medicine (magnetoencephalography)

High JC and high HC

1.Electrical power industry
2.Plasma confinement for high energy physics

3.Transport (levitation trains or MHB-propelled ships)
4.Medicine (nuclear magnetic resonance tomography

The techniques that may be used to produce superconductors are solid state reactions, solution
techniques or plasma synthesis [10]. Some examples are: melt texture processing [15], sputtering
deposition [16], electrophoretic deposition [17], spraying techniques [18], laser sintering [19],
plastic extrusion [20], top-seed melting texturing method [21], melt texture growth method [22],
powder melting process [23], chemical vapor deposition [24], thermal evaporation [25], chemical
solution deposition [26] and extrusion based 3D printing [10].

1.2 Sustainability Issue

Considering the current world situation regarding pollution it is important to be conscious and
to try approaches that will have the most environmentally friendly outcome possible.

1.2.1 Waste generated by 3D printing and superconductor industry

Additive manufacturing or 3D printing is a process in which an object will be built by printing
layers on top of layers until the final design is achieved [27]. This process allows the production
of complex geometries and will not require further machining or reprocessing [10]. In recent
years, the usage of 3D printing has become more popular in diverse industrial sectors such as
aerospace, military, automotive, medical and construction [28]. Since 3D printing has lower cost,
higher simplicity and almost limitless freedom of design when compared with other manufacturing
techniques, it has been used not only for the final products but also for prototyping, leading to
the generation of an immense amount of material waste [14],[28],[29].
The superconductor industry is also a big producer of waste, with failure rates as high as 30%
[30]. In this sector, since the manufacture price is high, the usage of 3D printing technology
would be beneficial considering that it would allow lower production costs when compared to
other techniques, allowing for a reduction and perhaps recover of the waste generated [31]. With
3D printing technology, there could be a possibility to use previously discarded materials, such
as YBCO, to be used as new ink, making it possible to recycle the material that would be going
to waste otherwise.

1.2.2 Material mining

Mining activities, starting at prospecting, and ending in abandonment, impact social and envi-
ronmental systems, contributing to erosion, sinkholes, deforestation, loss of biodiversity, water
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pollution, acid mine drainage and contamination of the soil, ground and surface water [32],[33].
In addition to the environmental issues that mining causes, all of them, direct on indirectly, lead
to health issues in local populations and on the miners, as well as serving as a fuel for civil wars
[33],[34].
All the materials that will be used in this project to form YBCO (Y2O3, BaCO3, BaO and CuO)
were once part of a mineral that was mined, contributing to the necessity to continue to extract
these non-renewable resources.

1.3 State of Art

Mendes et al.[10] used YBCO powders and printed them, comparing them afterwards with pieces
made from a mix of Y2O3, BaCO3 and CuO. The work done showed that it was possible to
obtain the orthorhombic phase of a 3D printed YBCO structure, using a paste extruder, with
the desired geometry and superconducting properties. Wei et al.[29] also proved that it was
possible to print YBCO paste with extrusion freeforming, coupled with a post sintering process
for bulk application and Wei et al.[14] demonstrated that, when comparing milled and unmilled
dust, that, the milled powder has higher critical current density and mechanical strength due
to the densification process. In the mentioned study it was also possible to see that, due to the
material’s high chemical homogeneity and specific surface area, that is was possible to obtain
YBCO 123 at lower temperatures.
Iida et al.[31] used recycled milled precursor powder from failed GdBCO/Ag to form pellets
and, with chemical analysis, proved that it was not significantly different from the commercial
mixtures available, using afterwards the hot seeding technique. This proved that it is possible to
recycle GdBCO/Ag, however it is important to mention that there was a small degradation on
the superconductor properties. Xu et al.[30] used cold seeding melt texture growth as it would
allow for lower temperatures and it would prevent decomposition that could occur at higher
temperatures. With this work it was proven the possibility of recycling failed bulks of YBCO.
Since it has been proven that it is both possible to print YBCO using a paste extruder and to
recycle YBCO and other superconductors, this dissertation will focus on the possibility of recycle
previously printed designs of YBCO without the degradation of superconductive properties. It
will also be desired to increase the magnetization temperature which will be tried with the
addition of reduced graphene oxide (rGO) and Fe2O3 nanoparticles and CaCl2 since there are
proof, regarding rGO, of a rise of the critical temperature [35].
Material doping is an important step to obtain better properties for the final material. Graphene
oxide (GO) is a promising material with numerous applications due to its thermal, electrical and
mechanical characteristics, being a good candidate as an additive material [36]. Gaffoor et al. [35]
proved that the addiction of GO and reduced GO (rGO) leads to higher mechanical hardness
due to solute solution strengthening and that, GO doped YBCO has higher TC values when
compared to pure YBCO and to rGO doped YBCO.
Regarding weak bonds, that can lead to a decreasing critical transport current on the bulk
YBCO and increase resistance in the normal state, Gaffoor et al. [35] states that the effect
is most improved with concentrations of 0.7 wt% for both GO and rGO doped YBCO. This
effect could be due to better pinning in the grain boundaries, since the particles seem to remain
between the grains that act as weak bonds [35],[37]. There are several methods to increase JC,
one of which is to include nanoparticles as artificial defects [38]. Zhang et al.[38] and Abd-Ghani
et al.[39] proved that, for certain concentrations, it is possible for the TC to decrease and for
the JC to increase due to the presence of flux pinning centers. It is known that superconducting
properties such as TC and JC are a function of the oxygen content, which controls the carrier
concentration on the copper oxide planes [40]. One of the possible cation substitutes that will
cause such impact is Ca substituting Y since the different valence states will introduce additional
carriers [40]. Yao et al.[41] stated that JC decreases less in Ca doped YBCO when compared
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with non-doped YBCO because the presence of Ca increases the carrier density. However, the
TC decreases due to the overdoped regime and the increased disorder [42].
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Chapter 2

Methods and Materials

2.1 Materials

Two different powders’ compositions were studied: A - Barium Carbonate (BaCO3) (Honey-
well Fluka, ≥99), Copper(II) Oxide nanopowder (CuO)(Sigma Aldrich) and Yttrium(III) Oxide
(Y2O3) (Alfa Aesar, ≥99.99), and B - Barium Oxide (BaO) (Haihang industry), Copper(II) Ox-
ide (CuO) (Haihang industry) and Yttrium(III) Oxide (Y2O3) (Haihang industry).
The materials used for the doped powders and for the pastes are referred in the Table A.1 and
Table A.2 in the Appendix chapter’s section Materials.

2.2 Methods

2.2.1 Powder Synthesis

The precursor powders with the formulations: barium carbonate, copper(II) oxide and yt-
trium(III) oxide (A) or barium oxide, copper(II) oxide and yttrium(III) oxide (B) were weighed
and mixed with a molar proportion of: 1 mol of Y to 2 moles of Ba to 3 moles of Cu. The
samples synthesized can be seen in the Table A.4 and Table A.5 of the Powders section of the
Appendix chapter.
The mix was made with a coffee grinder or with a mortar until an homogeneous mixture was
obtained. It was observed that the usage of a mortar allowed for more homogeneous samples
with less YBCO 211 green phase present. Additionally, mixtures made with the coffee grinder
did not retain their apparent homogeneity and white spots (possibly Y or Ba) started to appear
over time.
The powder was later placed on a oven in order for the YBCO to be formed, using 900 °C for BaO
[39] and 950 °C for BaCO3 [7]. The complete description of the heating curves and temperatures,
as well as the heating treatments’ acronyms used, are stated in Table A.3 in the Methods section
of the Appendix chapter.
The material was milled using Reutsch PM 100 for 10, 30, 60 and 180 minutes at 500rpm and
the milled powder was used to print or for pellets’ characterization. The pellets went into the
oven for annealing for 16 hours (heating treatment NFN) at 900 °C.

2.2.2 Recycling

For the recycling cycles, the powders were annealed at 900 °C using NFN and then were milled
for 180 minutes. The complete list of the recycled powders can be seen in Table A.6 of the
Recycled Powders section of the Appendix chapter.

2.2.3 Doping

The samples synthesis was made similar to the non-doped samples but a small amount of dopant
was added as shown in Table 2.1.
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Table 2.1: Doping percentages used for the dopants tested.

Doping Agent Doping percentages/ wt% Reference
CaCl2 0.05, 0.1, 0.2 and 0.3 [37]
Fe2O3 0.01, 0.02, 0.03, 0.04 and 0.05 [39]

Reduced Graphene Oxide 0.1, 0.3, 0.7 and 1 [43]

The powders for the synthesis of the YBCO and the doping element were mixed with a IKA
ULTRA TURRAZ Tube drive control with 24 stainless steel balls for 30 minutes at 6000 rpm
and then had an heating treatment for 16 hours (NFN) at 900 °C. A complete list of the doped
powders can be seen in Table A.7 to Table A.9 in the Doped Powders section of the Appendix
chapter.

2.2.4 Characterization

The samples were characterized to attain important information regarding its structure, consti-
tution, and its electrical and superconducting properties.
It was used Spectrophotometer Jasco V-770 to obtain the reflectance spectrum. The pellets
or powders were analyzed, and the reflectance results were normalized using Equation A.1 pre-
sented in Spectroscopy subsection of the Methods section of the Appendix Chapter. The results
obtained from that will allow for a verification of the presence of the YBCO 211 green phase that
can be seen as a peak near 500 nm. Witec Alpha 300 confocal RAS, with a 532 nm Argon Laser
at 2.5 mW of power, was used to attain which phases and elements were present in the sam-
ples. YBCO pellets/powders were analyzed. Hitachi S2400, with Bruker light elements energy
dispersive X-ray spectroscopy, was used to obtain photos of the different powders, via scanning
electron microscopy (SEM). From the SEM images obtained, 80 random particles were selected
and were analyzed via ImageJ to obtain their sizes. X’Pert PRO MPD, with a Cu K-α source
(at the wavelength of 1.540598 Å) was used to obtain the material’s structure. For that, YBCO
powder was tested. To attain the material’s conductivity, current and voltage were measured
with the setup that can be seen in Figure A.1 A in the Electric Measurements subsection of
the Methods section of the Appendix chapter. A complete explanation of the calculations of
the conductivity is also described in the section mentioned before. Superconducting Properties
TC and JC were obtained by a superconducting quantum interference device (SQUID), model
S700X by Cryogenic LTd. YBCO pieces were used to obtain the graphs: magnetization versus
temperature, magnetization versus magnetic field strength and JC versus magnetic field. In the
magnetization versus temperature graph, it was used a 100G magnetic field. For the magneti-
zation versus magnetic field strength it was tested different temperatures (77, 50, 10 and 4 K)
and a magnetic field strength range from -6 to 6 T. For the JC versus magnetic field it was used
different temperatures (77, 50, 10 and 4 K) and a magnetic field range of 0 to 6 T. Levitation
tests were performed as a quick and easy way to check the material’s superconducting proper-
ties. Those tests were done with liquid nitrogen and magnets (cylindrical neodymium with 2 cm
diameter and cubic neodymium with 0.5 cm side). The schematics of the setup used is shown
in Figure A.2 in the Magnetic Levitation subsection of the Methods section of the Appendix
chapter.
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Chapter 3

Results

This chapter summarizes the results obtained for the different experiments performed, related
to the influence of the choice of precursors, sintering temperature and time, milling time, the re-
producibility and recyclability of samples made with sintered YBCO powders and the possibility
of achieving better superconductor properties with doping.

3.1 Synthesis of YBCO

YBCO powders were produced by solid state reactions of precursors containing Y, Ba and Cu
elements, with the mixtures and proportions referred in Methods and Materials chapter.
The sintering temperature was selected after literature review and the DSC/TG analysis. Some
synthesis trials with different temperature values were also done. Then, the influence of milling
time on the properties of YBCO was tested.

3.1.1 Influence of Temperature and Time

Different heat treatments were tried to achieve the optimized sintering time and temperature for
the formation of YBCO 123. First, to find the optimum sintering temperature range DSC was
performed in two different powder mixtures, A with BaCO3, CuO and Y2O3, and B with BaO,
CuO and Y2O3 . The results are shown respectively in Figure 3.1 A and B.

Figure 3.1: DSC/TG of YBCO made with A - mixture A (with BaCO3) and B - mixture B (with
BaO).

The sample of mixture A shows at around 900 °C, a sudden drop of mass corresponding to the
carbonate transformation into CO2 gas. Using the molar masses of BaCO3, Y2O3, CuO, and
YBCO it is possible to attain the the real value of percentage of mass that is lost and compare it
to the real value. The value obtained was 22.46%, when compared with the experimental value
(12.42%) it is possible to see that there was some part of the material (10.44%) that did not
react, which could be due to the heating rate used being to fast (10K/min). The experimental
data seems to indicate, according to what was expected, that the sintering temperature should
be around 900 to 950 °C. The sample with B mixture shows a possible dehydration around 100
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°C (2.62%) and a descarboxylation near 900 °C. By the same calculations that were done before,
but with BaO instead of BaCO3,it was obtained an expected drop of 13.61% in mass, which
is almost double the experimental result (6.07%), once more, probably due to the heating rate
used. It was not possible to obtain information regarding what those peaks correspond to in the
literature review, but some may be due to the liberation of oxygen. Considering the DSC results
and literature, the sintering temperature of the mixture A and B should be 950 °C and 900 °C
respectively [7],[39]. Additionally, it was tried sintering at 1100 °C to prove the transition from
YBCO 123 to YBCO 211 [44]. For this synthesis (O24), it was shown that the sample appeared
to have high quantity of YBCO 211 green phase as can be seen by the peak at 500 nm in the
normalized reflectance graph in Figure A.9 in Spectroscopy section in the Appendix chapter.
Samples of YBCO with mixtures A and B and a sample of YBCO 211 were analyzed via XRD.
Figure 3.2 A shows the XRD diffractogram of a sample made with A mixture at 950 °C and B
shows the diffractogram of a sample made with B mixture at 900 °C. The analysis was based on
the work of Wei et al.[29]. Regarding the Figure’s caption, Y123 O represents YBCO 123 with
orthorhombic phase, Y123 T YBCO 123 with tetragonal phase and Y211 represents YBCO 211.

Figure 3.2: XRD pattern of YBCO sample made with A - A mixture (BaCO3, Y2O3, CuO), B
- B mixture (BaO, Y2O3, CuO).

The pattern of Figure 3.2 A corresponds majorly to YBCO 123 orthorhombic phase as its peaks
intensity are predominant, however the presence of Y2O3, CuO and BaCO3 precursors is also seen
by the small peaks identified in the figure. Those peaks could be due to an ineffective mixture of
the precursors’ powders or an incomplete reaction. It is also possible to see the BaCuO2 phase
peaks. Regarding the observed phases, the tetragonal structure is shown by the peaks at 39°,
40°, 46 °, 47° and 58° and orthorhombic phase on the peak at 33°. Therefore, both tetragonal
and orthorhombic phases are present in the sintered powder. The presence of the tetragonal
phase might be due to the low oxygen content in the material’s structure. In Figure 3.2 B the
only phase present is YBCO 123, meaning the sintering time and temperature, and precursors’
mixture were adequate. However, most of the peaks belong to the tetragonal structure, namely
the ones at 33°, 47°, 48°, 58° and 59°. The peaks at 36°, 39° and 40° are due to orthorhombic
structure suggesting that, yet again, there is a mixture of phases in the obtained powder.
Figure 3.3 A shows the XRD pattern of a sample made with A mixture at 950 °C, which formed
YBCO 211 and YBCO 123. The visual aspect of the sample rich with 211 and the sample that
did not possess it is given in Figure 3.3 B, one in black (YBCO 123) and the other containing
green color regions (YBCO 211 + YBCO 123). This is also observed in XRD diffractogram as
observed in Figure 3.3 A where the main peak corresponds to YBCO 123, but the precursors
Y2O3, CuO and BaCO3 are also present. The non-homogeneity of the precursor’s powder mixture
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can be due to an incomplete reaction between them. Licci et al.[44] also reported the presence
of YBCO 211 by an oven’s temperature overshoot leading to hotter sintering temperatures. It
is difficult to discern the YBCO structure due to the presence of many peaks or precursors,
however, some peaks characteristic of the orthorhombic structure such as the one at 33°, and
some characteristics of the tetragonal structure such as the ones at 47°, 58° and 59° are observed.
Therefore, the analyzed powder shows the presence of both phases.

Figure 3.3: A - XRD pattern of sample with Y211, B - Examples of samples without and with
Y211 phase.

The XRD analysis evidences that it is easier to obtain pure YBCO with the B mixture, or,
contrary to what Abd-Ghani et al.[39] mentioned, in the furnace used in our case, that the
temperature needed to obtain YBCO starting from BaO is not 900 °C, but 950 °C. The presence of
YBCO 211 can be further reverted to YBCO 123 as suggested by Licci et al.[44] and the presence
of the precursors could be solved by using a mixer system that allows a better homogenization of
the powders, for instance, by using a mortar instead of a coffee grinder. The pure orthorhombic
structure was not achieved, however, this could be solved with oxygenation studies during the
sintering process or with a prolonged time at 950 °C as suggested by Mendes et al.[10].
Overall, it is possible to conclude that, to attain YBCO 123, both 900 °C and 950 °C for mixture
B (with BaO) can be used, but for mixture A (with BaCO3) only 950 °C should be used.
Different heating curves were tested to check which one would be the best option for the YBCO
synthesis. Different ovens were also used to know the reproducibility and its influence in the
final product. These different treatments are mentioned in the Methods and Materials chapter
and appear in the Methods section of the Appendix chapter. The YBCO could be attained
for all treatments except for NFP (heating treatment for 6 hours plus cooling). The preferable
treatment should be NFN as it consumes less energy and therefore the production cost can
be reduced but it was seen that NFA (heating treatment for 30 hours plus cooling) seems to
produce YBCO of higher quality. From the tests performed, the different ovens did not influence
the final YBCO characteristics, but the heat treatment should be optimized. Therefore, before
the sintering process, it would be useful to know the spatial temperature profile of the furnace to
guarantee that the samples are placed inside the furnace where the temperature is the required
one.
Electric conductivity measurements were made between two faces of coin shaped samples and
were used to test if there was a relation between the temperature and heating treatment (sintering
time) with the material’s conductivity.
Table 3.1 shows the samples that were tested, with their sintering temperatures (900 °C and 950
°C) and heating treatment (NFN and NFA), as well as with the contacts used (Cu tape or Cu
wires). The name of the samples can also be seen, O is used for synthesized powders, M for the
milled powders and the number represents the order in which they were made.
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Table 3.1: Effect of the heating treatment used, temperature and contacts on the material’s
conductivity.

Sample Temperature/ °C Heating Treatment Contacts Conductivity/ (S/m)
O31 900 NFN tape 1.380
O33 900 NFA tape 3.090
O151 900 NFA wire 0.246
MO1 950 NFA wire 0.044

Comparing samples measured with Cu tape for the NFN or NFA treatment, the results show a
dispersion of values within one order of magnitude. The same dispersion of values can be seen
for samples measured with copper wires. When comparing the values obtained with the Cu tape
with the Cu wire, they seem consistently higher. Regarding the influence of temperature, the
results seem to indicate that samples sintered at higher temperature have lower conductivity. For
the treatment, the results seem to indicate that the NFA treatment allows for higher conductivity
values.
From these measurements it is not possible to conclude if the furnace or sintering temperature
has a remarkable influence on the sample’s conductivity, as the method used relies primarily on
the electric contacts used.
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3.1.2 Influence of the Milling Time

As referred previously the precursors homogeneity may play an important role in the YBCO 123
phase uniformity in sintered powders. This was investigated by changing the milling time and
analyzing its impact in the powder average size, thus, the material was milled for 10, 30, 60 and
180 minutes. According to literature, the best powder’s size is below 0.4 µm [14]. The particle
size distribution is shown on the histograms included in the SEM images of Figure 3.4 A to D.

Figure 3.4: SEM images of milled powder for A - 10 minutes (scale 10 µm), B - 30 minutes (scale
10 µm), C - 60 minutes (scale 10 µm), D - 180 minutes (scale 8 µm).

The particles’ size distribution is predominantly bellow 10 µm, but clearly narrows down to 2
µm as the milling time increases, proving that to obtain low particle’s sizes, milling time over
180 minutes at 500rpm is required. Eventually, the milling time could also be tested but for this
work it was not possible to change that parameter. The histogram of Figure 3.5 compares the
number of particles inferior to 1 µm and 0.4 µm of the milling time.
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Figure 3.5: Particle count comparison below 1 and 0.4 µm.

The absence of particles below 0.4 µm for 30 minutes may be due to only measuring 80 randomly
selected particles. Figure 3.5 clearly shows that, for the selected particles, the higher the milling
time is, the smaller the particle and the higher the number of particles smaller than the target
size is. It would be interesting to continue to investigate higher milling’s times to have the
majority of the selected particles smaller than the target size, however, this is a time and energy
consuming process, and therefore it must be balanced in terms of properties gain against the
energy and time consumption as it impacts the cost of the final product.

3.1.3 Influence of the Mixture Used

Magnetization versus Temperature graphs were made to attain the material’s TC and to see the
mixture’s influence on its vale. The graph is present in Figure 3.6. Zero field cooling (ZFC)
and field cooling (FC) were both measured to attain the Meissner signal. ZFC was measured
by cooling the sample in zero applied fields and FC by cooling the sample with application of
magnetic field.

Figure 3.6: Magnetization vs Temperature for A - mixture with BaCO3 and B - mixture with
BaO.

The TC obtained for A was 87K and for B was 91K which is similar to the expected value for
YBCO.
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Then, values of magnetization versus magnetic field strength were obtained to get the material’s
JC. To obtain that value it is used the extended Bean critical state model that can be seen below
in Equation 3.1.

Jc =
20∆M

a(1 − a
3b)

(3.1)

In the formula, ∆M represents the width of the magnetization hysteresis loop and a and b (a<b)
are the cross section dimensions perpendicular to the applied field. The values used can be seen
in Table A.11 present in the Bean Critical State Model Values section of the Appendix chapter.
The graphs of magnetization versus magnetic field strength can be seen in Figure 3.7. By using
the necessary information from the graph and applying the Bean critical state model it was
possible to obtain the values that can be seen in Table 3.2

Figure 3.7: Magnetization vs magnetic field strength for A - mixture with BaCO3 and B - mixture
with BaO.

Table 3.2: JC dependence on temperature and mixture (A with BaCO3 and B with BaO).

JC
Temperature/ K Mixture A Mixture B

77 3.90 6.91
50 6.74 20.08
10 34.66 64.67
4 52.79 87.64

As can be seen in Table 3.2, it seems that mixture B allows for higher JC values. This could
be due to the fact that the temperature used was the one suggested by Abd-Ghani et al.[39] for
mixtures made with BaO.
Figure 3.8 shows the graphs that correlate JC with the magnetic field applied. In this graphs it
is possible to obtain the maximum JC value, and the corresponding magnetic field value, as well
as the JC value when there is no field applied. Those results can be seen in Table 3.3.
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Figure 3.8: Critical current density vs magnetic field for A - mixture with BaCO3 and B - mixture
with BaO.

Table 3.3: JC max results and JC for when B=0 for mixture A and mixture B.

A Mixture B Mixture
Temperature/ JC max/ B value for JC when B=0/ JC max B value for JC when B=0

K (A/cm2) max JC/ T (A/cm2) (A/cm2) max JC/ T (A/cm2)
77 9.91x101 0.00 9.91x101 7.44x102 0.02 3.51x102

50 1.38x103 0.02 8.55Ex102 2.62x103 0.04 1.54x103

10 1.08x104 0.08 9.16x103 1.12x104 0.20 8.45x103

4 1.85x104 0.10 1.72x104 1.70x104 0.20 1.42x104

With these results it is possible to observe, as was expected, that the JC values decrease while the
temperature increases. It is also possible to conclude that B mixture allows for higher magnetic
field and JC values when comparing with the A mixture.

3.1.4 Magnetic Levitation of YBCO Pellets

Figure 3.9 shows the levitation of one of the samples. In this particular image it is possible to
see a sample that was not stable while levitating due to its irregular shape.

Figure 3.9: Demonstration of the samples levitation.

From obtained experiments, that can be observed in the section Levitation Performance of the
Appendix chapter, it was concluded that YBCO samples do levitate independently of the furnace
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used and type of precursors, for example mixture A - O8, O26 and mixture B O13,O23. However
it is important to mention that none of those samples possessed YBCO 211 characteristic green
phase, and the samples which contained the green phase did not levitate. All the samples that
had a green phase did not levitate.
The milled samples (MO1, MO3, MO4) also levitated, but for MO1 the green phase was detected
meaning that it could not be enough to influence the overall magnetic field of the samples.
About 75% of the samples not presenting green phase did levitate. Although there is a possible
relation between green phase YBCO 211 and the non-superconducting properties, the presence of
tetragonal or a mix of tetragonal and orthorhombic phases can be also the origin of the behavior.
However, from the results, this is not conclusive since some samples with detected orthorhombic
structure did not levitate.
A complete table with the samples’ details, such as heat treatment, presence of green phase,
structure, mix/original powder used, and their levitation performance can be seen in Table A.12
in The Levitation Performance section of the Appendix chapter.
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3.2 3D Printing and Recycling

The attempts made for 3D printing YBCO using sintered powders or the precursors’ mixture and
their recyclability are shown in this section. For 3D printing, different binders and solvents were
tested to obtain a paste that was able to be extruded and printed. Concerning recycling tests,
the work performed aimed to understand the viability of recycling already processed samples
and recover its materials for the printing of new samples with similar properties. This would
show that YBCO powders that were used for printing or were used in unsuccessful parts, could
be recovered and used for new pastes and printing pieces.

3.2.1 3D Printing

The printing process requires the use of a suitable paste made with the YBCO powders and an
adequate binder, being that, it depends on the powder’s type. In case of YBCO water-based,
binders must be avoided due to possible reaction with powders, making a highly basic paste.
Another key aspect is the extrudability, where viscosity and rheological aspects are important.
Without access to a rheometer, the study was made by trial and error. Thus, several pastes were
tested and evaluated by their extrudability, printability and levitation. Only pastes that were
extrudable by a syringe, printable and that retained the printed structure, will be shown in this
section. Printing process parameters were adjusted, such as drying time, the sticking between
layers, the form stability along the printing process, etc. For this study, simple design pieces
were tested such as the ones of Figure 3.10.

Figure 3.10: A, B, C - examples of the designs chosen to print, D - example of the samples
printed.

Pastes made with polystyrene (PS), xylene, dichloromethane and polysorbate 80 were tested.
These samples were made with YBCO precursors and not with YBCO powder. The pastes were
easier to extrude and print when compared to pastes that used YBCO powder and were tested
with both mixtures.
Pastes made with dimethylformamide (DMF), xylene and PS were also tested. Although they
had some issues at first, after a simple optimization regarding its viscosity, it was possible to
print synthesized YBCO with good resolution.
Some of the problems found for most of the pastes that were not extrudable were, quick solidi-
fication, using an excessive amount of powder material, reaction with one of the precursors, or
phase separation. Another experimental observation was that printed pieces with powder that
did not levitate, still did not levitate even after the sintering process. This could mean that
the thermal treatment did not lead to the formation of the orthorhombic phase, nor removed
the YBCO 211 phase, which seems to affect the superconductor properties. The complete list
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of tested pastes can be seen in Table A.17 and Table A.18 on the 3D Printing section of the
Appendix chapter.

3.2.2 Recycling

The recycling studies aimed to understand the possibility to recover either powders or sintered
pieces of YBCO. The samples that were printed and others from the previous work of Mendes
et al.[7] were recycled by using a two-step process: first annealing at 900 °C and then milling for
180 minutes at 500rpm.
The recycled powders were analyzed by XRD, electrical measurements, SQUID and levitation
tests.
Electrical measurements were done to see if the recycling process and the milling time affected the
material’s conductivity. Table 3.4 shows the samples measured as well as their original powder,
the milling time used, the contacts and the original powder’s conductivity.

Table 3.4: Effect of the original powder, milling time and contacts on the material’s conductivity
and comparison between its original value and the value after the recycling process.

Sample Original Powder Milling Time/ min Contacts Original Conductivity
Conductivity (S/m) (S/m)

O28 2 O28 1 180 tape 0.74 0.93
MR7 Mendes’ 180 tape - 12.60
MR2 Mendes’ 10 wire - 0.43

Regarding the milling time, it is possible to see that 180 minutes seem to allow for better conduc-
tivity. However, it is important to note that, as was seen before in the Influence of Temperature
and Time section, the sample that possessed the lowest conductivity value was the one measured
with Cu wires. After the recycling process the conductivity remained with similar but slightly
better values as its original powder. Mendes’ recycled pieces seemed to have higher conduc-
tivities, for the same conditions, which could be explained by the original powders’ superior
superconductor properties (such as the ability to levitate), possibly due to longer sintering times
at 950 °C.
Levitation tests were necessary in order to know if the samples, after the recycling process, exhib-
ited superconducting properties when the temperature was below TC. For that, the conditions
mentioned in the Materials and Methods chapter were used. The levitation performance table
can be seen in Table A.13 of the Levitation Performance section of the Appendix Chapter and
it correlates the original powder used, heat treatment, the presence of green phase and the ma-
terial’s structure with its levitation.
With these results, it is important to mention that the pieces after the recycling process did not
appear to have the presence of YBCO 211 but it would be interesting to know if it was present
before the recycling process. These results also seem to agree with the conclusion that the YBCO
211 presence suppresses the levitation.
SEM analysis of the recycled powders are shown in Figure 3.11. The analysis of particle average
size was made as explained before in the Influence of the Milling Time subsection.
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Figure 3.11: SEM images and histogram for samples A - before the recycling cycle, B - after the
recycling cycle.

After the recycling process, the particle size distribution was similar to the one obtained before
the recycling process as can be seen in Figure 3.11. XRD analysis also shows similarity between
the samples. The XRD spectra are shown in Figure 3.12 A and B.

Figure 3.12: XRD pattern for samples A - before the recycling cycle, B - after the recycling cycle.

The YBCO 123 is the main phase and the relation between peaks remains almost the same.
Regarding the phase structure, the sample from before the cycle shows a tetragonal phase with
the peaks at 33°, 47°, 48°, 58° and 59° and an orthorhombic phase given by the peaks at 36°,
39° and 40°. The sample from after the cycle seams to retain the same structure of the original
powder, meaning that the recycling process did not alter the material structure. This suggests
that it is viable to do multiple recycling cycles in cases where it is wanted to retain the material
original structure.
The 3D printing of recycled powders was tested. Pastes made with oleic acid, oleylamine, am-
monium solution, distilled water and sodium dodecyl sulphate (SDS) were tested. This paste
demonstrated a tendency for the formation of clusters when in contact with YBCO, making it
hard to extrude and print. However, even with pastes that were able to be extruded, the piece’s
resolution was not good enough. Pastes made with DMF, xylene and PS were again tested, but
this time with recycled powders instead of synthesized ones. As it was seen with the synthesized
powders, this paste was also able to be extruded and printed with great quality with recycled
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powders.
The pastes that were not extrudable or printable appeared to have the same issues as the pastes
made with the non-recycled powders. The complete list can be seen in Table A.17 and Table A.18
of the 3D Printing section of the Appendix chapter.
Levitation tests revealed that recycling was possible with pieces that were printed in Mendes’
thesis [7]. It was also possible to see that the recycling process did not change the ability or
inability of the original powder to make samples that levitate. The complete levitation per-
formance table can be seen in Table A.12 of section Levitation Performance of the Appendix
chapter.
In Figure 3.13 it is possible to observe the graphs of magnetization versus temperature, magne-
tization versus magnetic field strength and critical current density versus magnetic field.

Figure 3.13: A- magnetization versus temperature, B - magnetization versus magnetic field
strength and C - critical current density versus magnetic field.

In Figure 3.13 A it is possible to attain the TC value, which is 93K. This value is similar to the
expected value for YBCO. With the data obtained from Figure 3.13 B and the values present
in Table A.11 of the Bean Critical State Model Values section of the Appendix chapter it was
possible to obtain the results presented in Table 3.5. This data was obtained by the Bean critical
state model as it was mentioned in the Influence of the Mixture Used subsection of the Synthesis
of YBCO section of the Results chapter.
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Table 3.5: JC of recycled YBCO dependence on the temperature used.

Temperature/ K JC
77 12.28
50 46.22
10 154.67
4 216.89

The data obtained shows that, as it was predicted, that the JC increased with the temperature
decrease. It is also possible to see that the results obtained for the recycled piece have higher
values than the results obtained for synthesized samples. This could be due to the superior
properties of the original pieces that were recycled, when compared to the synthesized pieces.
With Figure 3.13 C it is possible to obtain Table 3.6 by choosing the highest value of JC and the
value of JC when B=0.

Table 3.6: JC max results and JC for when B=0.

Temperature/ JC max/ B value for JC when B=0/
K (A/cm2) max JC/ T (A/cm2)
77 3.45x103 0.02 3.07x103

50 9.63x103 0.04 8.86x103

10 3.81x104 0.10 3.49x104

4 5.64x104 0.10 5.37x104

This data also shows higher JC when compared to the synthesized samples but with magnetic
field’s values lower for the maximum JC. Once again, this could be due to the superior supercon-
ductor properties in the original sample. Table 3.5 and Table 3.6 prove that after the recycling
process, the superconductor properties do not cease to exist due to the recycling process.
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3.3 Doping

As an attempt to increase the critical temperature of YBCO, doping was tried with graphene,
iron(III) and calcium(II). Raman spectroscopy, XRD, electric measurements and levitation tests
were analyzed for some of the doped samples to understand the doping effect on the YBCO
samples.

3.3.1 Calcium(II) Doped

The XRD diffractogram and the Raman spectra of samples doped with CaCl2 show the influence
of doping in the material characteristics. For the XRD it was chosen the samples with the
highest doping content to have the highest probability of finding doped samples. For the Raman
spectroscopy it was chosen the most and the least doped samples to see the variation of the peaks,
according to different doping concentrations. The measurements points for sample Ca with 0.1
wt% and 0.3 wt% can be seen in Figure A.4 of the Raman Photos section in the Appendix
chapter.

Figure 3.14: A - XRD pattern of calcium(II) doped YBCO, B - Raman spectrum of calcium(II)
doped YBCO, C - Section of the Raman spectrum of pure and calcium(II) doped YBCO.

The XRD diffractogram of YBCO 123 with 0.3 wt% of Ca(II) is similar to YBCO 123, where
the orthorhombic phase is predominant (peaks 33 °, 36°, 38° and 40°). The tetragonal phase is
also present at 58°, 59° and 69°. No vestiges of Ca were present which is expected due to its low
concentration. Due to that, Raman spectroscopy was performed to try to detect Ca.
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There are known and common vibration modes of the orthorhombic structure such as Ba at 110
cm-1, Cu2 between 140 and 150 cm-1 and the out-of-phase, centro-symmetric mode OII-OIII at
340 cm-1, due to the atoms of the Cu-O plates that carry the supercurrent, OII+OIII at 450
cm-1 and OIV between 475 and 500 cm-1 [45]. There are also some undesirable peaks, such as
BaCuO2 around 430 cm-1 that is due to the reaction between precursors [46]. The O chain peak
correspond to defect-induced Raman peaks due to oxygen chains not being fully occupied, which
could lead to the presence of the tetragonal phase if the O proportion is below 6.4, or could lead
to an higher carrier’s concentration that could raise the JC value [42],[47].
The Raman spectra in Figure 3.14 B compares the Raman spectra of samples of CaCl2 and
samples with 0.05 and 0.3 wt% of Ca(II). It is possible to observe that the samples do not show
any of the Raman peaks related to CaCl2 which could be caused by an unsuccessful doping
process, due to the dopant not being in the surface of the sample or due to the transformation of
CaCl2 in others Ca compounds at high temperature. In Figure 3.14 C it is possible to see some
peaks characteristic of the YBCO such as Ba, OII-OIII as well as O chain and BaCuO2 peak.
When comparing with the spectra of the non-doped YBCO it is possible to see some common
peaks (Ba, the last O chain peak and the OII-OIII peak ) but the majority of the non-doped
peaks were not present. Figure 3.14 B and Figure 3.14 C show different spectrums for the same
components (Ca 0.30 and CaCl2) due to them not being homogeneous and possessing spectrums
with different peaks.
Electric conductivity measurements were performed to check the relation between doping per-
centage and the sample’s conductivity. For this, it was used four Ca doped YBCO samples with
NFN treatment at 900 °C, with Cu tape for contacts. In Table 3.7 it is possible to see the results.

Table 3.7: Relation between doping content and conductivity in Ca(II) doped YBCO.

Sample Doping Content Conductivity (S/m)
CaO22 0.10 1.11
CaO23 0.15 0.17
CaO24 0.20 1.05
CaO25 0.30 0.36

With the information presented above, it is possible to see that there seems to be a relation
between doping and the conductivity value, with a decreasing in the conductivity with the
increase of the doping content. This goes according to what Mohan et al.[48] reported. In the
0.15 wt% doping content point value seems to have occurred some kind of mistake since it does
not seem to follow the correlation of the other values.
Regarding the levitation tests, the conditions were equal to the tests made with non-doped
samples. In those tests it was possible to see that none of the doped samples did levitate,
probably due to the presence of the Y211 phase and the tetragonal structure of the material, or
due to the short sintering phase. The levitation performance table can be seen in Table A.14 in
the Levitation Performance section of the Appendix chapter
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3.3.2 Graphene Doped

XRD diffractogram and Raman spectra were obtained to know the influence of graphene doping
on the material’s characteristics. For the XRD it was selected the sample with the highest
doping content to make sure that it would be possible to find doping content in the sample.
For the Raman it was selected the samples with the highest and the lowest doping content to
see differences in the materials present, according to the different doping contents. The regions
chosen for the Raman spectroscopy can be seen in Figure A.5 or the Raman Photos section in
the Appendix chapter.

Figure 3.15: A - XRD pattern of graphene doped YBCO, B - Raman spectrum of graphene
doped YBCO, C - Section of the Raman spectrum of pure and graphene doped YBCO.

The presence of YBCO 123 orthorhombic phase is present and predominant as revealed by the
main peaks 33° and 47°. Tetragonal structure phase is also present due to the peaks 58° and 60°.
Regarding doping, no peaks related to graphene or graphite were observed. The XRD pattern
peak of the graphene is a band around 26° and coincide with graphite peak, except for the in-
tensity which is much lower [49]. Due to the high intensity of YBCO peaks and the low content
of graphene in the powder mixture it was expected to be undetected through XRD. Therefore
Raman analysis was performed.
When looking at Figure 3.15 B the graphene peaks G, D and 2D are present. This peaks are
due to out of plane vibrations due to structural defects, due to plane vibrations of sp2 carbon
atoms and due to second order two phonon process dependent on the excitation laser, respec-
tively [35],[50]. Regarding the raman spectrum, when looking at Figure 3.15 B it is possible to
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see that the sample did not have any trace of the supposed graphene. This could be due to an
unsuccessful doping or that the Raman should not be used for pellets due to the fact that it
only sees the surface. When looking at Figure 3.15 C, it is possible to see some peaks typical of
YBCO such as Ba, Cu2, OII-OIII and OIV, meaning that some YBCO was produced. The peak
characteristic of the O chains is also present, meaning that there is not enough oxygen in the
structure. When comparing the doped samples’ Raman spectra with the non doped samples, it
is possible to see that most of the non-doped YBCO peaks are present in the doped samples,
with the exception of the OII-OIII peak.
To attain the relation between conductivity and doping content, electric measurements were
made. For this, graphene doped YBCO samples with the same heating treatment (NFN), sin-
tering temperature (900 °C) and contact (Cu tape) were chosen. In Table 3.8 it is possible to
see the conductivity and the doping content values.

Table 3.8: Relation between doping content and conductivity in graphene doped YBCO.

Sample Doping Content Conductivity (S/m)
GO21 0.10 1.09
GO23 0.70 2.40
GO24 1.00 1.17

With these results it is possible to see that, apparently there is a maximum in the 0.7 wt% of
graphene doping, meaning that value could be the best one for applications that require higher
conductivity values. Those results are according to what Gaffoor et al.[35] concluded.
Regarding the levitation tests, the conditions were equal to the tests made with non-doped
samples and it was possible to observe that none of the doped samples did levitate, probably due
to the presence of the Y211 phase and the structure of the material. The levitation performance
table can be seen in Table A.15 in the Levitation Performance section of the Appendix chapter.
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3.3.3 Iron(III) Doped

XRD and Raman spectroscopy were made in order to attain the influence of the Fe2O3 doping
in YBCO. For both the XRD and the Raman spectroscopy, the sample with the highest doping
content was chosen to be sure that it was possible to find doping content in the sample. The
sample’s region chosen for the Raman spectroscopy can be seen in Figure A.6 of the Raman
Photos section in the Appendix chapter.

Figure 3.16: A - XRD pattern of iron(III) doped YBCO, B - Raman spectrum of iron(III) doped
YBCO, C - Section of the Raman spectrum of pure and iron(III) doped YBCO.

The presence of YBCO 123 orthorhombic phase is present and predominant as revealed by the
main peaks 33°, 36°, 38°, 40° and 68°. Regarding doping, 37° corresponds to a peak of Fe2O3,
meaning that some doping may have been possible. It is also possible to observe a peak at 47°
that corresponds to YBCO 211.
Regarding the Raman spectrum that can be seen in Figure 3.16 B, it is possible to see that
there seems to be some peaks in common between the doped samples and Fe2O3 and that the
samples are highly non-homogeneous. It is also important to note that, due to its heterogeneity,
the Raman spectra are not the same for the same sample, explaining the necessity for multiple
Fe 0.05 wt% spectra. When looking at Figure 3.16 C, it is possible to see the presence of some of
the YBCO’s peaks such as Ba, Cu2, OII-OIII and OIV as well as the O chain. When comparing
the doped YBCO with the non-doped it is possible to see that the doped does not have the
majority of the virgin YBCO peaks.
In order to correlate conductivity and the doping content, electric measurements on the doped
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samples were made. For this, samples with the same sintering temperature (900 °C), heating
treatment (NFN) and contact (Cu tape) were chosen. The results can be seen in Table 3.9.

Table 3.9: Relation between doping content and conductivity in Fe(III) doped YBCO.

Sample Doping Content Conductivity (S/m)
FeO21 0.01 1.00
FeO22 0.02 0.84
FeO23 0.03 0.01
FeO24 0.04 1.84
FeO25 0.05 0.70

From the results, it does not seem to exist a correlation between doping and the conductivity
value. This could be due to the fact that the doping values were too close to one another.
However the results seem to go according to the order that Abd-Ghani et al.[39] suggested for
0.04 and 0.01 wt%.
Regarding the levitation tests, the conditions were equal to the tests made with non-doped
samples and none of the doped samples levitated, probably due to the presence of the Y211
phase and the structure of the material. It is also possible that the presence of the dopant
affected the superconductor properties. The results of the levitation performance can be seen in
Table A.16 of the Levitation Performance section of the Appendix chapter.
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Conclusion

The main objectives of the present work were: 1-synthesis of YBCO, 2-3D printing of YBCO
pastes, 3-recycling of YBCO, and 4-doping of YBCO with different materials. The conclusions
from this work were:

1-The synthesis of YBCO was possible using two different precursors of Ba (BaO and BaCO3).
From both was possible to obtain YBCO with superconducting properties that were verified by
its levitation in liquid nitrogen over a magnet. However this properties are dependent of sinter-
ing temperature, type of furnace, and milling speed and time. It was verified that 900 °C is a
suitable sintering temperature to obtain YBCO 123, which showed predominantly orthorrombic
phase and some peaks of tetragonal phase. Milling time of 180 minutes is the most adequate to
obtain a large number of low particles’ size of the sintered powders.
2-The printing of YBCO was also successively done, having achieved a paste of dimethylfor-
mamide, xylene and polystyrene that is believed to be a fine candidate for 3D printing and
future optimizations.
3-An important aspect of this thesis was to demonstrate that it is possible to recycle YBCO.
After the pieces’ reprocessing, which included re-sintering, re-milling and re-printing, the results
showed that the printed pieces made of recycled YBCO powder had similar or slightly better
superconductor properties when compared with the original ones. It was possible to see that
the superconductor properties were kept after one cycle. Another important conclusion was that
the recycling of materials that previously had not shown good superconductor properties, still
kept those properties and there was no improvement with recycling. Regarding 3D printing, it
was possible to produce pastes that were deemed of good quality for synthesized and recycled
YBCO.
4-The study of doping was performed for calcium(II), iron(III) and graphene. The tested dopants
and their respective concentrations did not enhance the superconducting properties as none of
the samples levitate in liquid nitrogen. This was a very exploratory and preliminary study which
deserves further studies to be more conclusive.

In future studies it will be important to consider the furnace spatial temperature profile to
ensure that the required temperature is reached in the furnace or the place where samples are
located inside the furnace. This can save time to understand why the same sintering tempera-
ture does not lead to the same results of phases and structure. Regarding recycling, more cycles
should be studied to know how many cycles the material can endure before losing or deterio-
rating its superconductive properties. This is an important topic and achievement as the costs
of fabrication are high and the possibility of its recycling opens new directions of applications.
The topic of doping did not succeed in this study which could be due to the low concentrations
used and its probable inability to modify the YBCO’s structure. Therefore, other dopant con-
centrations need to be studied. Samples should also be tested using inductively coupled plasma
atomic emission spectroscopy to quantify the doping elements in the final powder. It would be
compelling to investigate new possible alloys or doping contents and agents with simulation in
order to see how different materials affect the YBCO’s structure.
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Appendix A

Appendix

A.1 Materials

The materials used for doping can be seen in Table A.1 and the materials used for pastes in
Table A.2.

Table A.1: Materials used for doping.

Name Brand Purity
Calcium chloride dihydrate Sigma Aldrich ACS reagent ≥ 99%
Iron(III) oxide nanopowder Sigma Aldrich -
Graphene* - -

*Graphene was produced by adding 10g of graphite and 750 ml of acetone and 250 ml of milipore
in an ultrasound bath for 4 hours.
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Table A.2: Materials used for the pastes.

Name Brand Purity Country
Ammonium citrate dibasic Sigma-Aldrich 98% USA
Ammonia solution 25% LabChem - Portugal
Calcium chloride dihydrate Sigma-Aldrich ≥ 99% Germany
Dichloromethane Honeywell ≥ 99.9% Germany
Dimethylacetamide Carlo Ebra for analysis France
Dimethylformamide (DMF) Carlo Ebra for analysis France
Ethanol LabChem ≥ 96% Portugal
Ethanolamine Sigma-Aldrich ≥ 98% Germany
Oleic Acid Aldrich technical grade, 90% Belgium
Oleylamine Aldrich technical grade,70% Netherlands
o-Xylene Carlo Erba For analysis France
Poly(diallyldimethylammoniumchloride) solution Aldrich - USA
Poly(ethylene glycol) Sigma-Aldrich - Germany
Poly(methyl methacrylate) Aldrich - Germany
Poly(vinyl alcohol) (PVA) Aldrich - USA
Poly(vinylidene fluoride) (PFDV) Alfa Aesar - Germany
Polysorbate 80 Sigma-Aldrich - Switzerland
Polystyrene Aldrich - USA
Propylene glycol (purchase from the local pharmacy) - -
Sodium Dodecyl Sulfate (SDS) Sigma ≥ 99% China
Stearic Acid Sigma-Aldric reagent grade, 95% Malaysia
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A.2 Methods

A.2.1 Heating Treatments

The heating treatments, corresponding temperatures, oven’s name and nomenclature can be seen
in Table A.3.

Table A.3: Heating treatments with respective temperature and oven’s name.

Oven Oven’s Name Heating Curve X

FA Termolab 0 °C - X °C (450 °C/h)
X °C - X °C (14h) 950

FG Barracha 0 °C - X °C (450 °C/h)
X °C - X °C (14h) 950

NFA Nabertherm GmbH
0 °C - X °C (14h)
X °C - X °C (15h)

X °C - 0 °C (150 °C/h)
900, 950, 1100

NFN Nabertherm GmbH 0 °C - X °C (450ºC/h)
X °C - X °C (14h) 900, 950

NFP Nabertherm GmbH
0 °C - X °C (3h)
X °C - X °C (3h)

X °C - 0 °C (150 °C/h)
950

A.2.2 Spectroscopy

Equation A.1 shows the function used to normalize the reflectance results. This function relates
a chosen reflectance value (RefValue) with the Reflectance minimum value (min(RefValue)) and
maximum value (max(RefValue)), giving a normalized reflectance value (NormValue).

NormV alue =
RefV alue−min(RefV alue)

max(RefV alue) −min(RefV alue)
(A.1)

A.2.3 Electric Measurements

The electric properties of the material were obtained by measuring Current (I) versus Voltage
(V). Due to the ceramic character of the YBCO samples, the metal contacts for electrical mea-
surements were not possible to weld and therefore, it was decided to press metal Cu wires or
tape on both faces of the sample as schematized in Figure A.1 A. It was also tested the contacts
directly in contact with the samples and the setup immersed in liquid nitrogen.
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Figure A.1: A - Representation of the setup used for the electrical measurements, B - Represen-
tation of the resistivity calculation.

The material’s resistance (R) was obtained from the slope of the I-V curve (Equation A.2). This
can be seen in Figure A.1 B.

V = RI (A.2)

The material’s resistivity (ρ), is related with R, the sample’s length (L) and cross-sectional
area (A). The conductivity (σ) is the inverse of resistivity and both formulas can be seen in
Equation A.3 and Equation A.4

R =
Lρ

A
(A.3)

σ =
1

ρ
(A.4)

A.2.4 Magnetic Levitation

The setup of the magnetic levitation can be seen in Figure A.2.

Figure A.2: Representation of the set up used for the levitation test performance.
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A.3 Powders

The complete list of synthesized and milled powders can be seen in Table A.4 and Table A.5.
In Table A.4 it is possible to see the powders mixtures, heating treatment, if they showed the
presence of peak around 500 nm in the reflectance graph (characteristic of green phase), their
structure (if orthorhombic or tetragonal) and their ability to levitate.

Table A.4: Description of the synthesis of the original synthesized samples as well as the presence
of green phase, their structure and their ability to levitate.

Powder Mix Heating Treatment Green Phase Structure Levitation
O1 A NFA at 950 °C - - -
O2 A NFA at 950 °C - - -
O3 A NFA at 950 °C - - -
O4 A NFA at 950 °C - - -
O5 B NFA at 950 °C - - -
O6 A NFA at 950 °C - - -
O7 B NFA at 950 °C - - N
O8 A NFA at 950 °C - - Y
O9 B NFA at 950 °C - - N
O10 A NFA at 950 °C - - -
O11 B NFA at 950 °C - - -
O12 A NFA at 900 °C Y O N
O13 B NFA at 900 °C N O Y
O14 B NFA at 900 °C Y O + T N
O15 B NFA at 900 °C Y O N
O16 B NFA at 950 °C - - -
O17 B NFA at 950 °C - - -
O18 A - - - -
O19 B - - - -
O20 A NFA at 950 °C - - -
O21 B NFA at 900 °C - - -
O22 B NFA at 900 °C - - -
O23 B NFN at 900 °C N - Y
O24 A NFA at 1100 °C Y - N
O25 A FG at 950 °C and NFN at 900 °C N - N
O26 A NFA at 950 °C and NFN at 900 °C N - Y
O27 A FG at 950 °C - - -
O28 B NFN at 900 °C Y - N
O29 B NFN at 900 °C - - -
O30 B NFN at 900 °C - - -
O31 B NFN at 900 °C Y T N
O32 B NFN at 900 °C - - -
O33 B NFN at 900 °C Y - N
O34 B NFN at 900 °C Y O + T N

Table A.5 shows the original powders that were milled, their milling time, the presence of the
characteristic green phase peak around 500 nm, their structure (if orthorhombic or tetragonal)
and their ability to levitate.
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Table A.5: List of the milled powders, as well as the powders used, milling time, presence of
green phase, their structure and ability to levitate.

Powder Original Powders Milling Time/ min Green Phase Structure Levitation
MO1 O2, O4, O6, O8, O10 10 Y - Y
MO2 O9, O11 10 Y T N
MO3 O27 180 - - Y
MO4 O23 180 - - Y

A.4 Recycled Powders

Table A.6 shows the recycled powders as well as the original powder, milling time used, if
they possessed green phase (by looking at the normalized reflectance graph), their structure (if
tetragonal or orthorhombic) and their ability to levitate.

Table A.6: List of the recycled milled powders, as well as the original powders, milling time,
presence of green phase, structure and ability to levitate.

Powder Original Sample Milling Time/ min Green Phase Structure Levitation
MR1 Mendes’ samples 10 - T N
MR2 Mendes’ samples 10 N T N
MR3 Random printed samples 180 - - -
MR5 Random printed samples 180 N - N
MR6 Mendes’ samples 180 - - N
MR7 Mendes’ samples 180 N - Y

A.5 Doped Powders

This section shows the tables for the doped powders. Table A.7 to Table A.9 show the original
mixture, doping agent and content.

Table A.7: List of the Ca(II) doped samples with doping agent and content.

Powder Original Mixture Doping agent Doping quantity/wt%
CaO21 B CaCl2 0.05
CaO22 B CaCl2 0.10
CaO23 B CaCl2 0.15
CaO24 B CaCl2 0.20
CaO25 B CaCl2 0.30

40



APPENDIX A. APPENDIX

Table A.8: List of Fe(III) doped samples with doping agent and content.

Powder Original Powder Doping agent Doping quantity/wt%
FO21 B Fe2O3 0.01
FO22 B Fe2O3 0.02
FO23 B Fe2O3 0.03
FO24 B Fe2O3 0.04
FO25 B Fe2O3 0.05

Table A.9: List of rGO doped samples with doping agent and content.

Powder Original Powder Doping agent Doping quantity/wt%
GO21 B rGO 0.1
GO22 B rGO 0.3
GO23 B rGO 0.7
GO24 B rGO 1.0

A.6 Material Synthesis

Different surfaces and different surface placement were tested in order to see if its placement
or the material of the surface influenced the final product. It was seen that the placement of
the surface did influence the heating of the sample inside the oven, probably due to convection
currents. The best position is the one represented in Figure A.3.

Figure A.3: Representation of the oven’s interior.

For the material used, neither alumina or stoneware seemed to have a big influence on the final
product but it would be best to use alumina surfaces to prevent possible contaminations.

A.7 Electrical Measurements

Table A.10 shows the comparison between samples and their electric measurements. It also shows
if they were recycled and their original powder, if they were doped and if so, their doping agent
and content, the temperature and heating treatment, the mixture used, what contacts were used
and the conductivity measured.

41



A.7. ELECTRICAL MEASUREMENTS

Table A.10: Electric measurements comparison.

Sample Recycled
Original Doping Temperature

Mixture Contacts
Conductivity

Powder Agent and and Treatment (S/m)Content
MR7 Y Mendes’ - - - tape 1.26x101

O33 N - - 900 °C NFA B tape 3.09x100

GO23 N - rGO 0.7 900 °C NFN B tape 2.40x100

FeO24 N - Fe 0.04 900 °C NFN B tape 1.84x100

O34 N - - 900 °C NFA B tape 1.69x100

O31 N - - 900 °C NFN B tape 1.38x100

GO24 N - rGO 1.0 900 °C NFN B tape 1.17x100

CaO22 N - Ca 0.1 900 °C NFN B tape 1.11x100

GO21 N - rGO 0.05 900 °C NFN B tape 1.09x100

CaO24 N - Ca 0.2 900 °C NFN B tape 1.05x100

FeO21 N - Fe 0.01 900 °C NFN B tape 9.99x10-1

O28 2 Y O28 1 - - - tape 9.30x10-1

FeO22 N - Fe 0.02 900 °C NFN B tape 8.38x10-1

O28 1 N - - 900 °C NFN B tape 7.83x10-1

FeO25 N - Fe 0.05 900 °C B tape 6.95x10-1

MR2 Y Mendes’ - - - tape 4.31x10-1

CaO25 N - Ca 0.3 900 °C NFN B tape 3.56x10-1

O131 N - - 900 °C NFA B tape 2.81x10-1

O151 N - - 900 °C NFA B wire 2.15x10-1

CaO23 N - Ca 0.15 900 °C NFN B tape 1.65x10-1

O121 N - - 900 °C NFA A wire 1.21x10-1

O141 N - - 900 °C NFA B wire 8.06x10-2

MO1 N - - - A wire 4.42x10-2

FeO23 N - Fe 0.03 900 °C NFN B tape 9.13x10-3

MO2 N - - - B tape 1.76x10-3

MR6 Y Mendes’ - - - tape 1.97x10-4
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A.8 Bean Critical State Model Values

The values used for the calculation of JC using the Bean critical state model can be seen in
Table A.11.

Table A.11: Values used for the Bean critical state model.

O121 O131 MR7
T ∆M a b ∆M a b ∆M a b
77 0.650

5 5

1.152

5 5

2.0

3 450 1.124 3.347 5.2
10 5.776 10.778 17.4
4 8.799 14.606 24.4

A.9 Levitation Performance

Table A.12 shows the levitation performance of synthesized samples, as well as the original
powder used, mixture, heat treatment and respective temperature and the presence of green
phase and structure (if orthorhombic or tetragonal).

Table A.12: Levitation table - synthesized samples.

Sample Levitate Original Powder Mix Heat Treatment Green Phase Structure
O7 N - B 950 °C NFA - -
O8 Y - A 950 °CNFA - -
O9 N - B 950 °C NFA - -
O12 N - A 900 °C NFA Y O
O13 Y - B 900 °C NFA N O
O14 N - B 900 °C NFA Y O + T
O15 N - B 900 °C NFA Y O
O23 N - B 900 °C NFA N -
O24 N - B 1100 °C NFA Y -
O25 N - A 950 °C FG N -

O26 Y - A 950 °C FA + N -900 °C NFN
O28 1 N - B 900 °C NFN Y ?
O31 N - B 900 °C NFN N T
O33 N - B 900 °C NFN Y ?
O34 N - B 900 °C NFN Y O + T

MO1 Y O10, O8, O6, - 950 °C NFA Y -O4, O2
MO2 N O11, O9 - 900 °C NFA Y T
MO3 Y O27 - 950 °C FG - -
MO4 Y O23 - 900 °C FG - -

Table A.13 show the levitation performance table for the recycled samples, as well as the original
powder used, heat treatment and respective temperature, the presence of green phase, and
structure (if tetragonal or orthorhombic).
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Table A.13: Levitation table - recycled samples.

Sample Levitate Original Powder Heat Treatment Green Phase Structure
MR1 Y Mendes’ pieces NFA at 950 °C - T
MR2 N Mendes’ pieces NFA at 950 °C N T
MR5 N Random printed samples - N -
MR6 - Mendes’ pieces NFN at 900 °C - ?
MR7 Y Mendes’ pieces NFN at 900 °C N ?

Table A.14 to Table A.16 show the levitation performance table for the doped samples. In them
it is also possible to see the mixture used, the heat treatment and temperature, the presence of
green phase and the present structure (orthorhombic and tetragonal).

Table A.14: Levitation table - calcium(II) doped samples.

Sample Levitate Mix Heat Treatment Green Phase Structure
CaO21 N B NFN at 900 °C - O + T
CaO25 N B NFN at 900 °C Y T

Table A.15: Levitation table - iron(III) doped.

Sample Levitate Mix Heat Treatment Green Phase Structure
FeO21 N B NFN at 900 °C Y ?
FeO25 N B NFN at 900 °C Y ?

Table A.16: Levitation table - graphene doped samples.

Sample Levitate Mix Heat Treatment Green Phase Structure
GO21 N B NFN at 900 °C Y T
GO24 N B NFN at 900 °C Y O + T

A.10 3D Printing

Table A.17 and Table A.18 show the list of pastes that failed the extrusion and printing tests.
It also shows the powders used, what test was failed and the issue behind it.
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Table A.17: List of Pastes that failed the extrusion and printing tests with the powder used and its issues.

Paste Powder Extrudable Printable Issue
xylene, PS,

MO1 Y N
uses too much

oleylamine, material and solidifies
oleic acid quickly

ethanolamine O25, MR3 Y N ethanolamine reacts
with YBCO

ammonium O25, MO4,
N N

creates clusters and
citrate dibasic, O28 1 promote phase
milipore separation
DMF, PVDF, polysorbate 80 O28 1, MR5 N - can not be extruded
cyclohexane, PS MO4, O28 1 Y N solidifies too quickly

PVDF, DMF O25 Y N
too liquid but should

be investigated with higher
concentrations

DMF, PS O28 1, MO4 N - solidifies too quickly

oleylamine, acid oleic MO1, MR1 Y N lost its structure after
the thermal treatment

oleic acid, oleylamine, ethanol, PEG MO2, MR1 Y N reacts with YBCO
dodecanol, stearic acid, - Y Y should be investigated
dichloromethane for YBCO instead of precursors
poly(diallydimethylammoniumchlride) Precursors

Y N
did not levitate with the

solution MR3 precursors nor MR3 so it must have
reacted with them

ammonium citrate dibasic, milipore, O25 N - solidifies too quicklyethanolamine
PVA, milipore MO4 N - tendency to form clusters
milipore MO4 - - reacted harshly with water

oleic acid, amoniac, milipore, SDS MR1 Y Y lost its structure after
the thermal treatment
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Table A.18: Pastes failed - continuation.

Paste Powder Extrudable Printable Issue
PE, ethanol, oleic acid MR1 Y N solidifies too quickly
oleic acid, oleic acid and ammonia mix,

MR1 N N
too liquid but should be

amoniac investigated with higher
concentrations

oleic acid, ethylene glycol MR1 N N too solid to print or extrude
oleic acid, oleylamine, amoniac, MR1 Y Y lost its structure after
milipore, SDS the thermal treatment
DMAC, PS MR1 N N too solid to print or extrude

PMMA, DMAC, acetone MR2 N N
too liquid but should

be investigated with higher
concentrations
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A.11 Raman Photos

In Figure A.4 to Figure A.6 it is possible to see the photos taken of the samples and the regions
that were chosen for the Raman spectroscopy.

Figure A.4: Raman photos of Ca(II) doped YBCO samples with A - 0.1wt% and B - 0.3wt%.

Figure A.5: Raman photos of graphene doped YBCO samples with A - 0.1wt% and B - 1.0wt%.

Figure A.6: Raman photos of Fe(III) doped YBCO samples with 0.05wt%.
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A.12 Spectroscopy

Figure A.7 to Figure A.9 show the Normalized Reflectance spectra of several samples in order
to see if they had the presence of the peak at 500 nm (characteristic of the green phase) and if
they levitated.

Figure A.7: Normalized reflectance spectra of samples A - O13, MO1 and B - O23, O26 that
had the ability to levitate.

Figure A.8: Normalized reflectance spectra of samples A- MR7, MO4 that had ability to levitate
and B - O28 1, O31, O33, O34, MR6, O28 2, GO21, GO24, FeO21, FeO25, CaO25 that did not
have the ability to levitate.

Figure A.9: Normalized reflectance spectra of samples A- O12, O14, O15, MO2, MR2, B - O24,
O25, MR5 that did not have the ability to levitate.
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