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Boron and rare earth based materials for energy applications

The thesis presents three types of boron and rare earths materials that can be used for energy
applications. It is composed of 3 chapters that show the importance of development of new
composite materials, such as superconductors, luminiscent materials and structural materials.

Chapter 1 presents the state of the art in global production of energy. The intense use of
conventional burnable resources (coal, natural gas, petrol) for production and consumption of
energy pose different environamental economic and social problems [1]. In 2015, The Paris
Agreement was signed by 200 states and established a limit of +1,5 °C for global warming. To
achieve this goal it is necessary to use renewable resources with limited or no impact on the
environment [4]. Among these resources, the most relevant for global consumption are solar
energy, wind energy, hidro energy, and nuclear energy.

World Electricity Production by Source 2017

38.3% Coal
22.9% Gas
@ 16.3% Hydro
Total
25,721 TWh @ 10.2% Nuclear

® 6.6% Solar Wind,
Geothermal & Tidal

3.3% 0il
@® 2.3% Other

Source: IEA Electricity lnformation 2019

Section 1.2.1. Solar energy can be converted to heat or electricity with devices known as solar
cells. For different materials, the efficiency of power conversion can reach about 30 % (eg.
CdTe 21 %, CIGS 23,4 %). The most common type of solar cells use semiconducting sillicon.
This material is abundant and cheap. The sillicon based solar cells have the conversion
efficiency between 22 — 26,7 %.
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To further improve the efficiency of solar cells, research of new materials in this field is
important. One way to achieve this goal is to use thin films made of special luminescent
materials. These layers can help to convert the unused part of the solar spectrum by a silicon
solar cell to the useful region (down-conversion, up conversion) [8].
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Section 1.2.2. The wind energy can use the so called wind turbines and can have a maximum
efficiency of 59,3 % [10]. Energy wind mills are composed of a structural tower, an electrical
turbine, and the moving blades. For the fabrication of the turbines, materials such as
superconductors can be used to limit the electrical losses and reduce noise.
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Section 1.2.3. The hidro energy is the most common form of renewable energy. Hydropower
plants can achieve over 75% efficiency and produce up to 500 MW of electricity. One great
advantage of these plants is their long lasting life (40 to 80 years) [12]. Materials requierement
in this field is focused on water corrosion resistance and electrical current transportation
(turbine, power transformers, transport cables). As for the wind energy, construction of the
turbines generator can use superconductors.

Hydroelectric Dam

Long Distance

Powerhouse Power Lines

Section 1.2.4 Nuclear energy is a form of energy obtained by fission and fusion processes.
Today, nuclear power plants use nuclear fission. The splitting of atoms produce neutrons and
other nuclear particles that can generate extreme heat. The heat is mainly used to power up a
gas (water vapour) turbine and produce electricity. The result of this process is also production
of nuclear waste. Therefore, for security reasons, special materials are necessary showing low
neutron cross section, high durability, and resistance to impact and high temperatures [14].
Boron based materials are important in this field.
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Containment Structure

The use of fusion process gives the opportunity to generate electricity without nuclear waste.
One of the most important experiments is ITER. The reactor constructed and tested within this
research project managed to produce 10 times the energy used to power it. This technology is
based on the use of a high and homogenous magnetic field to confine a plasma. The essential
materials to produce high magnetic fields are the superconductors. Other special materials are
needed for fusion reactors.
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The aim of this work is to study MgB2 composite bulk superconductors, Yb/Er CeO: rare earth
thin film luminiscent materials and Al-B-C structural composites for energy applications.

Chapter 1 also presents the specific properties of superconductors, luminscent materials for
conversion and structural materials. Definitions, state of the art in research of these materials,
key functional properties important for their quality assesment and possible practical
applications are addresed.

Chapter 2 describes the methods used to process and characterize the previously mentioned
materials. The Spark Plasma Sintering technique was used to produce MgB: (bulks and tapes)
and Al-B-C (bulks) composites. The luminiscent thin films were grown by Pulsed Laser
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Deposition. The structural and microstructural aspects were investigated by X-ray Diffraction,
Scanning Electron Microscopy, Transmission Electron Microscopy and Atomic Force
Microscopy. The magnetic and electric measurements of MgB2 bulks and tapes were performed
with a Superconducting Quantum Interference Device and a Physical Properties Measurement
System. The optical properties were investigated by Diffuse Reflectance Spectroscopy and
Photoluminescence measurements. The conversion efficiency of the solar cells was estimated
considering the current-voltage experimental data measured in a solar simulator. The
mechanical properties were determined with a Vickers microindentation tester and the Split-
Hopkinson Pressure Bar equipment.
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Examples of XRD diffraction, SEM, TEM, a MgB: sintered sample and a silicon solar cell.

Chapter 3 presents the experimental results and the interpretation of the measurements for the
MgB2 composite bulks and tapes, the luminiscent thin films, and the Al-B-C composite bulks.

In Section 3.1.1, C1sH21InOg and C15H2:GaOs (A.) [Al], Ho203 and metallic Te (B.) [A2] and
SiC and metallic Te (C.) [A3] added MgB: bulks are obtained and investigated.

A. The dense bulk samples with addtion of C1sH21InOg and C15H2:GaOs showed improvements
of critical current density Jc at high magnetic fields for temperatures below 25 K. Introduction
of additives modifies the microstructure and the level of carbon substitution for boron in the
crystal structure of MgB.. These details improve the vortex pinning especially the grain
boundary pinning (GBP) [23, 24] and thus the critical current density is enhanced.
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Critical current density Jc and k, coefficient for the MgB: sintered samples. k, > 0,47 for point pinning (PP) and
kn, > 0,34 for grain boundary pinning (GBP) [23, 24].

B. Dense bulk samples with addition of Ho.O3 and metallic Te, with starting composition
(MgB2)0.99(Tex(HoO1.5)y)0.01, With x/y = 2,7, 1,32, 0,67, 0,45 and 0,33 were fabricated by Spark

5
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Plasma Sintering. The optimal microstructure with best superconducting properties was
obtained for x/y = 0,67 (sample ’d’). The shape of the reduced pinning force (f,) curve shows
a shoulder. The shoulder separation is stronger for x/y = 0,67 (when x/y <0,67).

SEM image (in backscattering mode) obtained for sample ’d’ (x/y = 0,67). The white color indicates the
presence of heavy element (Ho). The reduced force pinning f, vs. reduced field h (the arrow lines indicate the
shoulder separation in samples with x/y < 0,67).

C. The SiC and metallic Te added MgB: bulks were tested for mechanical properties under
compression with a focus on the impact dynamical ones. The SHPB tests revealed a
fragmentation comparable to that for conventional ceramics such as SiC [122] and Al>Os. The
influence of additives was observed although their contribution is limited. Fracture mechanism
was assesed within different theoretical models. The Glenn-Chudnovsky model [131] fits the
best our experimental data.
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In Section 3.1.2, Ge2CsH1007 (A.) [A4], Te and BN-cubic (BNc) (B.) [A5] added MgB: bulks
were obtained and investigated.

A. Six bulk discs of Ge2CeH1007-added MgB2 were produced by Spark Plasma Sintering for
fixed processing parameters. The samples show a good reproducibility of the process with a
relatively small scattering of the superconducting properties. The capacity of these discs to trap
an applied magnetic field (Ba) when assembled into a cylinder was demonstrated. The
maximum trapped magnetic field (Bx®) of the compound magnet was of 5,19 T at 12 K and
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3,98 T at 20 K. It is considered that a minimum magnetic field of 3 T is sufficient for practical
applications.
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The assembly of the compound magnet. The surface trapped magnetic field B® of the MgB, compund magnet.

B. Dense bulks of Te and BN-cubic (BNc) added MgB> were investigated in a microwave
environment. A dielectric resonator with a frequency of 16,5 GHz and 26,7 GHz was used.
Measurements of surface resistance (Rs) were performed in a magnetic field of {0, 0,5, 1} T.
The influence of additives needs higher magnetic fields to be observed. When compared with
NbsSn [154], MgB: can perform better at lower frequencies.
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Surface resistance Rsvs. temperature in the 16,5 — 26,7 GHz range of the MgB; bulk samples.

In Section 3.1.3, Fe-sheat (A.) [A6] and Ti-sheat (B.) [P1] tapes of MgB: are obtained by
powder-in-tube technique and Spark Plasma Sintering and they are investigated.

A. The optimum temperature of sintering of MgB: bulks is 1150 °C [83]. In the case of wires
and tapes of MgB: in Fe-sheat, at this sintering temperature iron melts and the integrity of the
tape is lost. Therefore, a lower sintering temperature of 1050 °C was succesfully used. As
prepared tape was characterized from the viewpoint of superconducting properties and it was
found that it has potential for application.
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The critical current density Jc vs. HoH at 5 — 35 K and superconducting transition for the Fe-sheat MgB: tapes.

B. Tapes of MgB: in Ti-sheat were succesfully sintered at the optimum temperature of 1150
°C. Interdifusion between MgB. and Ti was limited. The superconducting properties are similar
to a bulk sintered sample.
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Wire and tapes of Ti-sheat MgB,. SEM image (in backscattering mode) showing the separated Ti-sheat and
MgB: core. Critical current density Jc vs. JoH at 5 — 20 K.

In Section 3.1.4, MgB:> cylinder bulks added with hexagonal-BN (BNh) were obtained by Spark
Plasma Sintering. The amount of BNh was so that the composite becomes machinable by
chipping. Cylinders were machined to obtain different shapes (see A. [A7] and B. [A8]) that
were tested for magnetic shielding properties.

A. A tube of BNh added MgB. ceramic cylinder was obtined by Spark Plasma Sintering and
was processed by chipping on a lathe machine. The magnetic shielding factor for the axial
configuration attains a shielding factor value over 175 at an applied magnetic field of 0,1 T and
temperature of 20 K.
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B. A tube with a cap from MgB2 added with BNh was obtained by the same technology to that
presented in subsection A. The magnetic shielding factor for the axial configuration has a much
higher shielding factor value of 10* at an applied magnetic field of 1 T and temperature of 20

K.
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The MgB: cup and axial measurement position. The shielding factors with the applied magnetic field at 20 K.

In Section 3.1.5, partially textured MgB:z (A.) [A9] and MgB: added with B4C or cubic BN
(BNc) (B.) [A10] bulk samples were obtained by slip casting under high magnetic field (Ho =
12 T) and Spark Plasma Sintering. Samples were characterized for an applied magnetic field
parallel and perpendicular to the surface of the sintered disc.

A. The slipcasted green body shows small orientation that is improved 5,5 times after Spark
Plasma Sintering. The anisotropy of J¢(H) and fy(h) was revealed. The pinning force related
parameters p and g from the scalling law formula f, = A - h?(1 — h)? [23] take abnormal
values when compared with theoretical ones. This result suggests that the analysis methods of
the pinning force in MgB:2 need improvement.
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B. Partially textured samples of MgB2added with B4C or BNc were fabricated by Spark Plasma
Sintering. The orientation and additives have a synergetic effect on the microstructure
developement. The irreversibility field Hi and critical current density Jc recorded a maximum
for H || Hodirection. As in the previous subsection A. the pinning force related parameters, e.g.
ho (ho=h(f,=1), where h=H/Hir) are outside of the theoretical range (ho=0,2 for pinning on grain
boundaries and ho=0,33 for pinning on point defects [23]).
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In Section 3.2.1. Yb and Er doped CeO: thin films were obtained at different fluences (1,7 —
3,8 J/cm?) by Pulsed Laser Deposition [A11]. We selected the rare earths ratio Yb:Er = 4:1 and
a bulk target was prepared from a mixture of CeOz, Yb.O3z and Er.Os powders [40]. The
composition, thickness and morphology of the thin films are influenced by the laser fluence.
Thin films deposited at intermediate fluence (2,3 J/cm?) showed the best optical properties. The
films were also grown on silicon solar cells for the optimum fluence (2,3 J/cm?). The modified
cells have shown a power conversion efficiency (PCE) of 12,1 % and 39,2 % under 1 sun and
2,1 suns illumination. The upconversion process registered a relative external quantum
efficiency (relative EQE) of 8,2 % when excited with a 980 nm laser diode.

10
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In Section 3.3.1. Dense bulk samples of Al-B-C composites were obtained by Spark Plasma
Sintering for different compositions [a(80 B4C + 20 B) + b(90 AlB12 + 10 B)], a = 20, 40, 60,
80; b =80, 60, 40, 20 (r = B4C/a-AlB12 = 3,5, 1,33, 0,59, 0,22) from mixtures of B4C, a-AlB12
and B (amorphous and crystalline) powders [A12]. The best static and dynamic mechanical
properties (HV = 32.4 GPa, oshps = 1323 MPa, esqps = 0.0072, si Tshes = 12.9 MJ/m?) were
recorded for the sample with r = B4C/a-AlB12 = 1,33. This sample has the highest amount of
AlB24C4 phase. These results are in agreement with the theoretical predictions that the phase
AlB24C4 [55] with the highest packing degree of the icosahedral B1> units among all the B1o-
containing phases in the Al-B-C system should have the best impact mechanical properties.
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Sample 21

4 nm

Vickers hardness (a) and dynamic impact parameters (c-d) of the Al-B-C samples. TEM and SAED images of
the sample with r = B4C/a-AlB1, = 1,33.

12



PhD.Student, Mihai-Alexandru Grigoroscuta
Boron and rare earth based materials for energy applications

CONCLUSIONS

MgB2 composite bulk superconductors, Yb/Er CeO rare earth thin film luminiscent materials
and Al-B-C structural composites were succesfully obtained.

The introduction of different additives (In/Ga-H21InOs, SiC-Te, H0203-Te) into MgB2 matrix
improved the superconducting and mechanical properties of the composite.

A compound magnet composed of 6 dense samples of Ge>CeH1007 added MgB: attained a high
trapped magnetic field (By®) of 5,19 T at 12 K and 3,98 T at 20 K.

Dense discs of pure and B4C or Te added MgB: were tested and showed sensitivity to low and
high frecquencies microwaves, showing the posibility to detect signals from the cosmic rays
(dark matter).

Fe-sheat and Ti-sheat MgB2 powder-in-tube tapes were succesfully obtained by SPS at 1050
and 1150 °C. The optimum sintering temperature of 1150 °C (for MgB: bulks) can be applied
only for the Ti-sheat MgB: tape. The superconducting properties were similar to those of a
bulk sample.

Cylinders of BNh added MgB: were obtained by SPS. The addition was introduced to allow
mechanical processing into different shapes. A tube and a cup were fabricated by chipping on
a lathe machine. These shapes were tested for electromagnetic shielding applications and
showed shielding factors of SF = 175 (tube) at an applied magnetic field of 0,1 T and
temperature of 20 K and SF = 10* (cup) at an applied magnetic field of 1 T and temperature of
20 K.

Partially textured pristine MgB> and B4C or BNc added MgB: bulks were obtained by
slipcasting in high magnetic (12 T) field and SPS. The samples showed anisotropy of the
superconducting properties with a maximum for H || Ho direction.

Yb and Er doped CeO: thin films were obtained by PLD. The intermediate fluence of about
2,3 Jlcm? showed the best optical properties with the lowest surface roughness and spherical
morphology. The thin film deposited on a silicon solar cell registred a maximum in power
conversion efficiency (PCE) of 12,1 % and 39,2 % under 1 sun and 2,1 suns illumination.

Dense sample of Al-B-C composite obtained with SPS by mixing the precursor powders (B4C,
a-AlB12 and B) with the fixed composition of 60(80 B4sC + 20 B) + 40(90 AlB1> + 10 B, r =
B4C/a-AlB12 = 1,33, presented the best static and dynamic mechanical properties.
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PERSONAL CONTRIBUTIONS — ORIGINALITY

Results obtained are presented in Chapter 3 of the thesis and contributions of the student are as
follows:

1. Development of MgB2 superconductors
1.1. Bulks
Different additives were used to improve the superconducting properties of MgB..
Textured dense samples of MgB: were obtained for the first time.
Shaped forms of MgB2 were obtained for magnetic shielding applications.
1.2. Tapes

Fe-sheat and Ti-sheat MgB: tapes were obtained by SPS. Correlation between processing and
superconducting parameters were investigated.

2. Development of Yb/Er doped CeO: luminiscent materials

Yb/Er doped CeO: thin films were fabricated by PLD. Efficient optical conversion was
confirmed by the improvements of the PCE of the solar cells covered by the thin films.

3. Development of Al-B-C composite

It was demonstrated that obtaining the AIB1.C> phase as the major one in a Al-B-C composite
leads to best static and dynamic mechanical properties.

Contributions to the state of the art
Additions of C15H21InOs and C1sH21GaOs to MgB: were used for the first time.
The control of microstructural details by adding Te and Ho.O3 to MgB> was demonstrated.

A study on dynamic mechanical impact properties of pure MgB and SiC-Te added MgB:
composites was performed for the first time.

It was demonstrated that a compound magnet composed of 6 discs of Ge2CeH1007 added MgB:
can achieve a high trapped magnetic field of over 5 T.

Textured bulk samples of pure MgB. and B4C or BNc added MgB. were obtained and
investigated for the first time.

The posibility to fabricate complex shapes of BNh added MgB2 with record magnetic shielding
properties was explored for electromagnetic shielding applications.
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Short Fe and Ti-sheat powder-in-tube tapes of MgB> were obtained by SPS and investigated
for superconducting properties.

Thin films of Yb/Er doped CeO: prove to be efficient in conversion of the solar spectrum.
When deposited on a silicon solar cell, the thin film has shown significant improvement in the
power conversion efficiency (PCE). This effect was studied for the first time on solar cells.

High amount of AlB1.C; phase in composite samples from the Al-B-C system were obtained
and studied for mechanical applications.
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