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Abstract

Doctor of Philosophy in Engineering
by Mohammed Zaahid Gaffoor

High temperature superconductors (HTSs) have a wide range of both small scale and large
scale electronic and electrical applications. Therefore, research is constantly being done in
order to improve the properties of existing superconductors and to find new
superconductors with superior properties.

Important characteristic properties, which are being investigated, range from the critical
transition temperature (Tc¢), critical current density (Jc) to microhardness i.e. electrical to
mechanical. An important system, within bulk polycrystalline HTSs material, is a network
of weak links which exists at grain boundaries. This network of weak links in bulk
superconductors, influences characteristic properties such as reducing the critical current
density, increases the normal state resistivity and structurally weakens the bulk material.

In present work, bulk high temperature superconductor Yttrium Barium Copper Oxide, the
Y123 phase (Y1Ba:Cus07.5), was doped with various concentrations of graphene oxide
(GO) and reduced graphene oxide (rGO). Resistance vs. Temperature measurements were
carried out in zero field and field cooling conditions to determine T¢ and the effect that the
doping has on the weak links at grain boundaries. The weak links has been seen to improve
with both rGO and GO doping.

Tc was seen to increase with an increase in graphene oxide and reduced graphene oxide
doping in the range of 0.1 to 1 %wt. This was attributed to the increase in the non-
stoichiometric oxygen content due to doping. This increase in non-stoichiometric oxygen
content was measured by iodometric titration and X-ray diffraction. In certain GO doped
samples Tc¢ increased above 93 K, the maximum T¢ of YBCO, which cannot be attributed
to an increase in oxygen content. The increase in Tc beyond 93 K led to investigations into
possible GO doping pressure and impurity effects. The increase in T¢ was confirmed with
magnetic measurements. It was discovered that the formation of manganese particles from
impurities in the GO dopant led to an increase in Tc = 101 K. The hypothesized mechanism
responsible for this improvement in Tc is the increase in the CuO: planar buckling angle.
Increase in the buckling angle results in the flattening of copper oxide planes which can be
observed by the increase in surface area of the planes. These flatter planes have a more 2D
structure thus resulting in an enhancement in Tc.



Micro-hardness of GO and rGO doped samples increased with increase in doping
concentrations. This increase in micro-hardness was attributed to the reduction in motion
of defects, which is attributed to a decrease in grain size and filling of voids and pores at

grain boundaries.
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1.1

Chapter 1

Research Background

Introduction

1.1.1 Overview of High Temperature Superconductivity

The first high temperature superconductor (HTS) discovered was La-Ba-Cu-O in 1986
with a Tc = 35 K [1]. This discovery was of great importance as at this period in time
Bardeen-Cooper-Schrieffer (BCS) theory suggested that it is impossible to have a T¢ above
30 K [2], thus began the evolution of high temperature superconductors (HTSs).

Thereafter many ideas were tested in order to discover new HTSs with higher critical
transitional temperatures (Tcs) or improve the Tc¢’s of existing material. One of the
successful methods carried out by Chu was the application of hydrostatic pressure which
increased Tc above 40 K for the La-Ba-Cu-O system [3]. This gave rise to the idea of
conducting controlled atomic substitutions on the La-Ba-Cu-O system in order to increase
the pressure on the lattice internally instead of application of external pressure.

These controlled atomic substitutions resulted in the discovery of superconductivity in Y -
Ba-Cu-O (YBCO) system at a Tc = 93 K in 1987 [4]. This was of significance as it was the
first HTS with a T¢ above the boiling point of liquid nitrogen (77 K) [5] which is a much
cheaper cryogen than liquid helium. This allowed for a wider range of applications as the
cost of cryogenic systems decreased. After the discovery of YBCO, the Bi-Sr-Ca-Cu-O
system (BSCCO) was discovered in 1988 with a T¢c = 110 K [6] [7]. Many other HTS
systems were discovered with the highest Tc¢ in that of the Hg-Ba-Ca-Cu-O system with a
Tc of 153 K with an applied external pressure of 150 kbar [8].

The major downfall of bulk HTSs is the network of weak-links that occurs at grain boundaries.
These weak-links in bulk material severely reduce the critical current density (Jc) [5] [9] [10],
broaden the normal-superconducting phase transition [11], and diminish the mechanical
structural properties of the bulk material [12].

The idea of atomic substitutions to achieve new HTS systems gave rise to the idea of doping
bulk HTSs in order to improve their properties such as Jc, Tc, grain connectivity and mechanical
properties. Another approach to increase grain connectivity led to specialized expensive
techniques to texture HTS material especially for electrical conductors [13].
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1.1.2 Improving Superconducting and Structural Properties of Bulk HTSs by
Doping

This section discusses how doping improves the superconducting and mechanical properties of
bulk HTSs.

1.1.2.1 Critical Transition Temperature (Tc)

Tc is defined as the temperature at which a superconductor transitions from the normal state to
the superconducting state [14]. This property is of vital importance as the expense of cryogenic
cooling systems limits the range of applications in which superconductors can be used. There
is a direct link between increasing the Tc of a material and enhancing its Jc at operational
temperatures [15]. The R vs. T curve in Figure 1:1 shows three different definitions of T¢ that
exists in literature.

0,8 4
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0.5 +

0.4 4

Resistance (Q2)

0.3

Tcoff TCmid Tcen

0.2+ superconducting
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Figure 1:1: Resistance versus temperature curve showing transition from normal state to superconducting state
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Tcon is the temperature at which the transition from the normal state to the superconducting state
begins [16]. Tcor is the temperature at which the superconducting state is reached [16]. Tcmig IS
defined as the midpoint between the Tcon and Teor [17].

In this research there are two important dopants that have been identified that effects Tc, oxygen
and manganese. It is well established that doping YBCO with oxygen increases Tc up to 93 K
[4] [18], this is due to an increase in non-stoichiometric oxygen content which is discussed in
detail in Section 1.2.

Doping YBCO with Manganese (Mn) has had some controversy, as some studies report an
increase in Tc [19] [20] [21] and some report a decrease in T¢ [22] [23]. Research has shown
an improvement in Tcorr UP to 94 K and Teon up to 97 K [19] [20] [21].
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Reasons offered for this Tc increase are, (i) Mn aiding in the formation of YBCO Y247 phase
which is known to have a Tc of 95 K [20] [21], (ii) Mn helping with the achieving of an optimum
sintering temperature range between 940°C to 970°C [20], and (iii) Mn particles helping the
transfer of oxygen into the crystal structure and/or act as a carrier reservoir [19].

The reasoning for Mn doping suppressing the Tc is due to the formation of semiconducting
phases [23], Mn ions occupying the Cu (1) atomic site thus reducing the amount of oxygen in
the sample and the Mn ions occupying the Cu (2) atomic site in the CuO- planes [22]. These
Cu (1) and Cu (2) atomic sites can be seen in Figure 1:8 in Section 1.2,

Doping of YBCO with Mn3;O4 magnetic nano-particle was seen to increase Tc to 112 K [24]
[25] [26] at very low doping concentrations in the range of 0 - 0.2 % wt. This increase in Tc
above 93 K was attributed to the Mn3O4 particles causing the formation of YBCO with high
orthorhombicity and superior superconducting properties [24] [25] and these particles assisting
in the transfer of oxygen into the YBCO crystal lattice [19]. However, no conclusive reasoning
has been offered to date. In published paper 5 (chapter 5), we see an increase in CuO- planar
area which may be due to an increasing in the CuO; plane’s bucking angle.

Doping YBCO with GO has been seen to increase T¢ [27] [28]. This has been attributed to the
oxygen from GO diffusing into the crystal structure thus increasing the non-stoichiometric
oxygen content of YBCO [27] [28]. Some studies of GO doping show an improvement in Tc
above 93 K, which is the maximum T¢ [27] [28] which can be achievable due to an increase in
the oxygen content as seen in Section 1.2. Thus, there is another possible mechanism allowing
for the increase in T¢ above 93 K.

GO doping has also been seen to result in a marginal decrease in Tc [29]. This has been
attributed to the decomposition of GO therefore increasing the amount of carbon in the sample
which weakens grain connectivity [29].

In this research YBCO is doped with GO and rGO. T¢ in both GO and rGO samples have been
observed to increase due to diffusion of oxygen into the crystal structure resulting in an increase
in the non-stoichiometric oxygen content. The increase in & was determined by iodometric
titration and x-ray diffraction. This mechanism is explained in Section 1.2. Tcs above 93 K
were observed in certain GO doped samples. This was explained as a combined effect of the
increase in non-stoichiometric oxygen content and the formation of MnzO4 impurities in the
samples, which is a result of the GO production process.

Manganese impurities which are created in GO and rGO materials as a result of the chemical
production process has been seen to affect the applications in which the GO or rGO is used
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[30]. This was observed when rGO electrodes were used in a reduction reaction application but
the electrochemical properties of the rGO was modified due to manganese impurities thus
affecting the performance of the rGO electrode in the reaction [30].

1.1.2.2 Critical Current Density (Jc)

The critical current density, Jc, is defined as the maximum current per specific area that a
superconductor can carry in the superconducting state and a current density greater than this,
will result in the superconductor transitioning back into the normal state [14].
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Figure 1:2: Diagram showing interaction between magnetic field and supercurrent.

Doping of bulk HTSs has led to an increase in Jc due to dopants acting as flux pinning sites
[27] [31] [32]. Self-magnetic fields, induced by supercurrent, interact with the supercurrent and
experiences a Lorentz force [5] [9] [14] [33] which is described by the following equation,

F=7xBE, 1.1

were F is Lorentz force, ] is current density and B is magnetic flux density. This force, shown
in Figure 1:2, results in the motion of the flux vortices, which in turn generates an electric field
[5]. This electric field creates the motion of normal electrons which creates a resistance [5].
Therefore if these flux vortices (magnetic field) are pinned it will allow for larger Jc because it
will take a larger Lorentz force to cause the motion of the flux vortices. These flux pinning sites
are one of the reasons that HTSs are able to carry large currents in an applied magnetic field
[14].

Polycrystalline bulk HTS material is made up of a large amount of grains with various different
shapes and sizes. This results in both structural and compositional disorder at grain boundaries
[10]. Due to HTSs having a short coherence length these structural and compositional disorders
act as weak-links [9]. Misaligned grains greater than 10°result in grain-to-grain reduction of Jc
by an order of magnitude [34]. The random arrangement of grains results in the anisotropy of
Jc in bulk HTS’s [35]. Compositional disorders consist of changes in oxygen stoichiometry and

impurities at grain boundaries [10] [34]. This change in oxygen stoichiometry and impurities
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will vary the Tc at grain boundaries and create various non-superconducting phases to occur at
grain boundaries [10]. This results in a reduced intergranular Jc. and a decrease in transport
current within the bulk material. The intragranular Jc of HTS’s varies from grain to grain due
to microcracks on grains and the different oxygenation level of each grain [36] [37]. Thus,
resulting in the overall Jc of the material deteriorating. Due to the variation of the intragranular
critical currents.

These weak-links manifests themselves in the resistance versus temperature (R vs. T) curve
creating a ‘foot’ structure, which is sensitive to magnetic field and shown in Figure 1:3. In the
ideal curve it can be seen that at a specific temperature Tc, the entire superconductor goes into
the superconducting state. Compare to the actual R vs. T curve which can be seen to curve out
to the left due to the resistance decreasing with a decrease in temperature. Thus showing that
parts of the bulk HTS goes into the superconducting state at different temperatures and not the
entire sample at one temperature. This is due to varying Tc at grain-boundaries, acting as weak-
links [10] [11].
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Figure 1:3: Difference in foot structure in an actual and ideal R vs. T curve

Past research has shown that doping YBCO with various magnetic, non-magnetic and
ferromagnetic materials results in artificial pinning centers. Doping YBCO with silver (Ag) has
seen Ag acting as a ‘flux’ cleaning grain boundary of impurities, increase the flux pinning force
and the number of flux pinning sites at grain boundaries and inside grains. This improved both
intergranular and intragranular Jc. Therefore, resulting in an overall improvement in the Jc of
the material. [31] [38].

Doping YBCO with carbon nanotubes (CNTs) improves Jc due to the carbon nanoparticles
acting as flux pinning centers, improving grain boundary connectivity and increasing pinning
energy [32] [39]. CNTs is seen to improve Jc in the low doping concentrations. Further increase
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in doping concentrations results in the reduction in Jc due to the samples becoming carbon
contaminated and porous because of the release of CO, gas from the formation BaCOj3;
impurities during sintering [32].

Doping YBCO with GO has been seen to increase Jc [27] [40]. This was attributed to
improvement in grain boundary connectivity thus reducing the weak-link effect and increase in
flux pinning sites due to graphene nano-particles [27] [28] [40]. This improvement in grain
boundary connectivity is a result of GO forming rGO at grain boundaries. rGO has a high
electrical conductivity therefore improving grain connectivity [27]. In this research a significant
reduction has been observed in the weak-link effect in both GO and rGO doped samples.

1.1.2.3 Critical Magnetic Field (Hc)

The critical magnetic field (Hc) of a superconductor is defined as the maximum applied
magnetic field which the superconductor can withstand in the superconducting state before
transitioning to the normal state [14]. HTSs, are Type-2 superconductors hence they have two
critical fields Hc: and Hez which can be seen in Figure 1:4.

Figure 1:4: Ideal magnetization curve for high temperature superconductors

For applied magnetic fields below Hci the superconductor will remain in a perfect diamagnetic
superconducting state [14]. When the applied field, H, is greater than Hc; but less than Hc; the
superconductor transitions into the mixed state [14]. In this state there is some magnetic field
penetration of the superconductor in the form of flux vortices, and the superconductor consists
of both superconducting and normal regions. In the range between Hci and Hc: there is another
important magnetic field measurement the irreversibility field (Hir). For applied magnetic fields
above Hc: and below Hiy the flux vortices are pinned and for applied magnetic fields above Hix
but below Hc; the vortices are not pinned [41]. The movement of these unpinned vortices results
in the superconductor not being able to carry current without losses. Thus high field and high
current applications are limited by Hi [42]. If the applied magnetic field goes above Hc; the
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superconductor transitions to the normal state [14].

Due to weak-links being a result of compositional disorders discussed in the previous section,
there is a variation of the Hci and Hc; of the grain boundaries [43]. This variation in the Hc at
grain boundaries can be seen by the increase in the foot structure of the R vs. T curve in field
cooling (FC) conditions. That is the grain boundaries result in the superconductor being
sensitive to applied field below Hc; of the bulk, as shown in Figure 1:5.
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Figure 1:5: Behaviour of foot structure in an applied magnetic field

1.1.2.4 Mechanical Properties

HTSs have various applications such as fault current limiters, ac/dc transmission lines, and
machines [5]. One of the major drawbacks for practical applications is mechanical brittleness.
This is due to the intrinsic properties of ceramics and the unavoidable pores present in sintered
bulk samples [44] [45].
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Figure 1:6: Indentation size effect and reverse indentation size effect response of a ceramic due to increasing load
force.
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Hardness testing of ceramics result in one of two responses. The indentation size effect (ISE)
and reverse indentation size effect (RISE) seen in Figure 1:6. ISE response occurs when the
hardness of the material decreases with an increase in applied load force. This ISE behaviour
can be explained by the elastic-plastic deformation effect [12]. RISE behaviour occurs when
the hardness of the material increases with an increase in applied load force. The RISE
behaviour is due to the specimen having impurity phases, irregular orientation of grains, and
porosity [12].
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Grains
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Figure 1:7: a) Dopants filling voids and pores resulting in improved grain connectivity, b) Reduction in grain size
resulting in increased number of grain boundaries thus trapping defects and c) Strain locking fields resulting in
locking of defects.
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1.2

Some of the mechanisms which have been responsible for increasing hardness in bulk HTSs
are the improvement of weak links at grain boundaries, reduction of grain size and solute
solution strengthening [46] [47] [48] [49]. Improvement in grain connectivity is a result of
dopants filling the voids and pores at grain boundaries thus reducing porosity of the material
[47] [48]. Reduction in grain size increases the number of grain boundaries, therefore more
defects will be locked at grain boundaries [49]. Solute solution strengthening is due to dopant
particles causing strain fields in the precursor material thus resulting in locking of defects due
to these strain fields [46]. These mechanisms can be seen in Figure 1:7.

Doping YBCO with zinc oxide and lithium is seen to increase micro-hardness due to the
mechanism called solute solution strengthening [50] [51]. Doping YBCO with lutetium and
gold is seen to reduce the micro-hardness due to the enhancement of weak-links at grain
boundaries and increase in impurity phases [44] [12]. GO and rGO doping of YBCO has been
shown to improve elastic moduli, longitudinal modulus, young’s modulus and micro-hardness.
These enhancements were due to reduction in porosity and improved grain connectivity [47]
[48].

Yttrium Barium Copper Oxide (Y1Ba:CuzO7.5)

YBCO has a defective perovskite structure [5]. It consists of two copper oxide planes which
are separated by a Y-layer and thereafter Ba-O and Cu-O layers on either side of the copper
oxide planes. The difference between the orthorhombic and tetragonal crystal structure of
YBCO seen in Figure 1:8, which results from oxygen vacancies in the one-dimensional Cu-O
chains. In the orthorhombic structure oxygen vacancies are found between copper atoms in the
Cu-0 chains and in the tetragonal structure these oxygen vacancies are full this can be seen in
Figure 1:8 [14] [18].
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Figure 1:8: Orthorhombic and tetragonal crystal structure of YBCO
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This is of vital importance as the tetragonal phase of YBCO has no superconducting properties
and is insulating [14] [18]. From this it can be seen that oxygen plays a significant role in the
superconducting phase of YBCO. YBCQO’s chemical formulae is Y1Ba;CuzOv.s.

If 3 is approximately between 0 < & < 0.6, YBCO will be in the orthorhombic phase and
therefore have superconducting properties [14] [18], as shown in Figure 1:9 a). The
orthorhombicity of the YBCO material can be calculated to determine the superconducting
phase purity of the material. This value varies between 0 and 1. The closer the value is to one
the higher the concentration of the orthorhombic phase is in the bulk material [52]. Varying
in this range will also result in the variation of T¢ for YBCO which can be seen in Figure 1:9
b). Increasing oxygen content increases the amount of holes in the CuO; planes resulting in an
increase in Tc [18]. A maximum Tc of 93 K can be achieved at an optimum &, [18] shown in
Figure 1:9 b). In this research the control sample used was under oxygenated for both GO and
rGO dopings. This was intentionally done to observe if doping with GO and rGO increases the
oxygen content of YBCO thus improving Tc.

Figure 1:9: a) Change in YBCO crystal structure due to change in non-stoichiometric oxygen content and b)
Variation in T¢c and Neel Temperature (Ty) with variation in non-stochimetric oxygen content of YBCO [18].

As the oxygen content decreases and 6 increases to the range of 0.6 < & < 1 the oxygen atoms
occupy the vacant sites between the Cu-O chains thus resulting in a disordered tetragonal
structure. The change from orthorhombic to tetragonal structure results in the appearance of
antiferromagnetic properties and the disappearance of the superconducting phase seen in Figure
1:9 a) [18]. In the tetragonal state as the oxygen content increases in the range of 6 < oxygen
content < 6.4 the Neel temperature (Tn) decreases. Ty of a material is defined as the temperature
above which material behaves like a paramagnetic material and below which the material acts
as an antiferromagnetic material [53].
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The CuO; planes are the part of the crystal structure in which electrons form Cooper pairs thus
allowing for superconductivity to occur [54]. Past research has showed that changing the
structure of CuO; will either enhance or diminish T¢ [54] [55]. The structure of CuO- planes
can be adjusted by changing the degree by which the planes buckle. This is measured by the
buckling angle of the CuO; planes showed in Figure 1:10. The buckling angle has a maximum
of 180 “which is almost no buckling [56]. Increasing the buckling angle will allow for flatter
planes with a more 2D structure and a larger area [56]. CuO; planes with a more 2D structure
is known to enhance the T¢ of the YBCO family [54]. These changes to the buckling angle of
the copper oxide planes can be achieved through application of external pressure [57] and
doping [58].

Graphene and Graphene Oxide

The graphene structure is shown in Figure 1:11 and is a two dimensional single atomic layer
thick carbon material [59]. It is hydrophobic and has desirable electrical, mechanical, thermal,
and optical properties [59] [60]. GO is also a two-dimensional carbon material which is single
atomic layer thick laced with oxygen groups seen in Figure 1:11 [28] [61]. GO is an insulator
and is hydrophilic [59] [60]. This insulating property is due to the disruption of the sp? bonding
network which can be seen in Figure 1:11 [60].

The first single layer graphene sheet was isolated in 2004 using the scotch tape method [62].
This method could not produce a significant quantity of material to be used in applications
therefore various others methods for the production of graphene were developed. The reduction
of chemically oxidized GO is the most common method of producing graphene to date due to
its scalability to produce large quantities [59]. From the various chemical methods Hummers
methods is the most commonly used to oxidize graphite to produce GO [60] [63].

23



Figure 1:11: Atomic structure of graphene and graphene oxide

Variations of the Hummer method have been developed which are called improved Hummers
method and Hummer method with additional potassium permanganate (KMnQO.) [64]. Once
GO is produced rGO can be formed by many reduction methods the most common being
thermal reduction by heating of the GO resulting in the removal of oxygen functional groups
and various chemical reduction methods [59]. This thermal reduction of GO can result in an
explosive reaction causing the layers of multilayer GO to be pushed apart forming single and
bi-layer graphene [65]. The pushing apart of layer is due to violent release of oxidative debris
from between GO layers during heating [65]. The explosiveness of this reaction is dependent
on the amount of oxide debris in the material [65]. If there is a large amount of oxidative debris
between GO layers there will be an explosive reaction due to large amount of gas released. This
type of GO is also referred to thermally unstable graphene oxide (TU-GO) which can be seen
in Figure 1:12 [65]. If there is a small amount oxidative debris there will be no pushing apart of
layers the gas will just be released. This type of GO is referred to as thermally stable graphene
oxide (TS-GO) which can be seen in Figure 1:13 [65].

Thermally reducing GO always results in a decrease in mass of the material [66] but the volume
of the material may increase or decrease dependent on the amount of oxidative debris. GO with
high amount of oxidative debris results in an increase in volume and the opposite applies for
GO with a small amount of oxidative debris [65]. The amount of oxidative debris in the GO
material can be controlled by the number of washing cycles the material undergoes. More
washing cycles results in a decreasing number of oxidative debris[ [67].

In this research GO was produced using the Hummer method with additional potassium
permanganate and reduced via the chemical method using sodium borohydride (NaBH4) with
calcium chloride (CaCl,) as a catalyst. TU-GO was produced by the GO material undergoing
one washing cycle and TS-GO was produced by GO undergoing four washing cycles.
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Figure 1:12: Atomic structure of thermally unstable Figure 1:13: Atomic structure of thermally stable
graphene oxide graphene oxide

1.4 Manganese Oxides

Manganese is a transitional metal which exist in various oxidation states thus resulting in the
formation of manganese oxides [68]. In manganese oxides cations exist in 3 oxidation states
Mn?*, Mn3®* and Mn** [69]. These cations exist in the following oxides manganosite (MnO),
pyrolusite (MnOy), bixbyite (Mn,03) and hausmannite (MnsO4) [69]. In Figure 1:14 the cations
and the crystal structure of these manganese oxides can be seen.

MnO and Mn;O3 have a cubic structure in the la-3 and Fm-3m space group respectively which
can be seen in Figure 1:14 a) and c) [68]. In Figure 1:14 b) and d) tetragonal crystal structure
of MnO; and Mn30; is shown. MnO; crystal structure is in the 14/m space group while Mn3zO,
crystal structure is in the 14,/amd space group [68].

The magnetic properties of manganese oxides have been studied for decades and used in many
applications such as high-density magnetic storage media, supercapacitors, electrical energy
storage and electronics [68]. The magnetic ordering of manganese oxides is dependent on the

size, shape and internal strain of its particles. Due to these particle properties affecting the
materials magnetic ordering, this in turn results in the variation of magnetic properties such as
Curie temperature (Tcuic), Neel temperature (Tn), anisotropic energy and spontaneous
magnetization [68]. Tcuie OFf a material is defined as temperature above which a magnetic
material behaves like a paramagnetic material and below which a magnetic material behaves
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Figure 1:14: a) Atomic structure of MnO, b) Atomic structure of MnO,, ¢) Atomic structure of Mn203 and d) Atomic structure of Mn3O4
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1.5

like a ferromagnetic or ferrimagnetic material [53]. Tn of a material is defined as the
temperature above which material behaves like a paramagnetic material and below which the
material acts as an antiferromagnetic material [53]. Thus, varying temperature will affect the
magnetic ordering of manganese oxides [68].

In ferromagnetic (FM) materials the atomic moments are aligned in the same direction,
therefore the material has a net magnetic moment and in ferrimagnetic (FIM) materials the
atomic moments are aligned in the opposite direction, but some atomic moments are greater
than others which results in the material having a small magnetic moment. In antiferromagnetic
(AFM) material the atomic moments are equal and orientated opposite to each other therefore
resulting in the material having a zero magnetic moment. In paramagnetic (PM) materials the
atomic moments are randomly orientated which results in the material having a magnetic
moment [70].

MnO nanoparticles show FM behaviour while MnO bulk shows AFM behaviour with a PM to
AFM transition at approximately Ty ~ 118 K [70]. The FM behaviour in MnO nano clusters is
due to uncompensated surface spins [68]. B-MnO, which is used in this study shows a PM to
AFM transition at Ty ~ 92 K [71] . Mn20O; shows a PM to AFM transition at Ty ~ 90 K and an
AFM to FM at Teurie ~43 K. Mn304 showed a PM to FIM transition at Teuie~43 K. This transition
temperature varied with the size of the Mn3;O4 nanoparticles. The smaller the particles the lower
the transition temperature [68].

The following methods can be used to produce manganese oxides: thermal decomposition,
exfoliation, permanganates reduction, adsorption oxidation and hydro/solvothermal [72]. In this
research the method of thermal decomposition is used. In this process the precursor material
(MnOy) is oxidized during sintering [73]. In this research MnO; was sintered at 1000° for 1 hour
in air to produce MnzO4

Research Objectives and Questions

Research by others regarding the doping of YBCO with GO and rGO has seen a remarkable
improvement in superconducting properties. Increase in Tc, improved grain connectivity due to
a decrease in the weak-link effect, increased Jc and enhanced mechanical properties[26] [39]
[40] [47] [48].

The increase in Tc was greater for GO doped samples than rGO doped samples. This is normally
attributed to GO having more oxygen than rGO thus resulting in GO doped samples having a
greater oxygen content hence higher Tcs. In certain GO doped YBCO studies an increase in
Tc above 93 K was observed [27] [28] and was attributed to an increase in non-stoichiometric
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oxygen content.

The main objective of this study is to research YBCO material doped with GO and rGO in the
range of 0.1 -1.0 %wt, in order to investigate the effects of these dopants on the following
properties: Tc, Vickers hardness, mechanical properties (B, E, Y, Kic) and the weak-link effects
of bulk material.

If there are any changes to these properties what is/are the responsible mechanism/s?

[Interestingly, there are no publications that compare GO and rGO doping of YBCO in one
investigation.]

1.6 Contributions
1.6.1 Paper Contributions

The research presented in this thesis, consists of five published research articles, three
journal and two conference papers. For the sake of repetition, the ‘summary’
conference paper titled “Effect of Graphene Oxide Doping on Bulk High Temperature
Superconductors for Power Applications” presented at South African Universities
Power Engineering Conference (SAUPEC) in 2019, is not presented as part of this
thesis.

1.6.1.1 Paperl
Title: Effect of Graphene Oxide Doping on Bulk High Temperature Superconductors
for Power Applications
Authors: Mohammed Zaahid Gaffoor, Alan Lawrence Leigh Jarvis and Solan
Perumal
Publication Type: Conference Article — peer reviewed

Status: Published in Proceedings of the Southern African Universities Power Engineering
Conference (SAUPEC), May 2019

In this paper the samples were limited to three: an YBCO control, and YBCO doped
with 0.5 % wt. and 0.7 % wt. GO. The experimental stage, discussed in Appendix A,
comprised of Helmholtz coils which were purposely designed in order to conduct
measurements in zero field cooling (ZFC) and FC conditions. Sintering profile for
YBCO sample preparation and electrical connection to bulk samples are included in
this paper. Using this experimental stage measurements were carried out in ZFC and
FC conditions. An increase in T¢ and a reduction in the weak-link effect was observed.
The increase in Tc was attributed to an increase non-stoichiometric oxygen content and
the reduction in the weak-link effect was concluded to be due to improved grain
connectivity and increase in flux pinning sites.
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1.6.1.2 Paper 2 (Chapter 2)
Title: Comparison of the Effect of Graphene and Graphene Oxide Doping on YBCO
Authors: Mohammed Zaahid Gaffoor and Alan Lawrence Leigh Jarvis
Publication Type: Journal Article - peer reviewed

Status: Published in Journal of Physics: Conference series, 2020

This article shows the comparison of YBCO doped with GO and rGO in the following
concentrations: 0.1, 0.5, 0.7, 0.9, 1 % wt. . The T¢ for both GO and rGO doped samples
increased. The increase in GO doped samples was greater than in rGO doped samples. This
was attributed to GO having more oxygen that rGO therefore making the non-
stoichiometric oxygen content greater in GO than in rGO doped samples. The weak-link
effect was reduced in both GO and rGO due to improved grain connectivity. There was an
increase in flux pinning sites due to rGO nano-particles forming pinning centers. Micro-
hardness in both GO and rGO samples was hypothesized to have increase as a result of
strain locking fields caused by GO and rGO nano-particles.

1.6.1.3 Paper 3 (Chapter 3)
Title: Comparison of Graphene Oxide and Reduced Graphene Oxide Doping on
YBCO for Power Applications
Authors: Mohammed Zaahid Gaffoor, Alan Lawrence Leigh Jarvis and Solan
Perumal
Publication Type: Conference Article - peer reviewed

Status: Published in Proceedings of the Southern African Universities Power Engineering
Conference (SAUPEC), 2020

Thisconference paper is a follow on from Paper 2. Increase in the non-stoichiometric
oxygen content of GO and rGO doped samples were confirmed using iodometric
titration. TEM images were taken showing graphene sheets at grain boundaries
therefore confirming how improved grain connectivity occurs, which reduces the
weak-link effect.

1.6.1.4 Paper 4 (Chapter 4)
Title: Mechanical and Structural Properties of Graphene Oxide and Reduced Graphene

Oxide doped

Authors: Mohammed Zaahid Gaffoor, Alan Lawrence Leigh Jarvis and Andrew
Swanson

Publication Type: Journal Article - peer reviewed

Status: Published by IEEE Transaction on Applied Superconductivity, 2023
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This journal article does an in-depth analysis of the mechanical properties of GO and
rGO doped YBCO. It is a continuation of the Vickers hardness measurements carried
out in paper 2. The micro-hardness measurements were used to calculate elastic
modulus, fracture toughness, brittleness index and yield strength. These parameters
were enhanced greatly due to rGO and GO doping. The micro-hardness characteristics
were modeled using the Hays Kendall, elastic plastic deformation and the proportional
sample resistance model in order to determine which model best describes the micro-
hardness characteristics. XRD was carried out to confirm Y123 phase of doped
samples. Orthorhombicity, lattice strain, lattice parameter and crystallite size were
calculated from this diffraction pattern. Orthorhombicity improved and lattice strain
decreased for GO and rGO samples. Porosity of the samples were observed to decrease.
lodometric measurements were carried out to determine oxygen content of samples
and was validated using XRD.

1.6.1.5 Paper 5 (Chapter 5)
Title: Effects of Graphene Oxide doping on the Critical Transitional Temperature of
Bulk YBCO.
Authors: Mohammed Zaahid Gaffoor, Alan Lawrence Leigh Jarvis, and
Jonathan Celvin Archer
Publication Type: Journal Article - peer reviewed
Status: Published in Results in Physics, 2023.

This journal article offers a mechanism explaining the increase in Tc above 93 K in certain
GO doped samples in paper 1, paper 2, paper 3, paper 4 and previous GO doping research.
The hypothesis and proof offered to this increase in Tc is unique, and is the first time were
the increase in T¢ for YBCO GO-doped experiments [27] [28] is associated with impurities
(manganese) found in GO rather than GO itself.

YBCO was doped with TS-GO and TU-GO in the following weight concentrations: 0.1,
0.5 and 0. 7 % wt. XRD analyses showed that the atomic site occupancies varied
marginally. Thus confirming that the GO remains at grain boundaries. Lattice strain
decreased in both TS-GO and TU-GO doped samples. The increase in Tc in TU-GO doped
samples is greater than in TS-GO doped samples a maximum Tcon 0f 100 K was reached.
After research was conducted on the cause of this increase above 93 K. It was hypothesized
that the formation of magnetic manganese impurities in YBCO resulted from manganese
impurities found in GO, more noticeably in TU-GO than TS-GO as TU-GO contained more
impurities. Magnetic impurities were collected from YBCO doped GO samples using a
magnet and were identified as manganese oxide.
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Thereafter to confirm this increase in T¢ was associated with manganese oxide impurities,
YBCO was doped with manganese oxide impurities. The Tcon Was seen to increase above
93 K, to as high as 115 K. Initial Tc measurements were determined from R(T)
measurements, thereafter confirmed using AC susceptibility experiment, with a detailed
apparatus discussion in Appendix A - R vs. T Experimental Procedure and Appendix B —
AC Susceptibility Experimental Procedure. Finally, a linked was discovered between
improved T¢ and the flatness of the copper oxide planes.

1.6.2 Novel Contributions

e A hypothesis and proof offered regarding the increase in T¢ for YBCO GO-doped
experiments.

e Identifying and characterizing magnetic manganese impurities found in YBCO due
to GO doping.

e Micro-hardness measurements of GO and rGO doped YBCO.

e Modelling of micro-hardness measurements using Hays-Kendall, elastic plastic
deformation and proportional sample resistance model.

e Calculation of fracture toughness for GO and rGO doped YBCO samples.

This original work is in the form of a thesis by publication. The following chapters are
standalone publications that have been peer reviewed and published.
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Chapter One Summary

In this chapter a literature review was conducted on the scientific concepts used in this research and
the research that has been conducted thus far on the topic of doping GO and rGO. Thereafter it was
discussed how the research presented in this thesis extends the knowledge of this topic.

The start of this research commences in chapter 2. The first step was to dope YBCO with GO and rGO

and observe if there were any variations in T¢ of YBCO. Microhardness measurements were also
conducted to determine if there was any enhancements in the mechanical parameters of the material.
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2.1

Comparison of the Effect of Graphene and Graphene Oxide doping on YBCO

Abstract

Weak-links in high temperature superconductors (HTS) are a result of an incorrect
stoichiometric ratio found in grain boundaries and misaligned planes. These weak-links
severely decrease the critical transport current of the bulk HTS material (such as YBCO)
and increase resistance in the normal state. Bulk YBCO was doped with graphene oxide
(GO) and reduced graphene oxide (rGO) in the following dopant concentrations: 0, 0.1,
0.5, 0.7, 0.9 and 1 % wt. Through mechanical hardness testing, it was observed that the
hardness of the samples increased as the GO and rGO concentration increased. The 1 %
wt. doped GO and rGO samples were observed to be hardest, with a true hardness of 2.630
GPa and 2.405 GPa respectively, compared to the control sample with a true hardness of
1.499 GPa. Critical transition temperature (T¢) of the GO doped YBCO samples are greater
than rGO doped samples and is presumably related to the higher oxygen content found in
GO. The 0.7 % wt. doping for GO and rGO samples had the highest critical transition
temperature of 98 K and 91 K, respectively. Both GO and rGO samples showed a decrease
in normal resistance up to 0.7 % wt. doping, compared to the control sample. The weak-
link effect was most improved in the 0.7 % wt. doped samples for GO and rGO.
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2.2

Comparison of the Effect of Graphene and Graphene Oxide doping on YBCO

Introduction

YBCO was discovered in 1987 with a critical transition temperature of 92 K [1]. This was
of importance as 92 K is above the boiling point of liquid nitrogen. There has been constant
research in order to improve mechanical and superconducting properties of bulk YBCO
material. The poor critical current of bulk YBCO material is attributed to a network of
weak-links in bulk material [2]. Magnetic levitation applications, such as flywheels, are
also hindered due to the fact that the repulsive force between the permanent magnet and
the superconductor will be weak. This is caused by the superconductor being unable to
generate large surface currents to produce an opposite and equal magnetic field to allow
for magnetic levitation in stronger fields [3].

In levitation applications, an increase in flux pinning sites can help improve magnetic
stiffness, thus increasing stability in the lateral axis of levitation [4]. This increase in
magnetic stiffness allows for improved damping and a larger region of stability [5]. This
improvement in the stability allows for larger angular velocities, thus increasing the amount
of energy stored [4] [6].

Past research has shown that doping bulk YBCO material can improve its mechanical and
superconducting properties. Doping YBCO with silver decreases its normal resistivity,
increases flux pinning sites and its critical current density [2]. Zinc Oxide doping of YBCO
improves hardness of the material [7]. Graphene oxide doping of MgB: has been reported to
improve the grain boundary connectivity, increase critical current and the number of flux
pinning sites [8]. Graphene oxide (GO) doping of YBCO has been found to improve flux
pinning, grain connectivity, increase T¢ and critical current in bulk material [9].

There has been a number of studies on the doping of YBCO with GO [9] [10], but no
comparison of GO and reduced GO (rGO). In this research, YBCO bulk material was doped
with GO and rGO in order to study the role that oxygen and graphene play in observed
improvements in bulk material.
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2.3

Comparison of the Effect of Graphene and Graphene Oxide doping on YBCO

Experimental

GO was produced using the Hummers method with additional potassium permanganate
[11]. GO was reduced to rGO using NaBH4 and CaCl; as a catalyst [12]. YBCO bulk
powder obtained from Superconductor Technologies Inc. was doped with GO and rGO in
the following concentrations: 0, 0.1, 0.5, 0.7, 0.9, and 1 % wt. . Thereafter, these powders
were pressed into pellets with a diameter of 12 mm and a thickness of 2 mm at pressure of
45 MPa. Pellets were then sintered at 950°C in an oxygen atmosphere for 6 hours. R vs. T
measurements were taken in field cooled (FC) and zero field cooled (ZFC) conditions.
Resistance was measured using the four-wire resistance method. In order to measure the
foot structure of the R vs. T curves to determine the effect on the weak-links, a variable of
ATc was defined as:

ATc= Tconser-Tcorr (2. 1)

Vickers hardness testing was carried out at a temperature of 297 K. The following load
forces were: 25 g, 50 g, 100 g, 200 g and 300 g with a load contact time of 10 s using a
pyramid indenter shown in Figure 2:1. Several indentations were made for each load in
order to achieve the optimum mean value for Vickers hardness, Hv.

d

d;

Figure 2:1 : Vickers hardness indenter applying load Figure 2:2 : Diamond shaped indentation on sample

on sample surface surface with diagonals di and d>.
Equation 2.2 was used to determine Hy,were d is the mean value of diagonals d; and d

measured from the indentation on the sample surface seen in Figure 2:2 and F is the applied
load [7].

F
_ 2.2
Hy = 1854 (2.2)

There are two types of models to describe load dependent hardness [13]. One model
considers energy-dissipative processes and the other model considers elastic processes
during indentation. The energy-dissipative processes approach was considered [13]. In order

to determine a true load independent hardness, Ho, the following equation was used,
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F—Fo (2.3)
d2

Ho = 1854.4

where Fo is the energy dissipative portion of the load [7] [13]. Ho and Fo was determined
from the plot of F vs. d2.
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2.4 Results and Discussion

Figure 2:3 (a) and Figure 2:3 (b) shows transmission electron microscope (TEM) images of 2D
GO and rGO sheets, respectively.

Figure 2:3 : TEM images of a) multilayered (2-3 layers) GO and b) a single sheet of rGO

Fourier transform infrared spectroscopy (FTIR) in Figure 2:4 was used to determine the amount
of oxygen groups in the graphite, GO and the rGO material. The O-H group in the graphite
sample is due to intercalated water which occurs in natural graphite, the precursor material used
for the production of GO [14]. Oxidation of the graphite to produce GO can be seen by the
increase in oxygen functional groups and the increase in the size of the O-H peak in the GO
sample. In the rGO sample, the oxygen functional groups are reduced which can be seen by the
reduction in peak sizes compared to the rGO sample. This can be seen by the reduction in the
size of the O-H, C=0 and C-O peaks.
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Figure 2:4 : FTIR for graphite, GO and rGO Figure 2:5 : RAMAN spectrum of GO and rGO

The RAMAN spectrum of GO and rGO are shown in Figure 2:5 and are consistent with typical
RAMAN spectrum plots to be found in other studies of GO and rGO [15] [16]. The D band is
a result of out of plane vibrations which is due to structural defects and the G band is caused by
in plane vibrations of sp? carbon atoms [15]. The D peaks occur at 1363 cm™! and 1348 cm™!

and G peaks at 1589 cm™! and 1579 cm™2, in GO and rGO respectively. The intensity of the
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D peak is greater in GO than in rGO which is due to a larger number of defects in GO. This
results in the disruption of sp? bonds thus creating more sp® bonds [15] [16]. The G peak in rGO
is shifted to a lower wave number compared to GO which is due to an increase in the number
of sp? bonds [16].

The full width half maximum (FWHM) of the D peaks for GO and rGO are 177.76 and 54.45
and for the G peaks it is 101.69 and 50.02 respectively. The decrease in the FWHM for the D
and G bands from the GO to reduction to rGO signifies a decrease in disorder in the rGO
material which is associated with a reduction in oxygen [15] (this reduction of oxygen in the
form of bubbles was observed during the reduction step of GO to rGO when the NaBH4 was
added to the GO solution) [15]. The 2D band in the rGO occurs at 2644.08 cm™ and is a unique
feature of GO approaching true graphene (G) material. The ratio of I,p/ I for the rGO is 0.32

which means that it is multi layered [17].
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Figure 2:6 : ZFC R (T) curves for all GO doped Figure 2:7 : ZFC R (T) curves for all rGO doped
samples samples

The transition from superconducting to a complete normal state occurs over a smaller
temperature range in rGO doped samples than in GO doped samples, as shown in Figure 2:6
and Figure 2:7. In Table 2:1, ATc characterizes this transition and is seen to be smaller in rGO
doped samples compared to GO doped samples. This decrease in foot structure in rGO doped
samples compared to GO doped samples signifies a reduction in weak-links at the grain
boundaries in rGO samples than in GO doped samples [18].

The critical transition temperature Tcmia is defined as the mid-point between the Tconset and the
Tcotr [19]. This is shown for GO and rGO samples in Table 2:1 and are all greater than the
control. The transition temperature for GO doped samples are greater than rGO doped samples.
This is due to the GO having a higher oxygen content than rGO, resulting in better oxygenation

of the grains in GO doped samples than rGO doped samples [9] [10].
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Table 2:1 : Analysis of ZFC curves

Sample
GO doped YBCO (% wt.) rGO doped YBCO (% wt.)
Control

01 | 05 | 0.7 | 0.9 1 01 | 05 [ 07 | 09
Tcmia (K) 84 90 92 98 93 91 86 88 91 89 85
ATc (K) 13 13 11 8 12 10 8 7 4 5
Resistance
atT=120 | 0.225 |0.181|0.136 [ 0.099 | 0.161 | 0.182 | 0.163 | 0.163 | 0.138 | 0.187 | 0.220
K (Q)

AT(K)

Figure 2:8 : Applied Magnetic Flux density vs. ATc

The normal resistivity of GO and rGO doped samples shown in Table 2:1 are smaller in
comparison to the control sample. This could be attributed to GO and rGO being reduced to
nearly pure graphene during the sintering process at temperatures above 650°C, that is, thermal
reduction. Graphene, being a good conductor, would improve grain boundary connectivity in
samples thereby reducing the normal resistance [9].
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for GO doped samples for rGO doped samples
FC measurements of the samples are shown in Figure 2:8 and Figure 2:9. It can be seen that
ATc of the samples increase with an increase in the applied magnetic field. This is a
manifestation of the grain-boundary weak-link effect. ATc of GO and rGO samples are smaller
than that of the control sample thus showing an improvement in grain boundary connectivity.
rGO doped samples have a lower ATc than GO doped samples for the same dopant weighting.
The 0.7 % wt. doped sample for GO and rGO sample sets exhibit the most improved grain
connectivity for applied magnetic fields below 6 mT At applied magnetic fields above 6 mT
the ATc for the 0.9 and 1.0 %wt. rGO doped samples is smaller than the 0.7 %wt. rGO doped
sample. This trend is also observed when comparing the 0.7 and 1.0 %wt. GO doped samples.
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This can be attributed to the higher number of flux pinning sites in the 0.9 and 1.0 %wt. doped
samples due to the higher dopant concentrations. Thus allowing those 0.9 and 1.0 %wt. to

withstand higher applied magnetic fields.
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Figure 2:11 : Applied load, F vs. the diagonal of
the impression squared, d2, for GO and rGO doped
samples.

The load dependent hardness relationship is shown in Figure 2:10. It is observed that as the
applied load force increases, the Hy decreases for all samples and reaches a plateau. This is
referred to as the indentation size effect (ISE). This ISE behavior is attributed to grain
boundaries and impurity phases in the material [20]. The improvement in hardness in the doped
samples, as shown in Figure 2:10, can be attributed to improved locking of grain boundaries

Figure 2:10 : Vickers hardness, H, vs. applied
load, F, for GO and rGO doped samples.

due to solute solution strengthening. Solute solution strengthening occurs when the dopant, in
this case GO and rGO nano-carbon structures, create localized strain fields. This locks defects

in the material, inhibiting their motion and increasing the material’s hardness [21].

Table 2:2 : Hardness test results for GO and rGO doped samples

0.1 % wt. 0.5 % wt. 1 % wt.
Sample | Control
GO rGO GO rGO GO rGoO
Ho
(GPa) 1.499 1.703 1.721 2.264 2.197 2.630 2.405
Fo(N) | 0.021 0.067 0.021 0.013 0.087 0.137 0.161

Table 2:2 shows the true load independent hardness, Ho. and the energy dissipative portion of
the load, Fo, which calculated using the graphs (F vs. d*) was shown in Figure 2:11. Fo increases
with an increase in doping concentrations of GO and rGO. The true hardness values of the
sample increase with the increase in GO and rGO doping. The hardness of 0.1 % wt. doped GO
and rGO samples are approximately equal. As the doping concentration increases, the hardness

of the GO doped samples are greater than the rGO doped samples.

The greater increase in the hardness of GO doped samples compared to rGO doped samples can
be attributed to the GO dopant creating a larger amount of strain in the sample than the rGO
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dopant. This is due to the fact that rGO has a greater thermal stability compared to GO [22]
[23]. Heating up GO to temperatures above 650°C during the sintering process results in the
oxygen functional groups being removed, creating thermally reduced GO (T-rGO) [9].This has
a greater surface area than chemically reduced GO (C-rGO) [24].This increase in surface area

of dopant inside the sample results in an increase in strain, thus allowing for better locking of
defects [7] [21].
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Conclusion

The results show that doping of bulk YBCO with GO and rGO increases the samples Tc up
until 0.7 % wt. for both dopants. The increase in Tc for GO doped samples are greater than in
rGO doped samples. This shows a direct correlation to the influence of oxygen on the Tc of
YBCO from GO doping. There is also a notable decrease in the normal resistance with both

dopants up to 0.7 % wt.

In GO and rGO doped samples, the weak-link effect has been significantly improved which is
attributed to better pinning in the grain boundaries. The weak-link effect in GO samples has
improved more than in GO samples, possibly due to an increase in pinning sites as rGO will
contain more nano-carbon than GO for the same weight.

Vickers hardness of both GO and rGO samples have increased with an increase in GO and rGO
dopants. This is due to solute solution strengthening. The GO doped samples were harder than

the rGO samples, with the hardest sample being the 1 % wt. GO doped sample.
The improvement in weak-links at grain boundaries and the increase in flux pinning sites, which

is seen by the decrease in foot structure of the GO and the rGO doped samples, will allow for

better performance in high current and magnetic levitation bulk applications.
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Chapter Two Summary

In this chapter we had shown that doping YBCO with GO and rGO results in an increase in Tc. This was
hypothesized to be due to an increase in the oxygen content of YBCO as stated in previous studies. The
maximum Tc achieved was 98 K. This piqued interest as YBCO will have a maximum Tc of 93 K at
optimum oxygenation. The micro-hardness measurements showed an improvement in the hardness of GO

and rGO doped samples.

To verify that doping YBCO with GO and rGO increases its oxygen content which results in an increase
in Tc. We decided to measure the oxygen content of GO and rGO doped samples using iodometry which
is shown in chapter 3. TEM imaging was used to characterize the doped samples.
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Abstract

In this research High Temperature Superconductor material (YBCO) was doped with
graphene oxide (GO) and reduced graphene oxide (rGO) in 0.5 % wt. and 0.7 % wit.
concentrations. Resistance versus Temperature (R vs. T) measurements were carried out in
field cooling (FC) and zero field cooling (ZFC) conditions. In order to determine the critical
transition temperature (Tc) and observe the effect of doping on the weak-links. The
increase in Tc was greater in GO doped samples compared to rGO doped samples, this is
due to the increase in oxygen content in the doped samples which was confirmed by
iodometric titration. The weak-link effect was improved in both GO and rGO doped
samples. The reduction of the weak-link effect infers YBCO material with a higher critical
current density (Jc).
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Introduction

This research is the continuation from past research titled “Effect of Graphene Oxide
Doping on Bulk High Temperature Superconductors for Power Applications” which
was presented at SAUPEC 2019 [1].

In previous research doping bulk high temperature superconductor (HTS) YBCO, with
graphene oxide (GO) was seen to increase the critical transition temperature (T¢). This
was attributed to GO doping increasing the oxygen content of YBCO. The weak-link
effect was also reduced. This was attributed to improved grain connectivity and an
increase in flux pinning sites [1]. The causes of weak-links and how they hinder the
current carrying capability of bulk superconductors was discussed previously.
Therefore reducing the weak-link effect would result in an improved Jc for bulk HTS
[1]. It was also stated that an increase in Tc would allow for reduction in cost of
cryogenic systems thus reducing the cost for applications and increase current carrying
capability of the superconductor [1] [2].

In this research YBCO bulk HTS was doped with GO and rGO in order to compare the
effects on the weak-links due to each dopant and how the reduction in oxygen content
of rGO compared to GO affects the non-stoichiometric oxygen content of doped
samples.
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Figure 3:1 : Change in YBCO phase due to variation

Comparison of Graphene Oxide and Reduced Graphene Oxide Doping on YBCO
for Power Applications

Background

In YBCO’s chemical formulae (Y1Ba>,CuzO7.5), ‘7-6” represents the oxygen coefficient of the
compound [3] [4]. The delta (8) represents the variable non-stoichiometric oxygen content. The
oxygen content of YBCO determines the hole density of the material [3] [4]. Increase in oxygen
content increases the hole density of the material. This is the parameter upon which
superconductivity depends [3] [4]. In order for the superconducting phase to occur delta must
be in the range of 0 < § < 0.6 shown in Figure 3:1. During this phase YBCO has an orthorhombic
crystal structure shown in Figure 3:2 [3].

This orthorhombic structure consists of two CuO; planes separated by an yttrium layer which
contains no oxygen. Thereafter there is a Ba-O layer and a Cu-O layer on the top and bottom of
the unit cell. The most important part of this structure is the one-dimensional Cu-O chains in
the Cu-O layer and the ordered oxygen vacancies between them [3] [4].
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Ba-0
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Cu-0
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Tetragonal Orthorhombic

in oxygen content. YBCO

In the orthrhombic structure the diffusion of oxygen into the oxygen sites on the Cu-O chains
allows for the variation of delta in the range of 0 < 6 < 0.6. This variation of delta results in the
variation of Tc. Increase in delta decreases the Tc and decrease in delta increases Tc seen in
Figure 3:3. Further increase in delta to the region of 0.6 < & < 1 results in YBCO changing to
an antiferromagnetic phase in which its T¢ decreases to 0 K shown in Figure 3:1. In this phase
the remaining oxygen atoms occupy the sites between the Cu-O chains thus resulting in a
disordered tetragonal structure shown in Figure 3:2 [3].
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Figure 3:3 : Curve demonstrating change in Tc¢ as a function of oxygen content [3]

Due to the relationship between the oxygen content and T¢ of YBCO the determination of this
parameter is important. There are both destructive and non-destructive methods to determine
the oxygen content [5]

Non-destructive methods include X-ray diffraction, Auger spectroscopy, photoelectron
spectroscopy, RAMAN spectrometry and electron microanalysis. Destructive methods include
thermo-gravimetric methods, gas volumetric methods, voltamperometry, iodometric titration,
spectrophotometric methods and coulometric methods [5]

The method of iodometric titration is part of the wet methods to determine the oxygen content.
It can be carried out in a one step method which involves two consecutive titrations of one
sample or two step method which involves titration of two individual samples. The two step
iodometric titration is more accurate that the single step process [5].
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Experimental

GO was produced using the improved Hummers method with additional potassium
permanganate [6]. Thereafter, GO was reduced to form rGO using sodium borohydride
(NaBH,4) and calcium chloride (CacCl,) as a catalyst [7]. YBCO powder was doped with
GO and rGOin 0.5 % wt. and 0.7 % wt. concentrations. These doped powders were pressed
into pellets at a pressure of 45 MPa and sintered at 950°C in an oxygen atmosphere for 6
hours. Four wire resistance measurements were thereafter carried out in ZFC conditions
and FC conditions [1].

Figure 3:4 : a) Experimental setup inside glove bag and b)
dissolving of sample inside glove bag with magnetic stirrer

Oxygen content of the GO and rGO doped samples were determined by the process of
iodometry using the two step method [5]. In the first titration a nitrogen atmosphere was created
using a glove bag, Figure 3:4 a), in order to prepare the solution for titration. 50 mg of YBCO
sample was dissolved in 10 ml of 3 molar (M) hydrochloric acid (HCI) solution. Were molar
denotes the concentration of the solution. Thereafter 1g of potassium iodide (KI) was added to
the solution. This solution was then stirred with a magnetic stirrer until the sample is dissolved
shown in Figure 3:4 b). The pH of the solution was adjusted to approximately 3.5 using a buffer
solution which contains 3 M sodium acetate (NH.Ac) and 3 M acetic acid (HAc) solutions. A
hand held pH meter was used to take pH readings. This can be seen in Figure 3:5.

Figure 3:5 : Testing pH level of the YBCO, Kl and HCI solution in a nitrogen atmosphere using a pH meter.

56



Comparison of Graphene Oxide and Reduced Graphene Oxide Doping on YBCO
for Power Applications

The resulting solution was then removed from the nitrogen atmosphere and titrated with 0.01
M sodium thiosulfate (Na.S;0s3) titrant. The colour changes of the solution during titration can
be seen in Figure 3:6. Figure 3:6 a) shows the solution colour at the beginning before the titrant
is added. As the titrant is added the colour changes to pail orange which can be seen in Figure
3:6 b). At this point 2 ml of 1 % starch solution was added to the solution to use as an indicator
to indicate endpoint of the titration. The addition of this indicator turns the solution black which
can be seen in Figure 3:6 ¢). Further titration of the solution turns the solution dark purple which
thereafter turns to a pail purple, Figure 3:6 d) and Figure 3:6 e).

Figure 3:6 : Colour changes which occur during titration

At this point 5 ml of 20 % potassium thiocyanate (KSCN) solution was added and the solution
was the titrated to starch and KSCN endpoints, which is a colourless solution shown in Figure
3:6 f). The total volume of Na,S;0; added is equal to V;'® in ml in equation 3.1.

=152 — Vi
7Ty (3D

In the second titration 50 mg of the sample was dissolved in 10 ml of 3 M HCI solution using a

hot water bath shown in Figure 3:7 a). This solution was then heated up for 10 minutes and
stirred using a magnetic stirrer and then left to cool to room temperature, Figure 3:7 b).

57



Comparison of Graphene Oxide and Reduced Graphene Oxide Doping on YBCO
for Power Applications

Figure 3:7 : a) dissolving of YBCO sample in HCI solution and b) solution after dissolving of YBCO sample

The solution was then placed into a nitrogen atmosphere and the pH was adjusted to
approximately 3.5, using the appropriate amount of buffer solution. 1g of Kl was thereafter
added and the solution was stirred using a magnetic stirrer for 20 minutes. The resulting solution
was removed from the nitrogen atmosphere and titrated with 0.01 M Na;S,05 solution to starch
and KSCN endpoints as explained in the first titration. The total volume of Na,S;O3 added is
equal to V% in ml in equation 1.1.
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Results and Discussion

The elemental composition of GO and rGO in Figure 3:8, which was obtained using Electron
dispersive x-ray (EDX) analysis. The C/O ratio is 1.56 and 5.95 in GO and rGO respectively.
This increase of the C/O ratio in the rGO sample shows that reduction has occurred [8]. This
can also be seen in Figure 3:8 by the decrease in oxygen content in rGO. Trace elements Na, S,
Cl, and K are impurities which occur due to chemical processes of synthesizing GO and
reduction of GO to rGO they can be seen to be negligible.

Figure 3:8 : Data from EDX showing elemental content of GO and rGO

Transmission electron microscope (TEM) images of GO and rGO can be seen in
Figure 3:9 a) and Figure 3:9 b). Folded sheet structure can be seen in both images.

p 240
B i

Figure 3:9 : a) TEM image of GO and b) TEM image of rGO

Figure 3:10 shows TEM image of the control sample after sintering. The YBCO grain
structure can be seen in comparison. Figure 3:11 which shows the TEM image of a
doped sample after sintering. In the doped sample the graphene sheet structures can be
seen with YBCO grains spread on to them.

This could suggest that the weak-link effect is reduced due to improved grain
connectivity and increase in flux pinning sites due to graphene nano-particles. This
improved grain connectivity is due to graphene having a high conductivity therefore
allowing for better conduction between grains which can be seen in Figure 3:12.Which
shows TEM image of graphene nano-particles between YBCO grains of the sintered

bulk samples.
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Figure 3:10 : TEM image of YBCO grains

Figure 3:11 : rGO sheets with YBCO particles in doped samples

YBCO grains

Figure 3:12 : Graphene sheets at YBCO grain boundary in doped samples

The R (T) measurements in ZFC conditions are shown in Figure 3:13. The normal resistance in
GO and rGO samples have decreased. This decrease in normal resistance also confirms
improved grain connectivity [1] [9]. This is due to rGO being highly conductive and GO being
thermally reduced to rGO during the sintering process [1] [9]. The T¢ of both GO and rGO
doped samples have increased, this is attributed to the GO and rGO dopant increasing the
oxygen content of the superconductor [1] [4] [9]. The increase in the oxygen content in the GO
doped samples is greater than in the rGO doped samples thus resulting in a greater increase in
Tc in GO doped samples.
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This is due to GO comprising of more oxygen than rGO which can be seen in Figure 3:8. This

greater increase in oxygen content in GO doped samples than in rGO doped samples was
confirmed via titration shown in Table 3:1.
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Figure 3:13 : R vs. T curves in ZFC conditions

R vs. T measurements were taken in FC conditions in a 5 mT field in order to determine the
effect of doping on the weak-links at grain boundaries. The control sample can be seen to have
a network of weak-links due to the increase in the foot structure which was observed in prior
research [1].

Table 3:1 : Analysis of ZFC curves

GO doped rGO doped
YBCO (wt.) | YBCO (wt.)

0.5 0.7 0.5 0.7

Control

Tea(K) | 84 92 | 98 | 88 | 91

Resistance
at T=120 | 0255 [0.136]0.099 | 0.163 | 0.138
K ()
Ooxygen | o7 | 675 | 691 | 669 | 6.72
content

Comparing GO and rGO doped samples in Figure 3:14. it can be seen that as rGO and GO
doping concentration increases, the weak-link effect reduces. This is observed by the reduction
in the foot structure of the FC curves. This improvement is attributed to improved grain
boundary connectivity due to graphene sheets at the grain boundaries and an increase in flux

pining sites due to graphene nano- particles which can be seen in Figure 3:11 and Figure 3:12

[1].
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Figure 3:14 : Rvs. T curves in FC (5 mT) conditions
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Conclusion

The increase in Tc of GO doped samples is greater than in rGO doped samples and is
attributed to GO having a greater oxygen content than rGO therefore allowing for the
stoichiometric oxygen content of GO doped samples to be higher than rGO samples.

The weak-link effect in GO and rGO samples has improved and is explained due to
improved grain connectivity because of the high conductivity of graphene, and increase in
flux pinning sites due to graphene nano- graphene particles. This will allow for larger
transport currents in YBCO based superconducting conductors.
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Chapter Three Summary

In this chapter it was confirmed that the increase in T¢ for YBCO doped GO and rGO samples is a
result of the dopants increasing the oxygen content of YBCO. It also showed that the increase in the
oxygen content can only explain the increase in Tc up to 93 K. Therefore, the explanation provided
by previous studies were not accurate. Thus, a new explanation for this increase in Tc above 93 K
was researched in chapter 5.

In chapter 4 the mechanical and structural parameters of the YBCO doped GO and rGO samples

were studied. This was researched as the poor mechanical parameters of bulk material prevents its
use in numerous applications.
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4.1 Abstract

YBCO (Y1Ba,CuzO7.5) was doped with graphene oxide (GO) and reduced graphene oxide
(rGO) in the following percentage weight concentrations: 0.1, 0.5 and 1 % wt. . Lattice
parameters, crystallite size, orthorhombicity and lattice strain were calculated using XRD
analysis. The porosity of samples decreased by a maximum of 29 % and 17 % for GO and rGO
doped samples respectively. Microhardness measurements were conducted using the Vickers
hardness method at loads in the range of 0.245 - 2.940 N. These micro hardness measurements
were used to calculate the Vickers hardness (Hv), elastic modulus (E), yield strength (Y),
fracture toughness (Kc) and brittleness index (B) of the material. Hy was greater in GO doped
samples than in rGO doped samples. E increased by 63.94 % for rGO and 85.52 % for GO
doped samples. Y increased by 63.80 % for rGO and 85.40 % for GO doped samples. B
decreased by 48.11 % for rGO and 43.78 % for GO doped samples. There was an increase in
Kic for both GO and rGO samples. The indentation size effect (ISE) was observed during micro-
hardness measurements. This ISE behaviour was analyzed using Meyers Law, PSR model,
elastic/plastic deformation model and Hays Kendall model. The results showed that the Hay
Kendall approach best described the ISE behaviour of the samples.
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4.2

Introduction

YBCO is a high temperature superconductor (HTS) which was discovered in 1987 with a
critical transition (T¢) of 93 K [1]. This was of importance as it was the first HTS with a T¢
above the boiling point of liquid nitrogen (77 K) [2] [3]. Therefore, making it more cost
effective to use in applications as liquid nitrogen is cheaper than liquid helium.

This cost effectiveness in combination with its remarkable properties such as high current
carrying capacity, ability to trap large magnetic fields [4] [5], less toxic compared to Tl and Hg
based HTSs, simplicity to produce in large quantities and easily available precursor materials
[3] [6], make YBCO an attractive candidate for a range of industrial applications. Examples of
these applications are AC/DC transmission lines, high field magnets, motors and generators and
magnetic levitation devices [2].

Nevertheless, one of the greatest downfalls of YBCO in bulk form, is its poor mechanical
properties which reduces the range of applications in which it can be used [7] [8]. A
considerable amount of research has been carried out to improve YBCO’s mechanical and

structural properties. Methods used to improve these properties are doping and alloying [5] [6]

(8] [9]

Research conducted in doping YBCO with graphene oxide (GO) and reduced graphene oxide
(rGO) has shown improvement in the superconducting properties of the material, including an
increase in Tc [10-14]. This increase is hypothesized to be due to an increase in non-
stochiometric oxygen [14] or possible Mn impurities found in GO [10]. The critical current
density (Jc) improved with GO and rGO doping [12] [15]. This was attributed to the
improvement in grain connectivity [12] and an increase in flux pinning centers [15].

There is limited research to be found regarding the mechanical properties of GO and rGO doped
YBCO [9] [12]. These studies found the elastic moduli such as rigidity modulus, longitudinal
modulus, Youngs Modulus and Poisson’s ratio im-proved as well as the microhardness was
enhanced [12]. These parameters improved with an increase in GO and rGO doping
concentration. The improvement of these mechanical parameters has been attributed to a
decrease in the porosity of the sample which results in improved grain connectivity [9] [12].

Doping of YBCO with GO and rGO has shown improvements of the superconducting and
mechanical properties of doped samples. Therefore, in this research we compare the effect that
these GO and rGO dopants have on the mechanical and structural properties of YBCO
superconductor. In our previously published research microhardness measurements were
conducted and the Vickers hardness was calculated [13]. In this extension, these microhardness
measurements are used to calculate the elastic modulus (E), yield strength (Y), fracture
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toughness (Kic) and brittleness index (B). Thereafter these measurements were modeled using
Meyers law, proportional sample resistance (PSR) model, elastic/plastic deformation (EPD)
model and the Hays-Kendall (HK) model to determine which model best describes the Hy
property of the doped GO and rGO samples.
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4.3 Experimental

GO was produced using the Hummers method with additional potassium permanganate [16].
The reagents used during the GO production process are natural flake graphite (CY3222) which
was purchased from RMC minerals, sulphuric acid (purity : 98 % ) and potassium
permanganate (purity : 99 %) which are purchased from Radchem Pty Ltd and sodium nitrate
(purity: 98.5 %) which was purchased from Unilab.

rGO was produced via chemical reduction of GO using sodium borohydride (purity: 99.8 %)
and calcium chloride (purity: 99.5 %) as a catalyst [17] which was purchased from Radchem
Pty Ltd.

In previous research GO and rGO were characterized using FTIR, RAMAN and TEM [13].
YBCO used in this research was purchased from Superconductor Inc. and has a purity of 99.9
%. YBCO pellets were doped with the following GO and rGO % wt. concentrations: 0.1, 0.5
and 1.0. These doping concentrations were chosen as it has been observed from past research
that the optimum T¢ of GO and rGO doped YBCO occurs in the range of 0 — 1 %wt. GO or
rGO doping concentration [9] [11] [12] [14]. Microhardness measurements were conducted at
a temperature of 297 K using the HM-210 manual main unit, single indenter shaft Vickers
hardness testing machine. The following load forces (F) were applied with a load contact time
of 10 s: 0.245 N, 0.491 N, 0.981 N, 1.962 N, 2.943 N [13]. To improve the accuracy of the
Vickers hard-ness measurement, seven measurements were conducted at each load and
thereafter averaged to obtain a single data point.

In the present research microhardness data was used to calculate Hy, E, Y, Kic and B. These
mechanical properties are important for industrial applications of superconductors. E is the
affinity of the material to deform elastically under a force. [18]. Y is known as a transition point
between elastic and plastic deformation occurring [18]. Kic is the ability of the material to resist
fracture and crack propagation. Kic is one of the most important factors used when selecting
materials for industrial applications [18]. B is the ratio of Vickers hardness and fracture
toughness. Thereafter the microhardness measurements were analyzed using Meyer’s Law,
EPD, PSR and HK models to determine which model best describes the microhardness of the
GO and rGO doped samples. The goodness of fit parameter, which is the linear regression
coefficient (LRC) was determined for all model fitting. The closer to unity the LRC is the better
the fit. Thus, more accurate fitting parameters [19].

X-ray Diffraction (XRD) was carried out for phase confirmation and to perform structural
analysis of the doped samples. The samples were analyzed using a PANalytical X Pert Pro
powder diffractometer in 0-0 configuration with an X’Celerator detector, variable divergence

and fixed receiving slits with Fe filtered Co-Ka radiation. The wavelength (A) of radiation used
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is 1.789 A. The x-ray diffractograms in con-junction with XRD analysis software Material
Analysis Using Diffraction (MAUD) [20] were used to calculate structural parameters such as
cell parameters (a, b, c), orthorhombicity, crystallite size, average oxygen content, Cu(1) (Cu?*)
and Cu(2)(Cu®") atomic site occupancy and lattice strain obtained using the Williamson-Hall
method [11].

The average oxygen content of the samples was also calculated by the process of iodometry
[21] [22]. This procedure has been published in detail previously [22] [23]. In order to improve
accuracy each sample was titrated three times and the results were averaged. This method is
reliable in range of 0 < & < 0.5 [21]. The error of the experimental evaluation of the oxygen
content is below 2 % [22] and measurements have a resolution of 0.02. This resolution is due
to experimental apparatus used. The following reagents were used during this iodometric
process: sodium thiosulphate (purity: 99.9 %) and starch soluble (extra pure) purchased from
Thomas baker, potassium thiocyanate (purity: 98.5 %) purchased from Merch Life Science,
acetic acid (purity: 60.05 %) which was purchased from Associated Chemical Enterprises,
ammonium acetate (purity: 97 %) which was purchased from Unilab, potassium iodide (purity:
99.5 %) which was purchased from Radchem Pty Ltd..

The percentage porosity (P) of samples were calculated using equation 4.1 [9]:

Bulk Density (p)
Xray — Density (py)

P=(1 ) X 100 (4.1)

Xray-density (px) is calculated using equation 4.2 [9],
Dx nM 4.2

NVcell,

with n being the number of molecules per unit cell, M is the molecular mass of sample in grams,
Vel is the volume of the unit cell and N is Avogadro’s number [9]. Veen can be calculated using
the equation 4.3:

Veen = axXb Xc, (4.3)

were a, b and c are the lattice parameters calculated using the XRD spectrum. The bulk density
(p) of the material is obtained using equation 4.4:

__M (4.4)

- l
Vbulk

M is defined as the mass of the sample and Vi is defined as the bulk volume of the sample
[12].
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4.4 Results and Discussion

4.4.1 X-ray Diffraction Analysis
Diffraction spectrums for control, GO and rGO doped samples are seen in Figure 4:1. They

display the following peaks: (003), (103), (104), (113), (200), (123) and (220) which are
characteristic of the Y123 phase with perovskite structure [11] [24].
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Figure 4:1: XRD spectrum of GO and rGO doped samples.

Table 4:1: Lattice strain, oxygen content, crystallite size, lattice parameters and orthorhombicity of GO and rGO samples.

Sample g’t'g'f: a(d) b(A) c(A) Orthorhombicity C;;’:;:ﬂ;e
Control 0.00175= 6.2E-5 | 3.82563+1.16E-5 | 3.88709=1.81E-5 | 11.67142+7.00E-5 0.00797=5.18E-6 65.187+2.91
0.1 | 0.00127=5.5E-5 | 3.82396+8.43E-4 | 3.88724%1.32E-5 | 11.66997+5.09E-5 0.00820=1.05E-5 46.401£2.62

GO | 0.5 ] 0.00112=3.7E-5 | 3.82331+7.54E-5 | 3.88777«1.16E-5 | 11.66400=4.43E-5 0.00836=1.20E-5 44.725+1.01
1.0 | 0.00054< 7.6E-5 | 3.82295+1.00E-5 | 3.88859=1.69E-5 | 11.66614+6.65E-5 0.00851=1.56E-6 27.476x2.35

0.1 | 0.00134=1.1E-5 | 3.82246+5.22E-5 | 3.88711+8.17E-5 | 11.67416=2.78E-3 0.00839+2.16E-5 40.970+2.24

rGO | 0.5 | 0.00125=8.2E-5 | 3.82247+8.23E-5 | 3.88753=1.25E-5 | 11.67075+4.77E-5 0.00844=1.39E-5 39.367+1.97
1.0 | 0.00073=1.0E-5 | 3.82203+2.23E-5 | 3.88820+3.19E-5 | 11.66860=1.06E-3 0.00858=4.91E-6 30.610x1.12

Rietfield refinement was carried out using crystallography analysis software called, MAUD
[20] to determine the lattice parameters a, b and ¢ which can be seen in Table 4:1. In GO and
rGO doped samples an increase in the b-axis is observed with an increase in GO and rGO
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doping. This increment can be related to an increase in the non-stochiometric oxygen content

in the copper oxide chain [24] shown in Table 4:2.

The oxygen content was calculated using XRD and iodometry. In the iodometry procedure the
oxidation state of the Cu ions is important. A change in the oxidation state of Cu ions will
induce error into the iodometric procedure. Therefore, the atomic site occupancy of the Cu (1)

Table 4:2: Average oxygen content, Cu(1) and Cu(2) atomic site occupancies of control, GO and rGO

samples
Oxygen content (7-9) Site occupancy
Sample
(XRD) (Iodometry) Cu (1) Cu (2)

Control 6.67=0.02 6.71 £(<0.13) 1.00 1.00
0.1 GO 6.79 £ 0.03 6.76 £ (<0.14) 1.00 1.00
0.5 GO 6.85+0.02 6.81 £(<0.14) 1.00 1.00
1.0 GO 6.95+0.03 6.98 £(<0.14) 1.00 1.00
0.1 rGO 6.74 £ 0.03 6.71 £(<0.13) 1.00 1.00
0.5 rGO 6.80+0.01 6.78 £(<0.14) 1.00 1.00
1.0 rGO 6.91 +0.03 6.88 £(<0.14) 1.00 1.00

and Cu (2) sites are calculated and shown in Table 4:2. There are no changes in the site
occupancies. Therefore, GO and rGO does not affect the oxidation state of the Cu ions or enter
the Cu atomic sites [11]. This allows for accurate iodometric measurement. The oxygen content
results from the XRD and iodometry validate each other. The largest variance between the
measurement methods is 0.4 %. This increase is greater in GO doped samples than in GO
doped samples. Since GO contains more oxygen functional groups than rGO which in turn
results in GO samples having a higher oxygen content which can be seen in Table 4:2. Due to
this increase in oxygen content we can assume that we have a larger volume fraction of the
sample in the superconducting phase [12]. To verify this the orthorhombicity of the sample was

calculated using equation 4.5,

4.5)

Orthorhombicity =

which can be seen in Table 4:1. Orthorhombicity increases in both GO and rGO doped samples.
This is a result of an increase in non-stochiometric oxygen content as well as enhancement in
phase purity [24]. Jc can be enhanced by increasing the orthorhombicity of bulk YBCO [24].

Thus, increasing orthorhombicity will result in an increase in Jc.

KA
Briacosd = o+ 4esind, (4.6)

Lattice strain (¢) was calculated by the Williamson-Hall method, using equation 4.6, where Bua
is the full width half maximum (FWHM) of diffraction peaks, K is the dimensionless shape
factor, which is ap-proximately 0.9, D is the crystallite size, 6 is the angle of the diffraction
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peak and A is the x-ray wavelength. The graph of Pna cosf vs. 4esinf was plotted and fitted
with a linear best fit line. The slope and the y-int of these best fit lines are equivalent to the &
and D of the sample [11].

€ decreased in both GO and rGO samples. This can be attributed to reduction in the dislocation
movement between superconducting grains [12]. Due to graphene sheets occupying
intergranular spaces. These graphene sheets between grains will also improve grain boundary
connectivity and reduce the porosity between grains [12]. The crystallite size is seen to decrease
in both GO and rGO samples. These values can be seen in Table 4:1. This reduction in crystallite
size is a large contributing factor in improving the hardness of the doped samples seen in Figure
4:2. The decrease in the crystallite size means that there are more grain boundaries [5]. These
grain boundaries hinder the motion of dislocations, therefore trapping the defects in a localized
area of the material which results in an improvement in hardness [25].

4.4.2 Microhardness and Modeling

Hv was calculated using equation 4.7. F is the applied load force and d is the length of the
diagonals of the diamond shape indentation on the surface of the sample [6] [7] [13].

F
Hy = 185447 (4.7)

The values for Hy can be seen in Table 4:3 and Figure 4:2 shows the plot of F vs. Hy. The error
bars in Figure 4:2 represent the multiple measurements taken at each point. The values for Hy
decrease with an increasing applied load force until a plateau region is reached. In this plateau
region an increase in F results in a constant Hy. This behaviour is known as indentation size
effect (ISE) [7] [24]. The ISE behaviour is a result of the penetration depth of the indenter. At
smaller loads the indenter penetrates the surface layers therefore the surface characteristics are
dominant. At larger loads the characteristics of the inner layers are dominant as the indenter
penetrates the inner layers thus a saturation is reached which can be seen in the form of the
plateau region [24]. The hardness values are seen to increase with an increase in GO and rGO
doping. This improvement in Hy can be attributed to an enhancement in grain connectivity [24],
reduction in porosity between the grains [18] [24] and hindering the motion of crack
propagation between grains [26]. These enhancements are due to GO and rGO sheets located
at grain boundaries [24]. The increase in Hy is greater in GO doped samples than in rGO doped
samples. This could be attributed to higher oxygen levels in GO samples than in rGO samples,
seen in Table 4:2. This increased amount of oxygen allows for enhanced grain boundary
connectivity [24].
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Table 4:3 : Calculated load dependent Hy. E. Y and K¢ for control. GO and rGO doped samples.

Sample | Load Hv B E Y Kic
™) (GPa) (m%) (GPa) (GPa) (Pa /m%)
Control 0.2 1.89 = 7.00E-2 0.00207 =3.51E-4 15448 £5.73 0.63 £2.33E-2 909.94 £174.22
0.5 1.58 =8.00E-2 | 0.00189 +4.26E-4 129.11 £6.55 0.53 =2.67E-2 831.90 +187.04
1.0 1.50 = 3.00E-2 0.00185 =2.56E-4 123.13 £2.46 0.50 = 1.00E-2 812.38+112.58
2.0 1.50=2.00E-2 | 0.00185=2.13E-4 122.89 +1.64 0.50 = 6.67E-3 811.58 £93.73
2.9 1.5+ 1.00E-2 0.00185 = 1.32E-4 122.88 +0.82 0.50 = 3.33E-3 811.58 = 57.82
0.1 1GO 0.2 2.10 = 8.88E-2 0.00231+4.47E-4 17229 +7.28 0.70 = 2.96E-2 911.29 = 198.64
0.5 1.77 = 8.37E-2 0.00212+4.33E-4 144.94 + 6.86 0.59 =2.79E-2 835.84 +192.28
1.0 1.73 £4.32E-2 0.00209+2.85E-4 141.90 + 3.54 0.58 = 1.44E-2 827.01 +126.40
2.0 1.73 £ 1.32E-2 0.00209=1.72E-4 141.87 +1.08 0.58 £4.38E-3 826.92+76.21
2.9 1.73 = 2.04E-2 0.00209+2.11E-4 141.87 + 1.67 0.58 = 6.78E-3 826.92 = 93.84
0.5 1GO 0.2 3.38+14.06E-2 | 0.00154 =3.12E-4 277.35+11.52 1.13 =4.69E-2 2204.34 = 448.62
0.5 291 +£18.15E-2 0.00142 = 3.40E-4 238.66 = 14.88 0.97 £6.05E-2 2044.82 =488.15
1.0 2.36+9.85E-2 | 0.00128 =2.30E-4 193.47 £8.07 0.79 = 3.28E-2 1841.09 = 330.93
2.0 2.24 £9.84E-2 0.00125 =2.62E-4 183.38 £8.07 0.75 £3.28E-2 1792.45 = 375.53
2.9 224=7.15E2 | 0.00125=2.17E-4 183.21+5.86 0.75 =2.38E-2 1791.60 = 311.34
1.0 1GO 0.2 5.32=9.08E-2 0.00142=1.82E-4 436.39 +7.44 1.78 = 3.03E-2 3754.40 = 481.36
0.5 3.97+7.57E-2 0.00122+1.63E-4 325.29+6.20 1.32 £2.52E-2 3241.41£432.58
1.0 2.88 = 5.38E-2 0.00104+1.43E-4 235.76 = 4.41 0.96 = 1.79E-2 2759.56 = 377.41
2.0 2.49+7.07E-2 0.00097=1.45E-4 203.92+5.79 0.83 £2.36E-2 2566.46 = 384.98
2.9 2.46 = 7.40E-2 0.00096+1.59E-4 201.46 = 6.07 0.82 =2.47E-2 2550.91 = 420.36
0.1 GO 0.2 2.47 £ 8.00E-2 0.00151+2.72E-4 202.48 +£6.56 0.82 =2.67E-2 1634.87 £294.15
0.5 2.13 £6.00E-2 0.00140=2.30E-4 174.72 £4.92 0.71 £2.00E-2 1518.64 =249.35
1.0 1.84 = 11.50E-2 | 0.00130+3.09E-4 151.00 £9.43 0.61 = 3.83E-2 1411.78 = 334.80
2.0 1.73 £ 2.00E-2 0.00126=1.33E-4 141.61 £ 1.64 0.58 £6.67E-3 1367.22 = 143.80
29 1.72 = 1.50E-2 0.00126+1.18E-4 140.75£1.23 0.57 =5.00E-3 1363.04 = 127.33
0.5 GO 0.2 3.47 £ 6.45E-2 0.00154=2.05E-4 284.56 +5.29 1.16 =2.15E-2 2253.12£299.38
0.5 3.01 = 5.50E-2 0.00143=1.94E-4 246.28 £4.51 1.00 £1.83E-2 2096.11 = 283.54
1.0 2.56 = 3.55E-2 0.00132+1.49E-4 210.19 £2.91 0.86 = 1.18E-2 1936.43 =217.79
2.0 2.36 £4.97E-2 0.00126=1.83E-4 193.09 = 4.07 0.79 £ 1.66E-2 1856.01 =267.83
2.9 2.33£6.75E-2 0.00126+1.93E-4 190.99 +5.53 0.78 £2.25E-2 1845.87 £282.44
1.0 GO 0.2 5.28 =4.40E-2 0.00145+1.19E-4 433.11 £ 3.61 1.76 = 1.47E-2 3674.84 =323.44
0.5 3.97 £11.65E-2 0.00125+2.07E-4 325.44+9.55 1.32 =3.88E-2 3185.45 = 562.64
1.0 3.05 +9.17E-2 0.00109+1.84E-4 249.92+£7.52 1.02 = 3.06E-2 2791.51 £ 499.37
2.0 2.79 +5.65E-2 0.00105+1.43E-4 229.00 +4.63 0.93 = 1.88E-2 2672.14 = 388.06
29 2.78 £6.01E-2 0.00104=1.48E-4 227.94+4.93 0.93 £2.00E-3 2665.90 =402.13
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Figure 4:2: F vs. Hy for rGO doped samples

The parameters E, Y, Kic and B, are calculated using equation 4.8 - equation 4.11. These values
are load dependent [27] and are shown in Table 4:3.

E = 81.9635H, (4.8)
Hy
Y ~ 2 4.9
3 (4.9)
p = (4.11)
KIC .

The mechanical properties observed in Table 4:3 were most enhanced in the 1.0 %wt. doped
GO and rGO samples. E increased by 63.94 + 5 % for rGO and 85.52 + 4 % for GO doped
samples. Y increased by 63.80 + 5 % for rGO and 85.40 + 4 % for GO doped samples. This is
due to GO and rGO dopants filling the voids and pores in the material. Thus, hindering the
dislocation motion between grains, which results in the reduction in strain in the
superconducting matrix. Therefore, enhancing elastic parameters [9]. This reduction in strain
can be seen by the decrease in € shown Table 4:1. Kic increased by 214.32 + 50 % for rGO and
228.49 + 49 % for GO samples. There is a significant increment in fracture toughness of more
than double the control samples original value for both GO and rGO doped samples. This
improves the materials resistance to fracture or crack propagation. This improvement in facture
toughness makes the doped YBCO material very desirable for industrial applications [18] [28].
B decreased by 48.11 £ 9 % for rGO and 43.78 + 8 % for GO doped samples. The reduction in
B is of significance as one of the biggest problems for polycrystalline superconductors is
brittleness [6] [18]. This enhancement in B and Kic can also be attributed to reduction in
porosity and enhancement in grain connectivity [5].
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Table 4:4: X-ray density, bulk density and percentage porosity.

Bulk X-ray Porosity

Sample Density density P

(g/cm®) (g/cm®) (%)
Control 3.181 6.382 50.145
0.1 GO 3.505 6.386 45.095
0.51GO 5.057 6.397 20.945
1.0 1GO 5.452 6.415 14.997
0.1 GO 4.031 6.393 36.951
0.5 GO 4.792 6.404 25.184
1.0 GO 5.881 6.430 8.531

The evaluation of the mechanical parameters B, Kic. Y and E has lead to the deduction that the
porosity of the GO and rGO doped samples have decreased for these enhancements to occur.
This deduction is validated with the P which can be seen in Table 4:4. An increase in GO or
rGO doping results in a decrease in porosity. The porosity of GO doped samples decreased by
29 % and rGO doped samples decreased by 17 %.

4.4.3 Analysis According to Meyers Law

1.5
¢ Control
1.0 1 4 0.1%rGO
» 0.5%rGO
05] 4 1%rco
. 0.1% GO
=z s 0.5%GO
™ 0.0 1 v 1% GO
=
— -0.5-
-1.04 /
-1,5-
20 25 30 35 40 45
In(d) (um)
Figure 4:3: Ln F vs. Ln d for GO and rGO doped samples according to
Meyers law.

Equation 4.12 shows the relationship between F and the indentation size d according to Meyers
Law [29]. Were A is the proportionality constant that represents the load needed for indentation
to occur [29] and n which is known as Meyers number describes the extent of the ISE behavior
of the sample [7]. When n < 2 the material obeys the ISE behaviour, if n > 2 the material obeys
the reverse indentation size effect (RISE) behaviour and if n = 2 then kicks law is valid which

means that the hardness is independent of the applied load force [7].
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F = A,d" 4.12)

Figure 4:3 shows the graph of In (F) vs. In (d) for all samples. The slope of the graph gives the
n, and the y-intercept gives A; [7]. These values can be seen in Table 4:5 along with the good-
ness of fit parameter LRC. It is observed that n for all samples is less than 2 therefore showing

Table 4:5: Best fit experimental data according to meyer's law

Sample n (l(l;lét) LRC

Control 1.85 = 6.04E-2 -6.54 £0.02 0.99575
0.1 GO 1.87 = 5.52E-2 -6.50 £ 0.09 0.99654
0.51GO 1.71 £ 498E-2 -5.62 £0.06 0.99826
1.0 1GO 1.52 + 6.02E-2 -4.81+0.19 0.99373
0.1 GO 1.74 = 5.56E-2 -5.97+0.19 0.99593
0.5 GO 1.72 £ 3.59E-2 -5.63+0.12 0.99826
1.0 GO 1.57 + 6.24E-2 -4.94 +0.09 0.99370

that all samples obey the ISE behaviour which agrees with the experimental results. n can also
be used to describe the hardness of the material. If the value of n is between 1 and 1.6, the
material is hard and if n is greater than 1.6, the material is soft [18]. The value of n in Table 4:5
decreases with both GO and rGO doping. This results in n in the range of 1 - 1.6 for both 1 %
wt. GO and rGO samples. Thus, showing that GO and rGO improves the hardness of YBCO.

4.4.4 Analysis According to PSR Model

§=a+ﬁd (4.13)

The PSR model is a method to analyze the ISE behaviour of a material. This model assumes
that the external work done by the indenter is split into two components. These are the surface
energy component which is proportional to the area of the indentation and the strain energy
component which is proportional to the volume of the resultant indentation [29]. The PSR
model is shown in equation 4.13. a is the surface energy and its variation is associated with the
energy dispersion of surface cracks [30] and B which is independent of the applied load is used

to calculate the load independent hardness Hesr as seen in equation 4:14 [30].

The value of o and B are determined from a plot of d vs. F/d shown in Figure 4:4, were o is the
y-intercept and B is the slope of the curve [27]. The values for o, p and LRC are listed in Table
4:6. The positive values of a confirm the ISE behaviour of the samples [30] as well as that there
are both plastic and elastic deformations [7] occurring in both GO and rGO doped samples. The
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increase in o suggests a reduction in cracks at grain interfaces [27]. Grain connectivity is also

enhanced due to GO and rGO sheets filling voids and pores [9] [24]. Thus, this improved grain

connectivity results in a reduction of cracks at grain interfaces.
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P VY A S
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0.1 % rGO Y.
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0.5 % GO )

1%G0O0
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Figure 4:4: F/d vs. d for GO and rGO doped samples according to PSR model

The load independent hardness values calculated using the PSR model (Hpsg) increase with an

increase in GO and rGO doping concentration seen in Table 4:6. Although Hpsr increases, it is

still lower than Hy values of the plateau region shown in Figure 4:7 and Figure 4:8. Therefore,
the PSR model is not sufficient to describe the micro-hardness of the GO and rGO doped

samples.

Table 4:6: Best fit parameters for GO and rGO doped samples according to the PSR model.

Sample “(g /;21;2 3(1\}(/::1;)3 (’é'if:) LRC

Control | 0274001 | 076003 | 141+006 | 099112
0.11GO | 0274001 | 088+003 | 1.64=006 | 099423
051GO | 088+002 | 102+006 | 1.89=0.11 |0.98800
1.01GO | 162003 | 1.08=0.10 | 2.00£0.19 |0.96661
01GO | 066002 | 081£006 | 1.50£011 |097628
05GO | 089001 | 106£003 | 197£006 | 099538
10GO | 166008 | 110010 | 2.04£019 |096557
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4.4.5 Analysis according to EPD Model

F = A,(d, +dp)?

EPD model, equation 4.15, is the second method which is used to characterize the ISE
behaviour of materials. The EPD model assumes that there is a small amount elastic
deformation which could not be measured. Due to it being recovered after F is removed [27].
A, represents the load independent micro-hardness constant [18], and de and dp represent the
elastic and plastic deformation components [6]. A, and de are calculated from the plot of F%3
vs. dp which is shown in Figure 4:5. The hardness value calculated from the EPD model (Hepp)
is done by using equation 4.16. The results obtained for A», de, LRC and Heep are shown in

Table 4:7.

HEPD = 1854‘4‘143

(4.15)

(4.16)

189 & Control
<« 0.1%rGO
164 » 05%rGO
A 1% rGO
o 0.1% GO
e 05%GO
s 12| v 1%GO
“ 40-
0,8 -
0,6 - /
0,4 T v T

d, (um)

50 60

Figure 4:5: F® vs. dp for GO and rGO doped samples according to EPD model

Table 4:7: Best fit parameters for GO and rGO doped samples according to the EPD model.

1

Sample (1\(1;11213132) (u‘i';) (’(’;';;;'; LRC

Control | 0.03=6.04E-4 | 0.04£0.02 | 1.45+6.77E-4 | 0.99809
0.11GO | 0.03£525E-4 | 0.05+002 | 1.67+5.11E-4 | 0.99876
051GO | 0.03=745E-4 | 0.12+0.02 | 1.90= 1.03E-4 | 0.99788
101GO | 0.03=121E-4 | 020003 | 2.02+2.72E-4 | 099444
01GO | 0.03+£994E-4 | 010003 | 1.56=1.83E-3 | 0.99519
05GO | 0.03+£461E-4 | 012001 | 2.02=394E-4 | 099922
10GO | 0.03%12.00E-4 | 0.18£0.03 | 214+ 2.67E-3 | 0.99508
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The positive values for d. implies that for this range of applied loads both elastic and plastic
deformations are observed in the presence of elastic relaxation [31]. The presence of both elastic
and plastic deformations explains the ISE behaviour of the samples which are being observed
[18]. The increase in d. for both GO and rGO doped samples demonstrates an increase in
resistance to the applied load. This is attributed to GO and rGO sheets filling the voids and
pores in the bulk material thus enhancing the elastic parameters [9].

The values calculated for Hepp are low compared to the measured Hy plateau region. This can
be seen in Figure 4:7 and Figure 4:8. Therefore, the EPD model cannot be used to describe the
micro-hardness measurements.

4.4.6 Analysis according to HK Model

In 1973 Hays-Kendall found that in a material elastic deformation would occur below a certain
applied load force and applying a force greater than this load force would result in plastic
deformations. This value is known as the critical applied load force, Wk [7] [27], this means
that the indentation size will increase for applied load forces, F, greater than Wuk. This increase
in indentation size is directly proportional to an effective load (Fetr = F — Whk) and not the
applied load [7], seen in equation 4.17.

F — WHK = AlHKd2 (417)
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0.1 % rGO
0.5 % rGO

1% rGO
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s (05%GO
1% GO

L 1,54
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1,0+

0,54 »

0,0

0 500 1000 1500 2000 2500 3000 3500 4000
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Figure 4:6: F vs. d? for GO and rGO doped samples according to HK model.

In equation 4.17 Aink is the hardness constant which is independent of the applied load force
and d is the diagonal of the indentation [7]. Plotting the curve of F vs. d? seen in Figure 4:6 The
Wik can be obtained from the y intercept and Aixk is equivalent to the slope of the curve [7].
These values can be seen in Table 4:8 along with the goodness of fit parameter LRC.
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Table 4:8: Best fit parameters for GO and rGO doped samples according to HK model

Sample AlﬂfN’/‘u:noz;s '("N'g" (gf,';‘) LRC

Control | 8083+1.12 | 0.021+1.10E3 | 1.50=0.02 | 099923
0.11GO | 92824087 | 0.021=120E3 | 1.7240.02 | 0.99965
051GO | 118.00=235 | 0.087+3.10E-3 | 219004 | 0.99843
1.01GO | 13000497 | 0.161=580E2 | 241£0.09 | 0.99416
01GO | 9184+364 | 0067+200E2 | 1.70£007 | 099376
05GO | 12200131 | 0097+ 1.60E-2 | 226+002 | 099954
10GO | 142.00:462 | 0.137=2.50E2 | 2.63£0.09 | 099577

The values for Wgk are positive indicating typical ISE behaviour [7] [18]. The positive value
of Wrx can be interpreted as both plastic (irreversible) and elastic (reversable) deformations
occurring in the sample [7] [18]. This in agreement with o obtain in the PSR model as ad term
in the PSR model is equivalent to Wuk in the HK model [32]. This increase in Wrk can be
attributed to the enhancement in the elastic parameters of the material. This is due to GO and
rGO sheets filling the voids and pores in the material [9]. The load independent micro-hardness
according to the HK model can be calculated using equation 4.18 [6],

Hyg = 1854.44, k. (4.18)

The values of the load independent hardness shown in Table 4:8. The HK model best describes
the micro-hardness measurements. As the calculated Hux values are the nearest to the Hy
measured in the plateau region this is observed in Figure 4:7 and Figure 4:8 and the LRC is
closest to unity for the HK model in comparison to the EPD and PSR model. This result is
realized due to GO and rGO filling the voids and pores in the YBCO material. This can be seen
by a reduction in porosity in Table 4:4. Filling voids at grain boundaries results in the hinder-
ing of dislocation motion. This hindering of dislocation motion between grains, reduces the
strain in the superconducting matrix. This reduction in strain enhances the elastic parameters of
the material.

Table 4:9: Load independent mechanical parameters according to HK model.

Sample Hux (GPa) Enx (GPa) Yux (GPa) Bux (m?2) Kicax (Pa/m3)
Control 1.50 = 0.02 122.863+1.639 |  0.500 % 0.007 0.00185 = 0.00021 811.509 = 93.736
0.1 1.70 £ 0.07 139.584+5.737 |  0.568 +0.023 0.00196 = 0.00040 869.796 = 176.343
%wt. GO | 0.5 2.26+0.02 185401 +1.639 |  0.754%0.007 0.00126=0.00012 | 1802.286 = 169.470
1.0 2.63 £0.09 215810+7.377 |  0.878 £0.030 0.00099 = 0.00018 | 2640201 +488.127
0.1 1.72£0.02 141.050+1.639 |  0.574%0.007 0.00126 = 0.00041 1364.544 = 147.100
%wt. 1GO | 0.5 2.19%0.04 179.336£3278 | 0.729£0.013 0.00122+0.00017 | 1788.675 +241.845
1.0 2.41%0.09 197.613+7.377 |  0.804£0.030 0.00094=0.00018 | 2560.631 +494.731
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Figure 4:7: Comparison between measured (Hy is measured at the plateau of F vs. Hy
curve) and calculated Hy for rGO doped samples according to different models.
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Figure 4:8: Comparison between measured ( Hy is measured at the plateau of F vs. Hy
curve) and calculated Hy for rGO doped samples according to different models.

This enhancement in elastic parameters explains the enhancement of Whk in HK model.
Enhancement in Wxk means that the force required to create plastic deformation on the surface
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of the sample has increased.

Huk has been used to calculate the load independent parameters Ewk, Yk, Brk and Kic.nk seen
Table 4:9. Enx increased by 75 + 6 % and 61+ 6 %, Yk increased by 75 + 6 % and 61+ 6%,
BHK increased by 75 + 6 % and 61+ 6 %, Kc.1k increased by 75 + 6 % and 61+ 6 % in GO and
rGO doped samples respectively.
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4.5 Conclusion

The orthorhombicity of the samples improved. This was at-tributed to the increase in oxygen
content. Improvements in grain connectivity and reduction in porosity was observed, with an
increase in GO and rGO doping concentration. This resulted in the enhancement of Hy, B, Y,
E and Kic.

Improvement of Hy is due to 2 factors: The reduction in grain size which results in an increased
number of grain boundaries which hinders the motion of defects and secondly enhanced grain
boundary connectivity due to GO and rGO filling voids and pores between grains. Analyses of
the Hyv measurements show that the HK model best describes the micro-hardness
measurements. Doping of YBCO with GO and rGO improves the mechanical properties of
YBCO.
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Chapter Four Summary

In this chapter GO and rGO doping of YBCO was shown to enhance its mechanical parameters.
Reasonings for the improvement of these mechanical parameters were investigated using structural
analysis namely XRD.

Chapter 5 offers an explanation with proof for the increase in Tc above 93 K for GO doped YBCO
samples. Previous research states that this increase in Tc above 93K is due to oxygen but this was
shown to not be true in chapter 3.
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5.1

Explanation of the Effects of Graphene Oxide doping on the Critical Transitional
Temperature of Bulk YBCO

Abstract

Y1Ba,CuzO7.5 (YBCO) was doped with thermally stable graphene oxide (TS-GO) and thermally
unstable graphene oxide (TU-GO) in the following %wt. concentrations: 0.1, 0.5 and 0.7. TS-
GO and TU-GO was characterized using RAMAN, Fourier transform infrared spectroscopy
(FTIR) and energy-dispersive x-ray spectroscopy (EDX). The critical transition temperature
(Tcmig) increased in all TU-GO and TS-GO doped samples. The highest Tcmig 0f 101 K was that
of the 0.7 %wt. TU-GO doped sample. The increase in Tcmig Was greater for the samples doped
with TU-GO. Non-stoichiometric oxygen content was seen to increase with an increase in
doping concentration of both TS-GO and TU-GO. X-ray diffraction (XRD) analysis was carried
out to determine the lattice parameters and phase characterization of the TU-GO and TS-GO
doped samples. Lattice parameters show an increase in the copper oxide (CuO.) planar area
with Tcmig for TS-GO and TU-GO doping. To determine strain effects, the Williamson Hall
method was used to determine the lattice strain (¢). The € was seen to decrease for both TS-GO
and TU-GO doped samples. The formation of magnetic manganese oxide nanoparticles in TS-
GO and TU-GO doped samples was observed and resulted from impurities found in the
graphene oxide (GO) dopant material. The magnetic particles were extracted magnetically and
characterized using EDX. YBCO was doped with trimanganese tetraoxide (Mns;QO.) and
manganese dioxide (MnO,) in a 0.1 and 0.2 %wt. concentration. The Tcmig iS Seen to increase
to 94 K and 104 K respectively for 0.1 %wt. MnO, and Mn3;0O4 doped samples. The 0.2 %wt.
doped Mn3;04 sample resulted in a decrease in Tcmig. Magnetic susceptibility measurements
confirmed a superconducting phase change. The increase in Tcmig above YBCO’s Tc = 93 K,
correlates to the presence of manganese nano-impurities. This increase is hypothesized to be
related to an increase in surface area of YBCO’s 2D copper oxide (CuO2) plane structure with
GO doping.
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5.2

Explanation of the Effects of Graphene Oxide doping on the Critical Transitional
Temperature of Bulk YBCO

Introduction

The high temperature superconductor, Y:Ba,CusOz.; (YBCO), has a critical transition
temperature (Tc) which is sensitive to oxygen content, reaching a maximum of 93 K [1].
Research is constantly being done to discover superconductors with higher T¢s and attempting
various methods to improve T¢s of existing known superconductors. An improvement in Tc
typically implies an improved critical current density (Jc), which allows for cheaper cooling
systems enabling a wider range of applications [2]. A common method used to improve Tc¢ is
doping. In the past YBCO has been doped with various nanoparticles, carbon sources, metallic
and non-metallic elements [3].

Doping YBCO with tungsten oxide (WOs3) resulted in an unchanged Tc [4]. Nickel (Ni), Iron
(Fe) and cobalt (Co) dopants have been observed to increase T¢ of YBCO to an optimum of 92
K. This optimum T¢ was observed at 0.008 %wt. for Co and 0.004 %wt. for Ni and Fe [5].
Calcium (Ca) and strontium (Sr) doping results in the degradation of TC [5]. Ca, Ni and WO3
doping result in an enhancement in Jc. This increase in Jc is due to an increase in flux pinning
sites [4] [6] [7].

Doping with carbon nanotubes (CNTSs) has shown an enhancement in Jc [3] [8 - 10]. This
improvement in Jc is due to enhanced grain boundary connectivity and an increase in flux
pinning sites [3] [8 - 10]. T¢ is seen to decrease or remained unchanged with an increase in
CNT’s concentration [3] [9] [10]. This decrease in Tc is attributed to separation of
superconducting grains due to impurities located at grain boundaries induced by CNT doping
[10] [3]. The same trend of a decreasing Tc and an increasing Jc was observed for doping YBCO
with carbon nanofibers [11].

Doping YBCO with graphene (G) or graphene oxide (GO) has been observed to im-prove
superconducting properties such as an increase in T¢ [12 - 19], increase in Jc and an increase in
critical magnetic field (Hc) [12].

Most studies define Tc, more specifically as Tcmia from resistance measurements. Tcmig IS
temperature at the midpoint of the transition between superconducting and normal state.
Optimum doping concentrations, to yield maximum T values, vary between 0.7 to 1 %wt. GO
for majority of studies [13] [15 -17], and one study shows an optimal T¢ at 0.3 %wt. GO [14].
The maximum T¢ values reached in these GO studies were: 101 K [13], 100 K [14], 95.46 K
[15], 98 K [16], and 97 K [17]. In G doping YBCO studies maximum T¢ was reached at 0.9
[18], 1.0 [12] and 3.0 [19] %wt. concentration. The maximum Tc values reached in these G
studies were: 97.10 K [18], 92.6 K [12] and 100.6 K [19]. This increase in T¢ in both G and GO
doping experiments has been attributed to the increase in oxygen content due to the G and GO
doping [13 - 19]. On the otherhand there are studies in which G and GO doping has resulted in
no change in T¢ as well as some studies in which Tc has decreased [20 - 23]. The decrease in
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Tc was attributed to the decomposition of GO in samples at high temperatures during the
annealing process [22]. Hence, there is contradictory evidence of the affect G and GO doping
has on YBCO’s Tc.

We question the ‘increase in oxygen’ explanation as it contradicts the well-known result that
at optimum oxygenation YBCO has a maximum Tc = 93 K [1] [24] [25]. Furthermore, G
contains much smaller amounts of oxygen compared to GO therefore the ex-planation does not
seem plausible that oxygen from G would increase the T¢ above 93 K. It is hypothesized the
impurities produced during the GO (and G) production process, in particular manganese, affect
Tc.

In this research the popular Hummers’ method is used to produce GO [26]. An investigation of
impurities found in GO was undertaken. The predominant impurities found in the produced GO
were Mn-based salts such as MnO, and Mn?* ions, which is sourced from the use of potassium
permanganate (KMnOQO,) in the Hummers’ method [27] [28]. These Mn impurities will also be
present in G, which requires a subsequent step after the production of GO when using the
Hummers method. Oxygen level and impurities levels in G will be much lower than in GO.
This is due to GO being chemically reduced to liberate O, and thereafter washed to produce G.
This research is a focus on the affect of GO doping on YBCO.

It has been found when YBCO is doped with Mn3O; in the range of 0.1 - 0.2 %wt., this results
in an increase in TC above 93 K [29 -32]. Therefore, a manganese impurity investigation in our
doped samples was conducted. The formation of Mn;O4 magnetic nanoparticles were identified
in sintered GO doped YBCO samples, the sintering temperatures and oxygen atmosphere are
the correct conditions for the formation of these nanoparticles. In these conditions the MnO,
and Mn? impurities result in the formation of magnetic nanoparticles Mns;O4/Mn.O3 [33],
which is easily collected when crushing GO doped YBCO samples.

This research suggests that there could be a combination of mechanisms attributing to an
increase in T¢ of GO doped Y1Ba,CuzO-.5. Namely an increase in non-stochiometric oxygen,
of under oxygenated YBCO samples, and (more importantly) the influence of Mn impurities
found in GO dopants. Past research suggests that Mn?* ions are most likely bonded to the GO
sheets [28] hence, they would be highly mobile at sintering temperatures. It is further postulated
that GO, with its large surface area greater than 5000 m?/g, could help distribute small quantities
of Mn evenly throughout the YBCO samples, resulting in a homogeneously doped material.
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Experimental

GO was produced using the Hummers” method with additional KMnO4 [34]. The resultant GO

only underwent ‘one washing cycle’ to produce thermally unstable graphene oxide (TU-GO).

A single washing cycle consists of centrifuging the resultant GO for 15 min at 5000 rpm. The
resultant supernatant was discarded, and the precipitate was mixed with water. This GO and
water solution was passed through a metal sieve with a nominal opening of 300 um, to remove
any large particles and unreacted precursor material. Thereafter the solution was centrifuged
again for 15 min at 5000 rpm. This process was carried out three more times using hydrochloric
acid and twice with ethanol. Thus, resulting in one washing cycle.

Thermally stable graphene oxide (TS-GO) was produced by GO undergoing four washing
cycles. TU-GO has a larger number of impurities compared to TS-GO hence making it
thermally unstable [35] [36]. TS-GO and TU-GO were characterized using FTIR, RAMAN and
EDX.

Bulk YBCO (Y123 phase) powder with a purity of 99.9 % was purchased from Super-
conductors Inc.. Each YBCO sample was prepared by doping 2.0 g of YBCO powder with 0.1
(0.002), 0.5 (0.01) and 0.7 (0.014) %wt. (g) TS-GO and TU-GO. YBCO pellets with a weight
of 0.73 g, radius of 12 mm and thickness of 2 mm, where then pressed with a mechanical die at
an applied pressure of 45 MPa for a period of 15 minutes. The highest doping concentration
that was attainable to compare TS-GO versus TU-GO samples was 0.7 %wt. Any TU-GO
samples with a concentration greater than 0.7 %wt. resulted in samples exploding during the
sintering process. This explosion is due to the escape of trapped impurities found between GO
planes [37]. It is possible to dope YBCO with TS-GO concentrations greater than 0.7 %wt.
[16]. Pellets were sintered at 950°C for 6 hours in an oxygen atmosphere. The control sample

produced using this sintering curve is referred to as control A.

Resistivity vs. Temperature (p vs. T) measurements were conducted using the four-wire
resistance measurement method to compare the Tcmig 0f TU-GO and TS-GO doped samples
[13]. The 6 of YBCO samples was determined through the process of iodometry [38].

XRD measurements were carried out to determine phase characterization and lattice parameters
of TU-GO and TS-GO doped samples. This was done using the Rietveld refinement method on
Material Analysis Using Diffraction (MAUD) software. MAUD is a software used for general
diffraction analysis. Its program is mainly based on Rietveld refinement analysis [39].

Williamson hall method was used to calculate the lattice strain(e), for each sample using the

following equation 5.1:
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Bhkicosd = KF)\ + 4€sind, (5.1)

where Bni is the full width half maximum (FWHM) of diffraction peaks, K is the dimensionless
shape factor, which is approximately 0.9, D is the crystallite size, 0 is the angle of the diffraction
peak and A is the x-ray wavelength. To determine the €, Bricos6 vs. 4sin is plotted for the main
diffraction peaks of each sample and a linear best fit line is used. The gradient of this line is

equivalent to € [14].

To confirm the formation of Mn magnetic nanoparticles in our samples, YBCO control and 0.7
%wt. TU-GO doped samples were crushed. A rare earth metal magnet was placed over each
crushed sample and collected small quantities of magnetic particles. The particles were assumed
to be impurities from the GO as no particles were magnetically collected from the control. Due
to the small amount collected several EDX points were taken to determine the chemical
composition of particles.

It was observed that the magnetic nanoparticles consisted mostly of Mn and O. Considering
the sintering profile, it could be assumed that these magnetic particles are Mn;O3; or Mn3O4
[33]. To determine the structure of these magnetic impurities, MnO, powder (hon-magnetic)
was sintered using the same sintering profile as that used for the TS-GO and TU-GO doped
YBCO samples. The MnO; powder and the product after sintering were characterized using
XRD and FTIR. The powder after sintering was found to be magnetic MnzOa.

Thereafter 2 g of YBCO was doped with MnO; and Mn3O,4 with 0.1 (0.002) and 0.2 (0.004)
%wt. (g) concentrations, to determine if these dopants can indeed increase the T¢ of YBCO
above 93 K. YBCO doped MnO; and Mn3O; pellets have the same weight, size and shape as
TS-GO and TU-GO doped samples. The sintering profile of these samples were adjusted to get
the control B sample as close as possible to optimum oxygenation for the maximum Tc¢c = 93 K.
This was achieved by adding a dwell period of 3 hours at 350°C. TC of MnO, and Mn3z0, doped

samples were determined using p vs. T curves.
To confirm p(T) superconductivity Tc measurements, AC susceptibility magnetic

measurements were conducted using a DSP enhanced AC susceptometer [40]. The frequency
of the AC signal used was 1 kHz and the applied magnetic field was 3 Oe.
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5.4 Results
5.4.1 Characterization of TS-GO and TU-GO
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Figure 5:1: FTIR spectrum of graphite, TS-GO and TU-GO.

In Figure 5:1, FTIR shows the increase in oxygen groups in TS-GO and TU-GO com-pared to
graphite, thus showing the oxidation of the graphite precursor material. The O-H peak in
graphite is due to intercalated water found in natural graphite [41], which was used to produce
TS-GO and TU-GO. There are more oxygen groups in TU-GO than TS-GO, which can be seen
by the larger O-H, C=0 and C-O peaks in TU-GO than in TS-GO. The reason for the greater
amount of oxygen in TU-GO is a result of the three extra washing cycles which were carried
out to produce TS-GO. During these extra washing cycles oxygenated impurities are removed,

thus resulting in a reduction in oxygen in TS-GO compared to TU-GO [42].
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Figure 5:2: RAMAN spectrum of graphite, TS-GO and TU-GO.
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The characteristic D and G peaks of GO and graphite can be seen in the RAMAN spectrum of
TS-GO, TU-GO and graphite in Figure 5:2 [43] [44]. The D peak is a result of out of plane
vibrations which is due to structural defects and the G peak is a result of in plane vibrations
from sp2 carbon atoms [43]. The D peaks for TS-GO, TU-GO and graphite occur at 1363 cm-
11356 cm™ and 1365 cm?, and the G peaks occur at 1589 cm, 1583 cm™ and 1592 cm
respectively. The ratio of Ip /lIg for TU-GO and TS-GO is 0.891 and 0.798 respectively. The
smaller ratio for TS-GO indicates a reduction in defects in TS-GO material [45]. This reduction
of defects can be attributed to the decrease of impurities in TS-GO compared to TU-GO, which
is due to TS-GO undergoing three extra washing cycles removing more impurities.

y. " :): . ‘\. ,‘,' g ¢ .:‘ s .. 2 - _".-.‘,\;_‘, ’ b

- ... -

Figure 5:3: (a) TU-GO at 25 =C, (b) TU-GO at 200 =C, (c) TS-GO at 25 -C, (d) TS-GO

It has been observed that TU-GO powder will expand due to its impurity content at an elevated
temperature. To test the expandability of TU-GO compared to TS-GO, 0.5 g of TU-GO and
TS-GO were each placed into aluminum foil boats shown in Figure 5:3(a) and Figure 5:3(c).
These samples were then placed in an oven and heated up to 200°C. The product of this heating
process is reduced graphene oxide (rGO). Figure 5:3(b) shows the result of rapid expansion in
the volume of TU-GO and a reduction in the volume of TS-GO seen in Figure 5:3(d). This
increase in volume is due to the release of highly energized gas forcefully from between GO
layers, thus pushing the layers apart hence increasing the volume [37]. Since TS-GO has fewer
impurities, less gas is released. Therefore, the release is not as forceful thus layers of TS-GO
are not pushed apart, resulting in a shrinkage of its volume [37]. The mass of both samples
decreased [37]. This decrease in mass of both TS-GO and TU-GO and expansion in volume of
TU-GO is due to the release of gases such as CO, CO, and water vapor [37] [46] and has also
been attributed to potassium impurities [35] [36].
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Table 5:1: Average of several EDX points of TU-GO and TS-GO.

Element Composition TS-GO (Non-
(%wt.;) e (Expandable) expandable)

Carbon (C) 60.34 67.52
Oxygen (O) 38.62 32.01
Sodium (Na) 0.04 0.02
Sulphur (S) 0.22 0.15
Manganese (Mn) 0.44 0.28
Potassium (K) 0.34 0.02

The EDX in Table 5:1 shows the reduction in the amount of impurities in TS-GO compared to
TU-GO and most importantly the presence of the manganese impurities in the material. Sodium
(Na), sulphur (S) and potassium (K) are also impurities resulting from the Hummers” method

[27].

5.4.2 Xray Diffraction Analysis
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Figure 5:4: XRD pattern for control, TS-GO doped and TU-GO doped samples

XRD was carried out to conduct structural phase analysis of doped samples shown in Figure
5:4. XRD confirms the samples have single phase orthorhombic structure showing the
following planes (003), (103), (104), (113) (200) (123) (220) and (130). These planes are
characteristic of the Y123 phase [14] [19]. MAUD revealed the presence of no other YBCO
phases such as Y211, Y247 and Y124, after the sintering process.
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The b-axis parameter seen in Table 5:2, increases in both TS-GO and TU-GO doped samples

due to the increasing oxygen content in the copper oxide (CuO) chains [19]. This increase in

the b-axis results in a decrease in the c-axis. The reduction in the c-axis is due to the increasing

pressure on the apical oxygen bond length which is caused by the increasing oxygen content

seen in Table 5:2 [18]. This trend of the b and c lattice parameters are not followed by the TS-

GO 0.5 %wt. doped sample. This could be attributed to an increased amount of im-purities in

the sample resulting in lattice defects which will in turn affect the lattice parameters.

Table 5:2: Oxygen content, lattice strain, Tc and lattice parameters of control, TS-GO and TU-GO doped samples.

Sampie . o];:r - 0.1 % wt. 0.5 % wt. 0.7 % wt.
TU-GO | TS-GO | TU-GO | TS-GO TU-GO TS-GO
Temia(K) 82 94 90 97 93 101 99
I;f;;;‘;:"g(f% 0.4494 | 0.3603 0.3624 0.3595 0.2724 0.3446 0.1975
Oxygen Content | 6.71 6.76 6.74 6.84 6.82 6.91 6.89
Lattice Strain | 0.00175 | 0.00106 | 0.00127 | 0.00021 | 0.00118 0.00107 0.00020
a(A) 3.82563 | 3.82596 | 3.82396 | 3.82731 | 3.82747 3.82990 3.82918
b(A) 3.88709 | 3.88769 | 3.88724 | 3.88777 | 3.88603 3.88859 3.88777
c(A) 11.67142 | 11.67039 | 11.66997 | 11.66875 | 11.67416 | 11.66347 | 11.66878

Figure 5:5 : Williamson Hall plots of (a) control (b) 0.1 %wt. TS-GO (c) 0.5 %wt. TS-GO (d) 0.7 %wt. TS-GO (e) 0.1 %wt. TU-GO (f)
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strain values are seen to decrease with an increasing amount of TS-GO and TU-GO doping
concentration. This could be attributed to graphene sheets at the intergranular spaces between
grains, which results in the hindrance of the dislocation motion between grains and
improvement in grain connectivity. This reduction in dislocation movement and improved grain
connectivity results in a decrease in lattice strain [15].

5.4.3 Nano-Magnetic Impurity Analysis
EDX spectrum of magnetic nanoparticles can be seen in Figure 5:6. The presence of carbon (C)

is expected as the material is doped with GO. Yttrium (), barium (Ba) and copper (Cu) is from
the YBCO superconductor. Oxygen is present because it is found in both GO and YBCO. The
elements which cannot be accounted for are the impurities found in the material which are: S
(sulphur), europium (Eu), molybdenum (Mo), aluminium (Al) and Mn. All impurities accept
Eu can be attributed to the Hummer’s’ method of production [27]. Eu can be accounted for as
an impurity from the YBCO powder. It is observed that Mn and O have the greatest presence
in the magnetically retrieved magnetic nanoparticles. Since these particles are magnetic, and it
is known that Mn?* impurities occur in GO [27], considering that the sintering temperature is
950°C this would allow for MnO; to oxidize to form MnzO4 [33]. It is postulated that these
magnetic particles are MnzOa.
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Figure 5:6 : EDX spectra of nano magnetic impurities.
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5.4.4 Characterization of Manufactured Magnetic Nano Particles
Diffraction spectrums, shown in Figure 5:7 confirmed that the starting material is MnO. and

post heat treatment formation of Mn3Os. MnO2 spectrum shows peaks which are due to the
following planes: (110), (101), (200), (111), (210), (211), (220), (002), (310) and (301). These
planes are characteristic peaks of MnO2 beta phase [47] [48], which has a tetragonal crystal
structure [48]. The lattice parameters are calculated to be a = b = 4.388 A and ¢ = 2.865 A.
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Figure 5:7: XRD spectra of MnO, and Mn30Oa.

The diffraction spectrum of the Mn3;0O4 powder can be seen to have the following peaks: (101),
(112), (200), (103), (211), (004), (220), (105), (312), (303), (321), (224), (400) and (413) which
are characteristic peaks of Mn3O4 [49] [50]. These crystals have a tetragonal hausmannite [49]
[50] phase with lattice parameters a =b =5.762 A and ¢ = 9.476 A.
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Figure 5:8: FTIR spectra of MnO; and Mnz0Oa.
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The FTIR spectrum for MnO; and Mn3zOy is seen in Figure 5:8. The peaks observed at 1084 cm-
Lis due to O-H bond bending vibrations more specifically y-OH and §-2 OH combined with
Mn atoms [48] [50] [51]. These O-H bonds are a result of absorbed moisture [48] [50]. The
peaks observed at 1663 cm™, 1986 cm™ and 2223 cm™ is a result of vibrations of weakly

bonded water molecules [48] [50]. The peak at 604 cm is due to the vibration of Mn?*-O bonds
at the tetrahedral sites [48] [49]. The Mn?*-O peak is seen to be much larger in MnO; than in
the Mn3O4 spectrum. This is due to the oxidation of MnQO; to form MnsO,4. This results in a
reduction of Mn?* tetrahedral sites and the formation of Mn** ions in the octrahedral sites [52].
The formation of these trivalent manganese ions can be observed by the Mn3*-O peak at 500
cmt [49] [50] which occurs in the Mn3;O, spectrum but not in the MnO; spectrum.

5.4.5 Critical Transition Temperature Analysis of TS-GO and TU-GO doped YBCO
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Figure 5:9: p vs T curves for TU-GO doped samples.

The p vs. T curves for TU-GO and TS-GO doped samples are shown in Figure 5:9 and Figure
5:10 respectively. Resistivity decreased in both TU-GO and TS-GO doped samples. This
decrease in resistivity is due to improved grain connectivity. This is caused GO in the grain
boundary region being reduced to graphene during the sintering process. Since graphene is a
good conductor thus it improves grain connectivity [16] [17]. The reduction in resistivity was
greater in the TS-GO doped samples as compared to the TU-GO doped samples. This can be
attributed to a higher amount of impurities in the TU-GO doped samples, as there were fewer
washing cycles used compared to TS-GO. From past research its observed that majority of the
impurity elements increase resistivity of YBCO. Sulphur doped YBCO has resulted in
multiphase material [53]. This would result in an increase in resistivity. Addition of Mo, K, or
Mn to YBCO increases the resistivity [30] [54] [55]. Doping YBCO with Al results in a
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decrease in resistivity [56]. Thus having all these impurities in TU-GO doped samples results
in a greater resistivity in TU-GO doped samples compared to TS-GO. Resistivity values at 120
K for TU-GO and TS-GO samples can be seen in Table 5:2.

The Tcmis of both TS-GO and TU-GO doped samples increase with an increase in dopant
amount seen in Table 5:2. One explanation for the increase in Tc up to the limit of Tcmax = 93
K, may be attributed to the oxygen in the functional groups of TS-GO and TU-GO being
removed during the sintering process and entering the Cu-O chains of YBCO. This increase in
oxygen content is shown in Table 5:2. TU-GO doped samples have higher T¢s than TS-GO
doped samples, which can be seen in Figure 5:9 and Figure 5:10. It has been suggested that this
increase in oxygen content is the main factor in increasing Tc up to 93 K and beyond [14 - 17].
We do not agree with this explanation beyond 93 K as the optimum oxygenation of YBCO
Y123 results in a maximum Tc of 93 K [1] [25].
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Figure 5:10: p vs T curves for TS-GO doped samples.

We suggest an alternative Tc increasing mechanism. Given the fact that from our XRD analysis
we have a single Y123 phase there was a focus on impurities within all samples. Table 5:1 and
Figure 5:6 shows all impurities present in YBCO samples: Mn, Na, K, S, Mo, Al and Eu. The
effects of doping with these impurity elements have on Tc of YBCO were investigated. Past
research has shown that doping YBCO with Na and S does not cause any change in Tc¢ [53]
[57]. Certain S and K doping experiments have shown a enhancement in T¢ but not greater than
93 K [53] [54]. On the otherhand some K and S doped YBCO experiments has shown a decrease
in Tc [54] [58]. Doping of YBCO with Mo and Al in the past has shown a decrease in Tc [55]
[59]. Doping of YBCO with Eu results in an enhancement in T¢ but not greater than 93 K [60].
Upon further investigation research has shown that doping with Mn and Mn3zO4 particles has
been seen to increase the Tc of YBCO above 93 K [29 - 32] [61] [62]. This resulted in a focus
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on Mn impurities in the YBCO doped samples. It was also noted that Mn impurities had the
highest concentration of all impurities in doped YBCO samples. According to past research the
sintering temperature of 950°C is the temperature at which YBCO-Mn composites are sintered
to achieve optimum Tc [63]. This is the equivalent to the sintering temperature used in this

research.

The source of Mn is attributed to the synthesis of GO via the popular used Hummers’ method.
GO analysis has found that the majority manganese impurities are Mn?* ions [27]. MnO: is a
result of the decomposition of KMnO4 used during the Hummers’ method [27]. Taking into
account the sintering profile in which doped YBCO samples are sintered, one can deduce that
MnO; could be further oxidized to Mn3O4 magnetic nano-particles [33], and Mn which have
been found as inclusions in the YBCO matrix [32].

5.4.6 Critical Transition Temperature Analysis of Manganese Oxide doped YBCO

In order to confirm the effect of Mn doping on YBCO’s Tc¢ [29 - 32] Mn doping experiments
were conducted. Control B was prepared using the adjusted sintering profile and has a Tcmid Of
90 K seen in Figure 5:11. This is an 8 K improvement on the T¢ of the previous control (control
A) and was achieved by increasing the duration of the sintering time. This increase in sintering
time in the adjusted sintering profile results in an increase in non-stochiometric oxygen content
hence increasing Tc [14] [17] [24].
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Figure 5:11: p vs T curves for MnO> andMn3O,4 doped samples.

The MnO; and Mn3O, powders were sonicated for 1 hour to reduced particle size. Thus,
allowing for a more even distribution of dopant material. Thereafter each doped sample was
mixed with an agate pestle and motar for 20 min, before being pressed at 45 MPa into a pellet
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of radius 12 mm and 3 mm thickness.

The doping of YBCO with 0.1 %wt. Mn3Oy is seen to increase the Tcmia to 94 K. Increasing the
doping concentration to 0.2 %wt. Mn3Os, results in a decrease of Tcmia to 88 K. Doping with
MnOs> in 0.1 and 0.2 %wt., increased Tcmia to 104 K and 98 K respectfully. p vs. T curves can
be seen in Figure 5:11.

The decrease in Tc in the Mn3O4 0.2 %wt. doped sample, may be due to excessive concentration
of the magnetic particles [31], as magnetic fields oppose the formation of the superconducting
state. Unlike MnO», Mn3Os is a stable compound during sintering [32]. During sintering the
MnO> dopant would decompose to Mn and O, and later form Mn oxides such as Mn3O4, Mn,O3
or remain as Mn inclusions in the YBCO matrix [32] [33].

5.4.7 AC Susceptibility

Magnetic measurements were conducted to confirm Tc¢ resistivity measurements.

Fundamentally. it is the diamagnetic response of the superconducting state that is important.

Table 5:3: Tconser from p vs. T curve and ¢’ vs. T curves

Sample Control A Control B 0.1 %wt. MnO, | 0.7 %wt. TU-GO
Toome: (K) 91.3 91.8 109.2 114.11
(pvs.T)
TConset (K)
(AC susceptibility) 92.4 92.1 111.4 115.7

AC susceptibility versus temperature (' vs. T) measurements of control A, control B, 0.7 %wt.
doped TU-GO and 0.1 %wt. doped MnO, samples are shown in Figure 5:12. These samples
were selected as they displayed the greatest increase in Temig of 101 K and 104 K respectively
as shown in Figure 5:9 and Figure 5:11.
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Figure 5:12: AC susceptibility versus temperature curves.
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Table 5:3 shows a comparison of Tconset measured from the p vs. T data, with Tconset measured
from the ' vs. T data. It is observed that the Tconser determined using the AC susceptibility
measurements is marginally greater than that from the p vs. T measurements. As well as the
superconducting phase change is broader in the AC susceptibility measurement when compared
to the p vs. T measurements. These observations are a result of the AC susceptibility
measurement being a bulk response were as the p vs. T measurement gives a response local to
part of the material. Therefore AC susceptibility measurement’s will identify any
superconducting state change irrespective of it being intra-grain or inter-grain were as p vs. T
measurements will identify superconductivity only if it is both intra-grain and inter-grain [64].

5.4.8 Interpretation of TS-GO and TU-GO results

TU-GO samples have greater T¢’s than TS-GO samples. However, the TU-GO samples seem
to have a maximum doping concentration of 0.7 %wt., were as doping with TS-GO doping
concentrations can go above 0.7 %wt..

As mentioned, doping YBCO with GO has seen an increase in Tcmig above 93 K in this and
other research. Previously offered explanations for this increase have been attributed to an
increase in oxygen due to GO doping. This explanation contradicts the maximum T¢ = 93 K
from optimum oxygen annealing single crystal YBCO experiments.

From our research it was found that Mn impurities are introduced to YBCO material via GO
doping. This led to MnO- doping experiments of YBCO, which confirmed Mn doping increased
Tc above 93 K. This is the first recorded explanation citing the presence of Mn as the reason
for an increase in Tc in GO doped YBCO experiments.

Current hypotheses regarding YBCO T¢ values above 93 K when doping YBCO with Mn
oxides are attributed to the creation of mobile holes that populate the copper oxide planes [32]
found in YBCO, or improved orthorhombicity [29] [32].

The lattice strain seen in Table 5:2, of TS-GO doped and TU-GO doped samples all show a
decrease when compared to the control YBCO sample. This suggests that there are fewer
defects in the crystal structure. Analyzing the Tc values of doped TS-GO and TU-GO samples
against lattice ‘a’ and ‘b’ parameters (Table 5:2) reveals a noticeable trend of T¢ increasing
with an increase in the CuO; planes’ area (a x b), which is plotted in Figure 5:13. This is not
surprising as superconductivity occurs in the CuO; planes, hence structural parameters of these
planes may affect Tc.

We propose this increase in area trend is associated with the CuO; planar buckling angle, which
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is a measure of the buckling of the plane i.e., where plane oxygen atoms are out of the plane of
the copper atoms. A suppression of this planar feature, which induces a change in electronic
structure, has been linked to an increase in Tc [65]. In the cuprate superconductor family, the
increase of Tc is observed with the increase in the number of CuO; planes per unit cell up to n
= 3 (n is the number of CuO; planes per unit cell), for n > 3 the T starts to decrease. There also
exists a link between Tc and the flatness of the CuO, planes, for example, Hg cuprate
superconductors with the highest Tc = 135 K has the flattest CuO; planes.
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Figure 5:13: Relationship between T¢ and the area of CuO; planes.
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Conclusion

The Tc of TU-GO and TS-GO doped samples is seen to increase with increasing doping
concentration in the range of 0.1 - 0.7 %wt. This results in a maximum T¢ of 101 K and 99 K
in the 0.7 %wt. TU-GO and TS-GO doped samples respectively. The oxygen content in the
samples do increase with GO doping but the increase of T¢ above 93 K is not fully explained
by the increase in oxygen content.

Samples’ Tcmia were achieved using p vs. T measurements and confirmed with magnetic

measurements.

XRD spectrum results show no evidence of the formation of other YBCO phases other than the
Y-123 in TS-GO and TU-GO doped samples. This rules out phases with Tc¢ great-er than 93 K
such as Y124 under pressure.

EDX showed the presence of manganese in TS-GO and TU-GO dopant material. Magnetic
manganese impurities formed in TS-GO and TU-GO doped YBCO samples. The impurities
were confirmed magnetic with a magnet, and they consisted of oxygen and manganese.

To show a direct link with Mn and the change in Tc, YBCO was doped with MnO; and Mn3O4

in 0.1 and 0.2 %wt. concentrations. The sintering profile was adjusted from the GO experiment
to allow for optimum oxygenation of YBCO, which resulted in a control B sample with a Tcmia
=90 K. It was observed that the Tcmia was 104 K and 94 K respectively for the MnO, and Mn3O4
0.1 %wt. doped samples. Tcmia was 98 K and 88 K respectively for the 0.2 %wt. MnO, and
Mn30,4 doped samples. In our research we showed a T trend that crossed across all GO doped
samples, that is, Tc increased with an increase in CuO- plane area. Therefore, it is concluded
that the T¢ for TS-GO and TU-GO doped YBCO samples is largely affected by the presences
Mn impurities found in GO dopant.
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Chapter 6

Concluding Remarks

In this research, the T¢c of YBCO has been improved due to GO and rGO doping. The
increase in Tc in GO doped samples is greater than rGO doped samples due to GO
having a high oxygen content or more manganese impurities The diffusion of oxygen
content into the YBCO structure thus increasing the non-stoichiometric oxygen there
by increasing Tc. This increase in non-stoichiometric oxygen content has been
confirmed by iodometry and validated using XRD. This explanation does not explain
Tc beyond 93 K.

The weak-link effect was also improved significantly in both GO and rGO doped
samples. This was observed by the reduction in the R(T) foot structure in GO and rGO
doped samples. This reduction in the weak-link effect is due to graphene nano-particles
at grain boundaries which has been observed by TEM imaging. The conductivity of
graphene is high therefore it improves grain boundary connectivity. The graphene
nano-particles also increase the number of flux pinning sites. This reduction in the
weak-link effect and increase in flux pinning sites allows us to deduce that there will
be an improvement in Jc.

The micro-hardness of GO and rGO samples increased. The HK model best described
this improvement in micro-hardness. This is attributed to GO and rGO sheets filling
voids and pores between grains thus reducing porosity, improving grain boundary
connectivity and preventing dislocation motion resulting in locking of defects thus
preventing crack propagation. This was confirmed by porosity calculations and by the
decrease in lattice strain. The mechanical parameters B, E, Y and K,c were enhanced
by GO and rGO doping’s. The improvement in mechanical parameters were greater in
GO doped samples than in rGO samples. Due to the oxygen content being higher in
GO doped samples than in rGO doped samples.

It was also observed that there was an increase in T¢ to temperatures above 93 K in
certain GO doped samples. This increase above 93 K has been observed by a number
of research groups mentioned in references [27] [28] in Chapter 1, with only the above
increase in oxygen explanation. The increase in T¢ above 93 K cannot be attributed to
an increase in non-stoichiometric oxygen content as the maximum T¢ of YBCO at
optimum oxygenation is 93 K, as observed in single crystal oxygenation experiments.
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Therefore there had to be another mechanism acting in conjunction with the increasing
oxygen content allowing for this increase. This increase above 93 K was explained by
the combined effect of the increasing non-stoichiometric oxygen content and the
formation of Mns3Os magnetic nano-particle impurities. The formation of these
manganese impurities is a result of producing GO via the Hummers method with
additional potassium permanganate and the sintering process. The mechanism
hypothesized for this increase in Tc above 93 K is that the manganese impurities
increase the buckling angle of the of the CuO- planes which in turns increases the area
and enhances the flatness of CuO: planes. The enhancement in the flatness of the CuO:
planes has been seen to enhance Tc.

Future work to be carried out is to determine the exact position in which these
manganese particles assume in the YBCO crystalline structure and carry out
measurements to calculate the buckling angle of the CuO; planes in GO, rGO and
manganese oxide doped YBCO.
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Appendix A - R vs. T Experimental Procedure

In order to carry out R vs. T measurements in FC and ZFC conditions an experimental stage
was designed and implemented. This can be seen in Figure A:1 attached to the cold head of a
PT415 CryoMech pulse tube cryo-cooler which was used to cool the stage. The stage consisted
of a PT100 temperature sensor, a 32 W-50 Q heater and Helmholtz coils seen in Figure A:2.

Experiment

al stage

Figure A:1 : Experimental stage attached to cold Figure A:2 : Helmholtz coils
head

The heater and the temperature sensor allowed for temperature control of the stage by using a
Lakeshore temperature controller seen in Figure A:4 and Figure A:5.

Helmholtz coils were used to generate a magnetic field in order to carry out measurements in
FC conditions. These coils were designed with a diameter of 26 mm and 124 turns per coil.
Figure A:3 shows the calibration of the coils.

4

3 ugNI Al
B=(5)2u0 (A1)

R

Equation A.1 shows the relationship between the current flowing through the coils and
magnetic flux density produced by the coils. In the equation N is the number of turns in the coil,
B is the magnetic flux density, po is the permeability of free space, | is the current flowing
through the coils and R is radius of the coil.

116



Appendix A

Figure A:3 : Graph showing the relationship between the amount of current passing through the coil and magnetic
field generated by the coil.
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Figure A:4 : Experimental stage in ZFC conditions
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Keithley Data
Acquisition System
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measurement
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Figure A:5 : Experimental stage in FC conditions

Diagrams showing the functioning of the stage in ZFC and FC conditions can be seen in Figure A:4 and
Figure A:5

118



Appendix B

Appendix B — AC Susceptibility Experimental
Procedure

| \\ \1 \
|
J/ j}/ )

Computer with
Dasylab Software
( Software Lock-in
Amplifier )

FOROTE

OO

XX

XOOOC

Diamagnetic signal Experimental

+— stage

OO

XPOCOOCC

Differential - =

10 Tech 2000 Amplifier

DagBook

0266002000000006686800600060030636006

>

Temperature

sensor : P =
connection — - .
FAd W -
o sess [
Wave function generator Lakeshore temperature controller

Figure B:1: Diagram of AC susceptibility experiment.

The AC susceptibility measurement was carried out to obtain i’ vs T. This was done using the
experimental setup shown in Figure B:1. The wave function generator is used to supply a sine
wave of frequency 1 kHz. That drives the primary coil shown in Figure B:1, Figure B:2 and
Figure B:7. The temperature of the stage is controlled using a Lakeshore temperature controller
shown in Figure B:1 in combination with a PT100 temperature sensor and 50 Q 20 W heater
which can be seen in Figure B:1, Figure B:2 and Figure B:8

The experimental stage consists of 3 coils a primary coils, reference coil and a sample coil
which can be seen in Figure B:7 and Figure B:8. The dimensions of these coils is shown in
Figure B:4 and Figure B:5. The primary coils were designed with 650 turns and the reference
and sample coil has 150 turns each. The reference and sample coil are wound in opposite
directions for current to flow in a clockwise and ani-clockwise direction. This allows for equal
and opposite voltage signals which balance each other out resulting in a signal of zero in the
presence of no superconductor.
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In the presence of a superconductor a diamagnetic signal is generated. This signal is thereafter
passed through a differential amplifier which can be seen in Figure B:1 and Figure B:3. This
differential amplifier was designed using an INA128P instrumentational amplifier. The purpose
of the differential amplifier is to reduce noise and amplify the signal. All common mode noise
is removed due to the fact that the differential amplifier only reacts to the difference in the 2
signals, this can be seen by output equation B.1.

Voutput = G(]/l; - Vl';l) (B.1)

&+ Primary coil

Reference coil

il)
A

0
R

-
-~

)

Sample coil

,.
A

YBCO sample

0
X

-

>

Vi
i

Cold finger PT 100 temperature sensor

Heater

|

<+— (Cold head

Figure B:2: Experimental stage for AC susceptibility experiment.

In equation B.2 G is the gain of the amplifier. For the amplifier designed Rg is equivalent to
470 Q (shown in Figure B:3) which results in gain of 106.38.
50K (B.2)

G
The output of the differential amplifier and reference signal is measured by the 10 tech 2000

Dagbook in combination with DasyLab 10 software. This can be seen in Figure B:1. These
signals were thereafter processed using a software lock-in amplifier which acts as a
discriminatory voltmeter. This means that the lock-in amplifier will measure the in phase and

G=1+

out of phase components of signals only at the reference signal frequency and all other
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frequencies will be blocked.

-5V
Pick up coil Input
= + Qutput
Pick up coil Input « INA128P
100nk
I _ | VvCcB

Figure B:3: Circuit diagram of differential amplifier

Figure B:4: Dimensions of sample and reference coil
Figure B:3: Dimensions of primary coil (mm) (mm)

In the lock-in amplifier the input diamagnetic signal is passed through a bandpass filter.
Thereafter the mixer multiplied the reference signal which has been phase shifted. This can be
seen in Figure B:6. The output of the mixer was passed through a lowpass filter to extract real

and imaginary components at the reference frequency.
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Signal conditioning using Signal is further conditioned by a

Moy blacks 1o mducy scaling and multiplier blocks multiplier and data is written to a file

a phase difference

Data acquisition
block

9

Reference
signal

i
=
2

Diamagnetic signal Bandpass filter Low pass filter to
With narrow bandwidth extract DC components

Figure B:5: Block diagram of lock-in amplifier

Figure B:6: a) Primary coil b) Reference and sample coil c) Reference and sample coils inside primary coil
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Figure B:7: Experimental stage for AC susceptibility experiment
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