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Phase Relations in the YBa2Cu3O7-x - SiO2 System and the Impact on Superconducting Fibers 

Hanna Verena Heyl 

ABSTRACT 

This dissertation presents the first reported identification and analyses of the phase relations in the 

YBa2Cu3O7-x (YBCO)-SiO2 system at elevated temperatures. In this regard, a rigorous 

characterization study of the reaction phases within YBCO glass fibers, heat-treated YBCO+SiO2 

pellets, rapid thermally annealed YBCO+SiO2 rods and rapid thermally annealed YBCO powder 

inside a fused silica tube is provided. These analyses are based on a vast set of generated novel 

results obtained using energy dispersive spectroscopy analyses on an environmental scanning 

electron microscope, X-Ray diffraction analyses, Raman spectroscopy, X-ray photoelectron 

spectroscopy analyses and a cross-polarized light study.  

First, original drawings of YBCO into glass fibers using the molten-core approach on a fiber draw 

tower in air and oxygen atmospheres are presented and analyzed. The performed analyses reveal 

the occurrence of reactions between the YBCO core and the silica cladding in as-drawn fibers as 

well as after additional heat-treatments. A detailed analysis and characterization of the occurring 

dissolution and diffusion based reaction processes is, then, provided along with the identification 

of the arising phase separation. Moreover, in order to analyze drawing YBCO glass fibers at lower 

temperatures, the use of borosilicate as the preform material is also investigated.  

This varied set of experiments and associated analyses reveal that the as-drawn YBCO fibers 

contain an amorphous core and that cuprite (Cu2O) is the first phase to crystallize out of the 

amorphous silicate matrix upon heat-treatment. Furthermore, the obtained results demonstrate the 

dissolution of the fused silica cladding into Si4+ and O2- ions and their subsequent diffusion into 

the molten YBCO core, leading to phase separation due to an occurring miscibility gap in the 

YBCO-SiO2 system as well as to silicate formation and amorphization of the YBCO core. This, as 

a result, prohibits the formation of the superconductive YBCO (Y-123) phase upon annealing. In 

addition, heat-treatment analyses show that higher temperatures or prolonged dwelling times at 

lower temperatures lead to the formation of barium copper and yttrium barium silicates. The 

analysis focusing on the use of borosilicate as the preform material reveals that drawing at lower 

temperatures reduces the dissolution and diffusion based reactions, but does not prevent them. 



Furthermore, the analysis on YBCO glass fibers with a fused silica cladding drawn in oxygen 

atmosphere shows that a higher oxygen content increases the dissolution of the fused silica 

cladding into its ions and their subsequent diffusion into the molten YBCO core. 

In addition, the performed heat-treatments on YBCO+SiO2 pellets in air and oxygen atmospheres 

demonstrate the gradual decomposition of the Y-123 phase with an increase in SiO2 content. 

Moreover, the rapid thermal annealing experiments with a subsequent quenching step on 

YBCO+SiO2 rods and on YBCO powder inserted inside a fused silica tube show the 

decomposition of the Y-123 phase and the formation of phases similar to the phases obtained in 

the YBCO glass fiber study, thus corroborating the results thereof. 

In summary, this dissertation enables the determination of the phase relations and reaction 

processes within the YBCO-SiO2 system, the identification of the direct effects of the silicon 

content on the Y-123 phase decomposition, as well as a rigorous characterization of the dissolution 

and diffusion based reactions within the YBCO-SiO2 glass-clad fiber system. The generated 

results and drawn conclusions build a fundamental understanding of phase relations in the YBCO-

SiO2 system, which enables a definite assessment of the feasibility of manufacturing long-scale 

purely superconductive YBCO glass fibers using the molten-core approach and introduces 

advanced contributions to general glass-clad fiber systems manufactured using this method. 

  



Phase Relations in the YBa2Cu3O7-x - SiO2 System and the Impact on Superconducting Fibers 

Hanna Verena Heyl 

General Audience Abstract 

This dissertation provides the first reported identification and analysis of the phase relations in the 

YBa2Cu3O7-x (YBCO)-SiO2 system at high temperatures. In this regard, a thorough 

characterization study of the reaction phases within YBCO glass fibers drawn using the molten-

core approach on a fiber draw tower is provided. In addition, heat-treatment analyses considering 

YBCO+SiO2 pellets, rapid thermally annealed YBCO+SiO2 rods and rapid thermally annealed 

YBCO powder inside a fused silica tube are performed to gain further fundamental insights. The 

performed analyses are based on a wide set of characterization methods including energy 

dispersive spectroscopy on an environmental scanning electron microscope, X-Ray diffraction 

analyses, Raman spectroscopy, X-ray photoelectron spectroscopy and a cross-polarized light 

study.  

Our experimental results and performed analyses identify the phase relations and reaction 

processes within the YBCO-SiO2 system at elevated temperatures, demonstrate the direct effects 

of the silicon content on the superconductive YBCO phase decomposition, enable drawing definite 

conclusions regarding the feasibility of manufacturing long-scale purely superconductive YBCO 

glass fibers using the molten-core approach, and, characterize the dissolution and diffusion based 

reactions occurring within the YBCO-SiO2 glass-clad fiber system.  

In a nutshell, this dissertation provides a fundamental understanding of phase relations in the 

YBCO-SiO2 glass-clad system as well as key insights covering general glass-clad fibers drawn 

using the molten-core approach, paving the way for improved glass-clad fiber manufacturing using 

this method.  
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1 INTRODUCTION AND MOTIVATION 

Due to the growing need for higher efficiency in electrical applications, various research efforts 

have focused on proposing new superconductive materials that can achieve such efficiency goals. 

To this end, a promising material, that has been proposed in the literature, is the high-temperature 

superconductor YBa2Cu3O7-x (YBCO) [1]. YBCO brings forward various advantages to many 

industrial applications. Indeed, possessing a critical temperature of around Tc=93 K [1], YBCO 

can be cooled with liquid nitrogen, as opposed to the more expensive liquid helium, making its use 

in superconductive applications more efficient. 

In many industrial applications, such as for power transmission lines and electrical wiring, it is 

highly advantageous to manufacture superconductors in a wire/tape design. This has led to the 

introduction of the so-called second generation (2G) high-temperature superconductor wires, 

which are based on a complex tape structure using YBCO superconductive materials or other rare 

earth (Re) cuprate superconductors [2, 3]. This complexity introduces efficiency challenges in the 

manufacturing process, which restricts utilizing such tape structures for mass production and 

highlights the need for new and more efficient YBCO wire/tape designs.  

To this end, this work investigates the reaction mechanisms and phase relations which would be 

related to manufacturing long-scale glass fibers with a superconductive YBCO core inside a fused 

silica cladding using a fiber draw tower. Due to its manufacturing efficiency and resulting long-

scale fiber lengths, such a design would introduce various advantages in terms of mass production 

and applicability to various industrial domains.  

Previous work by our group [4-7] showed that it is possible to draw superconductive YBCO, 

bismuth strontium calcium copper oxide (BSCCO) and tin (Sn) powders as well as a lead (Pb) 

wire into glass fibers using a glass working lathe. These studies proved the possibility of 

manufacturing glass fibers with a superconductive core. However, the drawn fiber lengths were 

restricted to a short scale due to the limited working distance of the glass working lathe, as detailed 

in [4]. Therefore, due to the lack of scalability, fiber manufacturing using the glass working lathe 

can only be used as a preliminary method of assessing the feasibility of the proposed drawing 

process. Hence, in order to possibly draw long-scale commercially applicable YBCO fibers, a 

fiber draw tower must be used. Indeed, this drawing method introduces a number of advantages 
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in terms of enabling economically efficient long-scale manufacturing of YBCO glass fibers. 

However, drawing YBCO glass fibers using the molten-core approach on a draw tower also 

introduces a set of new challenges. During the drawing process at the draw tower, the YBCO 

powder inside the fused silica preform is exposed to high temperatures over a longer period of 

time, as compared to the glass working lathe. A longer dwelling time at high temperatures is 

generally necessary to soften and draw the thicker fused silica preform into a fiber. This leads to 

the occurrence of dissolution and diffusion based reactions, and upon cooling, thermal stresses 

between YBCO, the interface layer and silica, which lead to challenges during the drawing 

process. Hence, analyzing and understanding these reactions is essential for determining the 

feasibility of drawing long-scale YBCO fibers.  

In fact, reactions between YBCO and silica powders [8-12] and YBCO films on silica substrates 

[13-18] were reported in the literature, considering temperatures of up to 1000°C. However, there 

is no available work in literature, which studied the reactions within YBCO glass fibers. In 

addition, to the best of our knowledge, no studies are reported, to this point, in which YBCO and 

silica are exposed to temperatures above 1000°C. Whereas, the scope of our analyses include 

temperatures as high as 2000°C, which is the temperature to which the YBCO glass fiber is 

exposed during the fiber drawing process. Furthermore, as reported in the literature focusing on 

the molten-core approach [19, 20] for semiconductor core glass-clad fiber manufacturing, silicon 

was found to be present inside the core [21-23]. In this regard, the works in [21-24] mention 

possible dissolution and diffusion based processes of the fused silica cladding into the molten core, 

but do not provide any further insights or in-depth analyses of the reaction processes. Being able 

to understand and describe thermodynamically and kinetically the reasons for these reactions will 

enable a deeper understanding and practical improvement in vast areas of glass-clad fiber 

manufacturing.  

This work is the first to provide an in-depth investigation and characterization of the reaction 

phases of YBCO and silica within a YBCO fiber structure, as well as the first to generally consider 

YBCO and silica reactions, and phase relations within the YBCO-SiO2 system, at these elevated 

temperatures. In addition, this work is the first to perform in-depth analyses of the dissolution and 

diffusion based reactions inside a YBCO glass-clad system.  
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To this end, this work showed the feasibility of manufacturing YBCO glass fibers using a fiber 

draw tower. The fiber draw experiments allowed manufacturing fiber sections with core diameters 

between 50 to 200 microns and a length of around 1.2 meters using vacuum as well as oxygen 

atmospheres. In this regard, reactions between the fused silica cladding and the YBCO core were 

revealed by the fiber drawing process. Therefore, as-drawn fibers as well as fiber sections with 

additional heat-treatments were characterized using energy dispersive spectroscopy (EDS) 

analyses on an environmental scanning electron microscope (ESEM), X-Ray Diffraction (XRD) 

analyses, Raman spectroscopy, as well as using X-ray photoelectron spectroscopy (XPS) analyses 

and a cross-polarized light study.  

The analyses on the as-drawn YBCO fibers provided a vast set of novel results. In this regard, the 

analyses provided a proof of complete liquefaction of the YBCO core by showing the formation 

of an amorphous/glassy core in the vacuum as-drawn YBCO fibers. In addition, our work showed 

that the molten YBCO core leads to the dissolution of the fused silica cladding at the interface 

region during the drawing process into its ions Si4+ and O2- and their subsequent diffusion into the 

molten YBCO core. XRD analyses, combined with XPS analyses, demonstrated that upon drawing 

and quenching, amorphous silicate forms inside the core. Furthermore, SEM analyses revealed the 

occurrence of a phase separation mechanism within the as-drawn YBCO core. In fact, due to this 

phase separation, silica-rich precipitations were shown to form upon quenching. Indeed, our 

analyses revealed the formation of an interface layer of silica-rich precipitations, in vacuum drawn 

fibers, and a formation of silica-rich precipitations in the entire core for oxygen drawn fibers. The 

generated results have shown that an increase in oxygen content leads to an increase of the overall 

silicon content inside the core.  

In addition, drawing YBCO glass fibers using a borosilicate preform was also investigated to 

assess the potential effects of the reduced drawing temperature on the reactions within the YBCO-

SiO2 system. In this regard, we have shown that, even though the lower drawing temperature leads 

to a decrease in the dissolution and diffusion based reactions, it does not lead to their elimination.  

Additional heat-treatments on vacuum as-drawn YBCO fibers showed the formation of copper (I) 

oxide (Cu2O), which crystallizes at the interface of the silica-rich precipitations and the silicate 

matrix at around 800°C. Further XRD analyses on the heat-treated as-drawn YBCO glass fibers 
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showed that the Y-123 phase cannot be restored and that the stable phases, which form at high 

temperatures or after prolonged heating at lower temperatures, are barium copper silicate and 

yttrium barium silicate. 

In addition, heat-treatments on YBCO+SiO2 pellets in air and oxygen atmospheres, performed in 

this work, demonstrated that the superconductive YBCO phase degrades with an increase in SiO2 

content. Furthermore, rapid thermal annealing with a subsequent quenching step on YBCO+SiO2 

rods using the glass working lathe showed the decomposition of the superconductive Y-123 phase 

and the formation of similar phases as compared to the YBCO glass fiber study. Comparable 

results were also found for a rapid thermal annealing study on YBCO powder inserted inside a 

fused silica tube with subsequent quenching to room temperature.  

In summary, this work determines the reaction mechanisms and phase relations within the YBCO-

SiO2 system, identifies the effects of the silica content on the superconductive YBCO phase and 

characterizes the diffusion and dissolution kinetics of the reactions between YBCO and fused 

silica in the glass-clad fiber system. This understanding is indispensable to the derivation of 

definite conclusions regarding the feasibility of manufacturing long-scale superconductive YBCO 

fibers and to building an in-depth understanding of the dissolution and diffusion based processes 

of fused silica in glass-clad fiber systems manufactured using the molten-core approach. 
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2 THEORETICAL BACKGROUND 

The following chapter introduces the theoretical background and literature review, which is 

indispensable to the understanding of the key aspects of this work.  

 Fundamentals of superconductivity  

 History of superconductivity  

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes by cooling mercury (Hg) 

to liquid helium temperature. The resistance of mercury dropped suddenly to zero at liquid helium 

temperature, which later was described as the critical onset temperature, Tc, of mercury. The 

historic measurement of the resistance versus temperature curve of mercury is shown in Figure 1.  

 
Figure 1: Resistance versus temperature curve of mercury at liquid helium temperature [25] 

After this discovery an increasing volume of research was conducted focusing on identifying and 

developing other superconductive materials with higher critical onset temperatures, Tc. In general, 

the critical onset temperature of a superconductor describes the temperature below which a 

superconductor conducts current without any loss. The historical development of superconductors 

can be seen in Figure 2.  
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Figure 2: Plot of Tc with respect to the discovered superconductive materials [26] 

Figure 2 shows the breakthrough, which was achieved in 1986 by Wu et al. [1], by discovering the 

high-temperature rare earth cuprate superconductor YBa2Cu3O7-x (YBCO). In fact, YBCO has a 

Tc of 93K, which allows cooling it with liquid nitrogen instead of the more expensive and harder 

to handle liquid helium. This advancement introduced a major leap forward in the field of 

superconductivity. The overreaching goal of research on superconductivity remains focused on 

finding superconductivity at room temperature. However, to this point, no established study has 

achieved this goal. Furthermore, due to the complex structure of high-temperature 

superconductors, low temperature superconductors are still used in the majority of superconductor 

applications.  

 Physical properties of superconductors 

The key properties of a superconductor consist of its critical temperature Tc, its critical current 

density Jc, as well as its coherence length ξ. In general, the coherence length ξ can be described as 

the characteristic length determining the superconducting properties of a material.  

Indeed, ξ defines whether a superconductor is a type 1 or type 2 superconductor. In this regard, for 

type 1 superconductors, ξ is defined as the length of the Cooper pairs, which conduct the 

supercurrent. However, for type 2 superconductors, ξ is significantly smaller due to its 

proportionality to 1
  Tc

  . In its superconductive state, a superconductive material is an ideal 

conductor and an ideal diamagnet, which can expel an applied magnetic field. This latter effect is 

known as the Meissner-Ochsenfeld effect [27]. When applying an external magnetic field, this 

magnetic field can only be expelled up to a certain limit, known as the critical magnetic field Bc. 
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For type 1 superconductors, the superconductivity is completely destroyed above the critical 

magnetic field. However, for type 2 superconductors, superconductivity can still co-exist next to a 

magnetic field, which enters the superconductor above a critical magnetic field Bc1 in the form of 

the so-called vortices lines. This is the case due to the small ξ and due to the fact that the 

supercurrent is so confined that it can still co-exist next to a magnetic field until a critical value 

Bc2 is reached. This has made Type 2 superconductors preferred in high magnetic field applications 

[28]. A detailed explanation of the physical properties of superconductors can be found in the 

following fundamental works [25, 29, 30].  

 State of the art of superconductive wires 

In general, superconductive wires are split in two types: low-temperature superconductive wires, 

like niobium tin (Nb3Sn) and high-temperature superconductive wires. High-temperature 

superconductive wires exist as first generation and second generation superconductive wires. The 

first generation (1G) high-temperature superconductive wires are based on barium strontium 

calcium copper oxide (BSCCO) and the second generation (2G) high-temperature superconductive 

wires are based on YBCO, or other rare earth cuprate superconductors (ReBCO). As mentioned 

previously, due to the complexity of the cuprate superconductors, low-temperature 

superconductive wires are still used in applications in which high magnetic fields with high critical 

current densities are not a necessity.  

 
Figure 3: Critical current density with respect to the applied magnetic field for different superconductive materials 

[31] 
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Figure 3 shows the variation in the critical current density with respect to the applied magnetic 

field for different superconductive materials. In this regard, Figure 3 illustrates a main reason as 

to why 2G superconductive wires, i.e. YBCO (ReBCO)-based superconductors, have increasingly 

replaced 1G BSCCO (2223)-based superconductive wires. Indeed, this main reason lies in 2G 

wires’ superior performance under high magnetic fields. In addition, 2G superconductive wires 

exhibit better mechanical properties at lower costs, as compared to 1G wires [32]. 2G high-

temperature wires are commercially available. However, even though they are significantly 

cheaper than 1G wires, they still possess a high cost due to their complex manufacturing process. 

This, therefore, highlights the need for new methods, which enhance the efficiency of the 

manufacturing process and make YBCO wires more commercially attractive.  

 YBa2Cu3O7-x  

In Section 2.2, the properties and the challenges of YBCO-based superconductive wires are further 

discussed. 

 Physical properties of YBa2Cu3O7-x 

YBa2Cu3O7-x is a high-temperature superconductor with a critical temperature of Tc=93K [1]. 

YBCO exhibits a polymorphic perovskite crystal structure, which can be seen in Figure 4.  

 
Figure 4: YBCO crystal structure of a) the superconductive orthorhombic YBa2Cu3O7  and b) the non-

superconductive tetragonal YBa2Cu3O6 crystal structure [25] 
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Depending on the oxygen content, YBa2Cu3O7-x can be a superconductor in its orthorhombic 

crystal structure or an insulator in its tetragonal crystal structure with an oxygen content lower than 

around 6.3 (x ≥ 0.7) [33] as demonstrated in Figure 5. 

 
Figure 5: Oxygen doping and its effect on the superconductive properties of YBCO [33] 

As can be seen in Figure 5, the critical onset temperature, Tc, of YBCO decreases with a decrease 

in oxygen content. In addition to the oxygen content, the alignment of the layered YBCO crystal 

structure is critical for the superconductive properties of YBCO. Due to its layered structure, the 

physical properties of YBCO are anisotropic. Figure 4 illustrates the copper oxide layers in blue, 

which are responsible for conducting the supercurrent. Hence, only with a well-aligned structure, 

YBCO can achieve the highest critical supercurrent throughput. Furthermore, another key property 

of YBCO is its multifaceted melting behavior. In this regard, a pseudo-binary phase diagram of 

the YBCO system is shown in Figure 6.  

 
Figure 6: Pseudo binary phase diagram of Y2O3-BaO-CuO system at 0.21 atm oxygen pressure [34] 
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In order to further explain the YBCO phase diagram shown in Figure 6, a detailed description of 

the different reactions occurring at different temperature are shown in Table 1 [35].  

Table 1: Reactions occurring in the YBCO phase system [35], e: eutectics; p: peritectics; m: incongruent melting 
points 

Temperature [°C] Reaction Invariant Point 
890 YBa2Cu3O7-x + BaCuO2 + CuO →liquid e1 

920 BaCuO2 + CuO → liquid e2 

940 YBa2Cu3O7-x + CuO → Y2BaCuO5 + liquid p1 

975 Y2BaCuO5 + CuO → Y2Cu2O5 + liquid p2 

1000 Y2BaCuO5 + BaCuO2 → liquid e3 

1000 YBa2Cu3O7-x + BaCuO2 → Y2BaCuO5 + liquid p3 

1002 YBa2Cu3O7-x → Y2BaCuO5 + liquid m1 

1015 BaCuO2 → liquid (BaCuO2) m2 

1026 CuO→ Cu2O 
 

1068 Y2BaCuO5 + Y2Cu2O5 → Y2O3 + liquid p4 

1110 Y2Cu2O5 + Cu2O → liquid e4 

1122 Y2Cu2O5 → Y2O3 + liquid m3 

1270 Y2BaCuO5 → Y2O3 + liquid m4 

1235 Cu2O → liquid (Cu2O) m5 

2410 Y2O3 → liquid (Y2O3) m6 

In this respect, the peritectic reaction which transforms the YBa2Cu3O7-x (Y-123) phase into its 

green phase, Y2BaCuO5 (Y-211) and a barium- and copper-rich liquid phase is shown in bold. Also 

shown in bold is the peritectic melting of the Y-211 phase into yttria (Y2O3) and a barium- and 

copper-rich liquid phase. In general, the onset temperature of the peritectic melting decreases with 

an increase in oxygen deficiency [36, 37]. Due to the barium and copper compounds, YBCO is 

highly reactive with other materials. In this regard, Section 2.5 will discuss YBCO and its reaction 

with silica.  

 YBa2Cu3O7-x in superconductive applications 

As described in Section 2.1.3, YBCO is used in 2G high-temperature wires. Due to its anisotropy, 

a well aligned YBCO layer is required to achieve high supercurrent throughput [3]. In general, this 

is achieved by using epitaxial substrate layers, such as a nickel-tungsten (Ni-W) substrate [38]. An 

image of a 2G high-temperature wire can be seen in Figure 7. 
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Figure 7: General structure of epitaxial layers in a rolling-assisted biaxially-textured-substrate (RABiTS)-based 2G 
wire made by American Superconductor Corporation (AMSC) [39] 

Figure 7 highlights the complex layer design used in 2G YBCO wires. A buffer layer is used to 

shield the YBCO layer from possible reactions. Due to the complexity of this design, the 

manufacturing of high-temperature wires is currently costly and not as efficient as needed to enable 

a wide commercial acceptance. Moreover, long-scale manufacturing of these tapes is still an issue 

which also drives the need for more efficient YBCO wire/tape designs. 

 SiO2  

Given that one of the main goals of this dissertation is to analyze the reaction mechanisms and 

phase relations within the YBCO-SiO2 system, Section 2.3 briefly describes the physical properties 

of silica as well as the drawing process of glass fibers using the fiber draw tower. 

 Physical properties of SiO2 

Silica (SiO2) is one of the most abundant oxides on the earth surface [40]. Silica consists of silicon 

and oxygen covalently bonded to form a tetrahedron. Silica can occur in its amorphous unordered 

or in its crystalline ordered structure, as can be seen in Figure 8.  

 
Figure 8: Molecular structure of amorphous (glass) and crystalline (quartz) silica [41] 
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The amorphous glass used, in general, for tubing and rods is typically referred to as fused silica 

and fused quartz. In the manufacturing processes of fused silica tubes and rods, there is a typical 

differentiation in industry between fused quartz and fused silica depending on the manufacturing 

process. However, throughout this work, to match the nomenclature typically used in academic 

research, fused silica is used to refer to fused amorphous silica glass irrespective of the underlying 

manufacturing process.  

The crystalline silica structure can occur in seven polymorphs whose occurrences are dependent 

on pressure and temperature, as is demonstrated in Figure 9. 

 
Figure 9: Phase diagram of silica polymorphs [42] 

As shown in Figure 9, the thermodynamically stable low temperature phase is α-quartz. Upon 

annealing at normal pressure, α-quartz transforms into β-quartz, tridymite and cristobalite. In this 

regard, cristobalite can exhibit two displacive forms. The high temperature phase is known as β-

cristobalite and the low temperature form is known as α-cristobalite. Even though cristobalite is 

the thermodynamically stable phase only at high-temperatures, it can still exist at lower 

temperatures due to the fact that it would require a reconstructive reforming of the silicon-oxygen 

bonds to form the quartz structure [43]. In general, cristobalite is also produced during the so-

called devitrification of fused silica upon heating above 1100°C for a prolonged time.  

In general, silica is widely beneficial for many applications due to its low thermal expansion 

coefficient, its low thermal conductivity, as well as due to being an electrical insulator. 

Furthermore, the softening point of fused silica is at around 1683°C. In this respect, fused silica is 
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used for manufacturing optical fibers by drawing fused silica preforms into a fiber using different 

drawing techniques. Drawing fused silica glass fibers is discussed next.  

 Manufacturing of fused SiO2 glass fibers 

One way of manufacturing fused SiO2 glass fibers is using a fiber draw tower, as can be seen in 

Figure 10. 

 
Figure 10: Fiber draw tower at Virginia Tech  

Such a fiber draw tower is commercially used to manufacture long-scale optical fibers. A 

schematic of the drawing process is shown in Figure 11. 

 
Figure 11: Schematic drawing procedure [44] 

Figure 11 shows a glass preform, which is being softened inside the hot-zone of a furnace. Upon 

reaching the softening point of the glass, the drawing process of the fiber is initiated, which results 

1 

 

 

 

   2 
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in a neck-down profile. In this regard, the feeding speed (1) and the drawing speed (2) in this 

drawing process are critical parameters.  

 Molten-core approach and the presence of silicon inside the core 

The molten-core approach is a common method for manufacturing long lengths of glass-clad 

fibers, wherein a core material, which cannot be drawn on its own, is molten inside a glass preform 

which is then softened and drawn into a glass-clad fiber using a fiber draw tower [19, 20]. In this 

fiber drawing process, depending on the thermal expansion coefficient and melting point of the 

core material, different glass compositions can be used as cladding materials [45]. For core 

materials with high melting points, fused silica is typically the preferred cladding material. 

In the molten-core approach, high temperatures are required during the drawing process in order 

to soften the glass. Under these conditions, the low viscosity of the molten core can lead to 

dissolution and diffusion based processes within the glass-clad molten core system causing 

degradation in the performance of the drawn fibers [21-24, 46-48]. In one of the first reported 

dissolution processes occurring during the fiber drawing process involving a silicon core glass 

fiber [46, 49], oxygen was found inside the core, which led to optical loss. Because of the silicon 

core, the possibility of dissolution and diffusion of silicon ions from the glass cladding to the core 

could not be studied. When investigating other semiconductor core materials in glass-clad fiber 

manufacturing, as in [21-23], both silicon and oxygen were present inside the core. Although the 

studies in [21-24], reported the dissolution and diffusion based processes of the fused silica 

cladding into the molten core, in-depth analyses of these processes and of the potentially occurring 

phase separations were not performed, as discussed in Chapter 1. In general, we have noted that, 

in all the glass-clad fiber work in which a high silicon content was reported inside the core [21-24, 

46-48], glass modifiers were used within the core material. Hence, this is an indication that glass 

modifiers play a key role in the dissolution and diffusion based processes during the drawing 

process. As mentioned in Chapter 1, a deeper understanding of these reactions is necessary in order 

to improve the glass-clad fiber manufacturing.  

Moreover, the presence of silica-rich precipitations inside the core of glass-clad fibers is only 

briefly mentioned in the literature [46]. However, in a recent ongoing work, we observed that using 

other core material compositions also leads to silica-rich precipitation formation in as-drawn 
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fibers. Hence, the silica-rich precipitations phenomenon is not solely limited to the YBCO-SiO2 

system. Due to this observation, the formation of silica-rich precipitations in glass systems and in 

silicon melts is discussed next. A brief overview of the immiscibility theory of liquid-liquid phase 

separation, which provides background information for Section 2.3.4, can be found in [50]. 

 Silica-rich precipitations due to phase separation in glass-forming systems 

The formation of silica-rich precipitations are reported in the literature for glass-forming systems 

with an existing miscibility gap [50]. A brief summary of the results for the BaO-SiO2 system [51-

53] and the Li2O-SiO2 system are presented next.  

The research presented in [51-53] studied the phase separation mechanism and the resulting 

morphology in the BaO-SiO2 system by using bulk glasses [51, 53] as well as vapor deposited thin 

films [52]. The results reported in [51] on bulk glasses considered silica melts with an addition of 

2 to 40 mol-% of BaO. Three different morphologies were observed. Between 2 and 6 mol-% BaO 

addition, the morphology resulted in round BaO-rich amorphous precipitations inside a silica-rich 

matrix with a sharp interface region. At a BaO addition of 8 to 12 mol-%, an interconnected 

structure of the two phases formed. Furthermore, at a BaO content above 18 mol-%, silica-rich 

amorphous precipitation formed inside a barium-rich matrix with a less sharp interface region. 

Thus, the difference in the sharpness of the interface region for low and high BaO content is 

suggested to be due to the higher viscosity of the silica melt. The work in [51] concluded that it is 

not possible to draw final conclusions regarding the phase separation mechanism solely based on 

the morphology. The reason lies in the low melt viscosity at high temperatures, which led to a fast 

phase separation mechanism and to directly interconnected morphologies, which prohibited the 

analysis of the early stage kinetics. As such, in [51], it was not possible to determine whether the 

interconnected phase structure originated from weak composition fluctuations (spinodal) or from 

discrete particles (nucleation and growth). Therefore, studies were conducted on vapor deposited 

thin films [52] with 0 to 55 mol-% BaO addition and measured in-situ using a transmission electron 

microscope. The results in [52] confirmed the results of the previous study in [51]. Moreover, the 

authors in [52] were able to show that for a BaO addition of 12 to 16 mol-%, small discrete particles 

form inside a silicate matrix during the early stages of phase separation. As such, additional heat-

treatments led to the formation of interconnected phases. In addition, it was not possible to study 

the nucleation and growth process for high BaO contents due to rapid crystallization processes, 
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which led to the consumption of the phase-separating structures. Figure 12 shows the resulting 

miscibility gap of the BaO-SiO2 system obtained in [52].  

 
Figure 12: Miscibility gap for the BaO-SiO2 system [52], m: miscibility gap (binodal curve), s: spinodal curve  

By observing the miscibility gap shown in Figure 12, it is reasonable to assume that the nucleation 

and growth process dominates inside the binodal regions at low as well as high BaO contents. 

However, the spinodal region is more challenging to predict. In fact, the authors in [52] mentioned 

that it is important to recognize that cooling from high temperatures into the spinodal region 

requires cooling through the binodal region (nucleation and growth region) for most instances. 

Hence, this can be one explanation as to why the glasses inside the spinodal region show a 

nucleation and growth process in the first stages of the phase separation. The authors in [51, 52] 

assumed, therefore, that the nucleation and growth process is the dominant process. Such a process 

was also suggested in [54] for alkali-borosilicate melts and in [50] and the references therein, for 

liquid-phase separation in glass-forming systems. However, it must be mentioned that the work in 

[52] was performed by heating from below the glass transition temperature as opposed to cooling 

from high temperatures above the miscibility gap. In addition, the effect of sample dimensions for 

thin films versus bulk samples must be analyzed to determine the generality of the determined 

final kinetic process. In general, determining the phase separation mechanism solely by 

morphology studies is not sufficient. In fact, one important factor is the thermal history of the 

glass, which is not always known or hard to obtain. 
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In addition, the authors in [55] performed a phase separation morphology study on a Li2O-SiO2 

system. The results showed spherical amorphous silica-rich precipitation inside a silicate matrix, 

which indicated a nucleation and growth process upon heating. In this respect, the morphology can 

be seen in Figure 13.  

 
Figure 13: Thin film transmission electron microscope image of a) 30 mol-% Li2O – 70 mol-% SiO2 glass heat-

treated at 550°C for 16h and b) 30 mol-% Li2O – 69 mol-% SiO2 – 1 mol-% P2O5 glass heat-treated at 550°C for 3h 
[50, 55]  

Hence, literature shows that, in general, the formation of silica-rich precipitations can be attributed 

to a liquid-liquid phase separation mechanism in silicate melts. However, the analysis of the 

dominant phase separation mechanism (spinodal phase separation versus nucleation and growth) 

can be difficult to obtain. In this regard, miscibility gaps are mentioned for the CuO-SiO2 system 

[56] and the Y2O3-SiO2 [57, 58] system, but no associated in-depth phase and morphology studies 

were performed in literature. Moreover, no ternary or quaternary phase and morphology studies 

are reported for the Y2O3-BaO-CuO-SiO2 system.  

Furthermore, the formation of silica-rich precipitation is reported in literature also for silicon melts 

[59-64]. It is described in [59] that depending on the oxygen concentration and the temperature, a 

solid solution or phase separation into silicon and silica can occur. Furthermore, the solid solubility 

limit for interstitial oxygen is mentioned as a limiting factor for the precipitation formation. Hence, 

the formation of the silica-rich precipitations is driven by a nucleation process due to the degree 

of supersaturation of the solid solution, which is based on the solvent, silicon, and the solute, 

interstitial oxygen. Furthermore, the work in [55], suggested a nucleation and growth process of 

these silica-rich precipitations rather than a spinodal phase separation. 

0.1 µm 0.1 µm 
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After providing a brief overview of the properties of YBCO and silica, Section 2.4 provides 

preliminary results on drawing superconductive YBCO fibers using a glass working lathe. 

 Superconductive YBa2Cu3O7-x glass fibers using a glass working lathe  

Previous work by our group [4-7] showed that it is possible to draw superconductive materials into 

glass fibers using a glass working lathe, as described previously in Chapter 1. YBCO glass fibers 

were produced using a push-pull method in order to reduce the exposure time of YBCO at high 

temperatures. A detailed description of this method can be found in [65]. In this respect, by using 

an EDS analysis on a fiber cross-section, the work in [65] showed that a high silicon content is 

present inside the YBCO glass fiber core. However, it is reported that additional oxygen heat-

treatments led to a superconductive core. The work in [65] did not provide an in-depth analysis on 

the composition of the core and it is, furthermore, not clear whether the EDS analysis was 

performed before or after the heat-treatment, which makes it difficult to compare the obtained 

results to our current work. 

In this regard, Section 2.5 provides a literature review of relevant works which have focused on 

the analysis of the reactions between YBCO and silica. 

 Reaction of YBa2Cu3O7-x and SiO2 

In general, reports in the literature which have studied the reaction between YBCO and silica can 

be grouped in two categories. In the first category, the studies consider YBCO powder with the 

addition of SiO2 powder. The second category of work considers YBCO thin films on silica 

substrates. A literature review on both categories is performed below while highlighting the 

aspects and results which are most relevant to the current work.  

 Powder studies: Analyses using YBa2Cu3O7-x and SiO2 powders 

The authors in [8] studied a superconductive YBCO powder (Y-123), which was mixed with silica 

powder in the mol-% of 23.1, 37.5 and 54.5. Each mixture was heat-treated at 950°C in O2 for 5h. 

The work showed that when increasing the silica mol-%, the percentage of superconductive Y-123 

phase decreases and more secondary phases are formed, as can be seen in Table 2. In this regard, 

at a silica mol-% of 54.5, the Y-123 superconductive phase was no longer present.  
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Table 2: Phases found in the YBCO+SiO2 mixture with different silica mol-% [8] 

Silica mol-% Phases present Tc 

23.1 72% Y-123, 20% Y-211, 8% Y2Si2O7 89 
37.5 43% Y-123, 28% Y-211, 16% CuO, 13% Y2Si2O7 91 
54.5 43% Y-211, 32% CuO, 17% Y2Si2O7, 8% Cu2Y2O5 - 

In Table 2, it can be seen that the study in [8] reports Y-211 formation at 950°C. In general, the 

peritectic melting temperature of Y-123 into the green phase, Y-211, and a liquid phase occurs at 

around 1015°C [66]. However, it is stated in [9] that silica addition to Y-123 decreases the 

peritectic temperature of Y-123. Hence, this provides an explanation of the results in [8], 

summarized in Table 2.  

Furthermore, the authors in [10] focused on melt-quenched YBCO powder mixed with silica glass 

powder in the mole ratio of 1:1 at a temperature of 900°C for 48h in air. The reported reaction 

product, which was confirmed with XRD, was determined to be Ba2SiO4 in addition to the 

superconductive phase Y-123. The heat-treated powder mixture still exhibited superconductivity 

with an onset Tc of 90K.  

The work in [11] provided similar results as in [10] by studying 80 vol-% Y-123 with 20 vol-% 

silica powder for a temperature range of 600 to 900°C for 2h. It is reported in [11] that the onset 

temperature of the Ba2SiO4 formation is 800°C.  

In addition, a resistance study was performed in [12] on Y-123/silica powder samples which were 

heat-treated at 1000°C in air for 5h. The authors in [12] reported that, at a ratio of Y, Ba, Cu and 

Si of 1:2:3:0.6, a zero-resistance was no longer achievable. Hence, this result is an indication of 

the formation of second phases.  

Various other research works [67-70] studied the interaction between Y-123 powder and silica 

nano-particles and nano-wires to possibly use silica as pinning centers. It was found, in these 

studies, that silica decreases the grain size of Y-123 and does not affect Tc for a silica addition of 

up to 0.2 wt-%. However, higher silica amounts led to second phases such as Y-211 and BaCuO2. 

These works concluded that silica does not have an effect on the superconductive Y-123 phase. 

However, these results are specific to low wt-% of silica and to silica particles at the nanoscale. 

Hence, these results cannot be generalized as has been shown in [8-12].  
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Thus, powder studies showed that an increase in silica content degrades the superconductivity of 

YBCO. However, different reaction products are reported in distinct studies (as discussed in this 

section), which can be due to the different atmospheres and heat-treatments used.  

 Thin film studies: Analyses using YBa2Cu3O7-x film on a SiO2 substrate  

Studies on thin film YBCO on a Si/SiO2 substrate are common in literature since Si/silica 

substrates are widely used in electrical devices.  

In [13], the inter-diffusion behavior of a thin YBCO layer onto a silica substrate was studied using 

Rutherford Backscattering Spectroscopy (RBS). The sample was exposed to a temperature of 

600°C for a three hour dwelling time in oxygen atmosphere. The study in [13] stated that molecular 

silica diffuses inside the YBCO film and copper diffuses inside the silica substrate. However, no 

further insights were provided. The diffusion coefficient was determined to be 6·10-19 m2s-1 for 

both processes. The barium diffusion profile is stated to be complicated in its nature. 

The work in [14] focused on studying the interaction of a sputtered YBCO film onto a quartz 

substrate at a temperature range of 603°C to 953°C in oxygen atmosphere. The analysis technique 

which was used is RBS. The authors in [14] reported copper silicide formation in the interfacial 

region and, hence, claim silicon diffusion from the quartz to the YBCO layer and copper diffusion 

from YBCO to the quartz layer with diffusion coefficients of 1.2·10-10 m2s-1 and 8.1·10-14 m2s-1, 

respectively. Hence, this work describes a silicon diffusion rather than a molecular silica diffusion 

process, which was described in [13]. However, the work in [14] presented the results only for a 

temperature of 953°C and did not consider lower temperature ranges. In addition, the reported 

copper silicide formation in [14] is unlikely due to the presence of oxides. 

Auger electron spectroscopy (AES) and disappearance potential spectroscopy (DAPS) were 

performed in [15] on a thin film of YBCO with a deposited silica thin film in a temperature range 

of 70 to 361°C. The authors in [15] observed a decrease in silica features in the AES spectrum and 

an increase in the barium features in the DAPS spectrum with increasing temperatures. Hence, 

barium silicate formation is likely. Similar results can be found in [16] and [17], which reported, 

using AES analysis, a reaction between a YBCO thin film on a silica substrate at 477°C and the 

formation of Ba2SiO4, Y2O3 and Cu2O.  
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Furthermore, the work in [18] performed rapid thermal annealing experiments, which were 

conducted on a YBCO film/SiO2 substrate sample in the temperature range of 800°C to 1000°C. 

In this work, AES studies and four-point probe resistance tests were performed. The results showed 

that, only at temperatures between 950°C and 960°C for a dwelling time of 10 to 20s, 

superconductivity of the YBCO thin film was achieved (zero resistance at 79K). Furthermore, the 

work in [18] stated that, above 980°C, the YBCO film shows an insulating character and that 

silicon out-diffusion through the entire film is the major cause of the degradation of the 

superconductive YBCO phase.  

In summary, this review shows that reactions between YBCO and silica are reported in literature. 

However, this review also emphasizes the complexity of the reaction mechanisms and reveals the 

necessity of further studying the reaction kinetics and processes to fully understand and 

characterize these reactions. Moreover, the available works in literature considered the interaction 

of YBCO and silica only at temperature up to 1000°C. Hence, with regard to the scope of the 

current work, it is important to investigate higher temperatures to assess the feasibility of drawing 

YBCO glass fibers.  

 Phase relations between YBa2Cu3O7-x compounds and silica 

The literature survey on the reported reactions between YBCO and silica was introduced in Section 

2.5. This section overviews the work in the literature which have focused on phase relations within 

the YBCO-SiO2 system. 

 Pure YBCO system 

Figure 14 shows a pseudo binary phase diagram, obtained from [71]. This diagram shows the phase 

transformation of the YBCO system at various temperatures. The corresponding peritectic 

reactions are shown in Equation 1. 
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Figure 14: Pseudo-binary phase diagram of YBCO [71] 

2 YBa2Cu3O6.5 (s) 
∆
→  Y2BaCuO5 (s) + liquid (3 BaCuO2 + 2 CuO)  

∆
→   Y2O3 (s) + liquid (4 BaCuO2 + 2 CuO)          (1) 

In general, no phase equilibrium research is reported in literature, which determines whether the 

Y2O3 phase melts at its actual melting point of around 2425°C or whether it forms lower eutectics 

in the YBCO system causing a pure liquefaction of the YBCO system at lower temperatures. One 

potential reason for the lack of phase equilibrium analyses at this temperature range could lie in 

the high reactivity of YBCO at such high temperatures with all the existing crucible materials.  

The highest well-defined temperatures at which quenched YBCO samples were studied can be 

found in [71, 72]. The reported study in [71, 72] performed a heat-treatment of YBCO powder in 

a platinum crucible at 1500°C for 20 min dwelling time with a final water quenching step. The 

results showed that the Y2O3 phase is still stable at 1500°C which, however, could be caused by a 

recrystallization during the quenching process. As a note, the 20 min dwelling time limit was 

chosen in [71, 72] to prevent complete corrosion of the platinum crucible.  

Furthermore, the work in [73] described the melting of YBCO using an oxygen acetylene torch 

with a subsequent splat-cooling step. In this respect, the obtained product was nearly amorphous 

with minor microcrystalline phases. However, the superconductive YBCO phase was restored 

using a subsequent heat-treatment at 920°C for a dwelling time of 4h.  
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In addition, the work in [74] reported a heat-treatment of YBCO at 1400°C for two hours in a 

platinum crucible with a final quenching step with different rates. In all quenching steps, Y2O3 and 

BaCuO2 were detected in the as-quenched samples. 

The authors in [75] used an H2/O2 torch in order to melt YBCO with subsequent cooling rates of 

300 Ks-1, 104 to 106 Ks-1, as well as 105 to 107 Ks-1. In this regard, XRD analysis showed the 

formation of BaCuO2 and an undefined cubic phase for the first two cooling rates, whereas the 

latter cooling rate showed only an undefined cubic phase and an amorphous phase formation.  

These studies provide first insights into the complexity of phase formation during quenching 

processes of pure YBCO at high temperatures. In the majority of these works, it was possible to 

restore the superconductive Y-123 phase.  

With regard to YBCO and silica, only few equilibrium phase relation works are reported in 

literature [56, 76-80]. The reported results can provide a preliminary understanding of possible 

phase formations in the YBCO-SiO2 system. In the following three sections, the different phase 

relations studied in literature are discussed. 

 Y2O3 - SiO2 

The work in [76] reported that Y2O3 can form different yttrium silicates with SiO2. In this respect, 

the phase diagram of Y2O3 and SiO2 from [76] can be seen in Figure 15.  

 

Figure 15: Phase Diagram of Y2O3-SiO2 system [76] 
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In addition, as can be seen in Figure 15, silica can form lower eutectics with yttria. This aspect is 

of particular importance to our current work, with regard to the drawing process of YBCO in a 

fused silica cladding at high temperatures, as this process could lead to the formation of such low 

eutectics. Furthermore, it is important to note that also cristobalite can be a reaction product in the 

Y2O3-SiO2 system, which is of relevance to our analysis in Section 3.1.6. 

 YBCO compounds - Si/SiO2 

The authors in [77] investigated the chemical compatibility of yttria, barium oxide, copper oxide 

and silicon/silica at 800°C. The resulting ternary phase diagrams can be seen in Figure 16. As a 

note, the question mark in the BaO-YO1.5-SiO2 phase diagram was used in [77] to symbolize that 

the authors have no data available on phase relations between the three components. 

 

Figure 16: Ternary phase diagrams of CuO, BaO, YO1.5 and SiO2 at 800°C [77] 

It can be seen from Figure 16 that CuO co-exists with SiO2 without any copper silicate formation 

at 800°C. Similar results were found in [78] by studying the Cu-O-SiO2 system at temperatures 

between 1180°C and 1500°C. However, another study [79] showed that CuO can react with silica 

in the presence of yttria to form a yttrium copper silicate at 1000°C, as can be seen in Figure 17.  
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Figure 17: Ternary phase diagrams of CuO, Y2O3 and SiO2 at 1000°C [79] 

 CuO - Cu2O - SiO2 

The work in [56] studied and reviewed works on the CuO-Cu2O-SiO2 system. These reported 

studies did not find any formation of silicates or solid solutions. In addition, the work in [56] 

showed a binary phase diagram of Cu2O and SiO2 which can be seen in Figure 18.  

 

Figure 18: Binary phase diagram of Cu2O and SiO2 [56] 
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3 EXPERIMENTAL RESULTS AND ANALYSES 

After introducing the needed background information and surveying the relevant literature, this 

chapter presents the experimental results and associated analyses, which constitute the core of this 

work.  

 YBa2Cu3O7-x glass fibers  

 Objective and drawing procedure  

The objective of this work is to analyze the reactions within YBCO glass fibers in order to assess 

the feasibility of obtaining long-scale superconductive YBCO glass fibers using a fiber draw 

tower. As part of this analysis, various YBCO fiber draws were performed, in different 

atmospheres and with different glass compositions and were subsequently studied. 

In the performed drawing processes, different sized fused silica tubes from Technical Glass 

Products, Inc. were used for manufacturing the fused silica preforms. The fused silica tubes were 

over-clad with successively larger tubes to produce a thick walled glass preform by using a glass 

working lathe, Litton Model HSJ143. Several preforms were prepared and tested. The final 

preforms’ outer diameter (OD) varied from 10 to 25 mm and the inner diameter (ID) varied 

between 1 and 3 mm. Furthermore, different tapering techniques were used to reduce the ID so 

that only a small quantity of YBCO powder is exposed to the high temperatures at the hot-zone of 

the furnace while softening the preform. Afterwards, the obtained fused silica preforms were filled 

with a commercially available superconductive orthorhombic YBCO (Y-123) powder (99.99% 

purity) with a particle size of 2-6 µm, which was purchased from SSC Inc. and from SCI 

Engineered Materials. A tapered preform design can be seen in Figure 19. 

 
Figure 19: Tapered preform with YBCO powder  

After the filling process, the YBCO preform was subsequently drawn into YBCO core glass fibers 

on the fiber draw tower, which is equipped with a graphite furnace, using the drawing techniques 

described in [19, 20]. The furnace was steadily heated up to temperatures around 2000°C to soften 
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the fused silica. This softening process required a time period of around 30 minutes, during which 

the YBCO powder that is closest to the hot-zone was exposed to the highest temperatures. In order 

to determine the effect of the oxygen partial pressure on the drawing ability of YBCO glass fibers, 

draws were performed in vacuum as well as in oxygen atmosphere. In addition, YBCO glass fibers 

were also drawn using a borosilicate preform manufactured using Corning Pyrex code 7740 glass 

tubing with a chemical glass composition of 80.6 % SiO2, 13.0% B2O3, 4.0% Na2O, 2.3 % Al2O3 

and miscellaneous traces of 0.1 %. The drawing of YBCO glass fibers using a borosilicate preform 

was performed in order to investigate the effect of the drawing temperature on the reaction of 

YBCO and silica. As a note, borosilicate glass has a reduced softening point of around 821°C as 

compared to the softening point of fused silica, which is 1683°C. Due to the low softening point 

of borosilicate glass, 15 wt.-% silver (I) oxide (Ag2O), purchased from Alfa Aesar, was added to 

the YBCO powder to reduce the peritectic melting temperature of YBCO. Reducing the peritectic 

melting temperature of YBCO by the addition of Ag2O is reported in [81, 82]. In this regard, the 

literature states that the addition of a maximum of 20-vol% to 30-vol% of Ag enhances the current 

density, hardness, Young’s modulus and flexural strength [81, 83] of YBCO and can be, therefore, 

of advantage to our drawing process.  

Moreover, different core designs were tested in order to investigate the possibility of mitigating 

the reaction between YBCO and silica during the drawing process. Three different core designs, 

in which fused silica is used as the preform material, can be seen in Figure 20.  
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a)                                            b)                                              c)  

 
Figure 20: a) Barium silicate (light grey) /Copper (brownish) /YBCO (dark grey) core preform with fused silica 

cladding, b) Copper (brownish) /YBCO (dark grey) core preform with fused silica cladding and c) Stacked hollow 
fused silica preform design with YBCO core (shown in dark grey) 

Following the drawing process, cross-sections of as-drawn fiber sections were polished down to 

0.1 µm, using successively finer diamond lapping films and characterized with an environmental 

scanning electron microscope, FEI Quanta 600 FEG. Energy dispersive spectroscopy for chemical 

composition point analysis, line-scan (with 2 µm increments) and mapping were performed with 

an attached Bruker QUANTAX 400 Energy Dispersive X-Ray Spectrometer with a high speed 

Silicon Drifted Detector, at accelerating voltages of 10.0 kV and 20.0 kV. Moreover, XRD 

analyses were performed on YBCO core fragments using a single-crystal X-ray diffractometer, 

Rigaku XtaLAB Synergy-S, operating in Debye Scherrer geometry using Cu-Kα radiation and 

equipped with a HyPix-6000HE area detector. Sample preparation consisted of embedding fiber 

fragments in Paratone oil and then shattering the fiber to allow for retrieval of glass-free core 

fragments of dimensions 20-100 µm. Each fragment was analyzed by mounting it on a Nylon loop 

and collecting a series of 360º phi-scans over a period of 27 minutes. The program CrysAlisPro 

[84] was used for data collection and to extract the powder pattern from the raw images. The XRD 

software HighScore Plus was used for data analysis and phase identification. Raman spectroscopy 

analyses were performed on selected YBCO cores using an unpolarized confocal Raman 

microscope (WITec alpha-300-SR). The Raman measurements were performed on polished fiber 

cross-sections using a continuous wavelength laser beam of 532 nm focused with a 50× objective 

to a spot size of ~2.5 µm. The reflected light was filtered by a long-pass filter (cut-off: 535 nm) 
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before entering the electron-multiplying CCD spectroscopy detector, Andor Newton DU970. The 

exposure time was 1 second. In addition, vacuum as-drawn YBCO fused silica fiber sections were 

characterized using X-ray photoelectron spectroscopy, PHI Quantera SXM. 

Furthermore, additional heat-treatments were conducted on vacuum as-drawn YBCO fiber 

sections in air at 800°C to 1200°C with heating and cooling rates of 5°Cmin-1 and a dwelling time 

of 10 min using a standard tube furnace, MTI Corporation Model GSL-1100X, and a muffle 

furnace, Barnstead Type 1500, for the 1200°C heat-treatment. In addition, vacuum as-drawn 

YBCO fiber sections were heat-treated in flowing oxygen, using a rate of 0.4 SLmin-1, at 950°C 

for dwelling times of 12 and 48 hours with a subsequent dwelling time of 12 hours at 500°C and 

an overall cooling rate of 1°Cmin-1 using the standard tube furnace, MTI Corporation Model GSL-

1100X. The heat-treated fiber cross-sections were also studied using ESEM, X-ray diffraction, 

Raman spectroscopy analyses as well as under cross-polarized light using an optical microscope, 

Olympus BX51. These additional heat-treatments were performed to further analyze the reactions 

between the YBCO core and the silica cladding and to possibly restore the superconductive YBCO 

phase. 

 Results and characterization of as-drawn YBCO fused silica glass fibers in 
vacuum atmosphere 

Using the described drawing method in Section 3.1.1, continuous round-shaped and dense YBCO 

core fiber sections were successfully drawn, as can be seen in the backscattered-electron (BSE)-

image of a vacuum as-drawn YBCO fused silica fiber section in Figure 21, with a length of up to 

1.2 meters as shown in Figure 22. 

 
Figure 21: BSE image of the YBCO core (light grey) of a vaccum as-drawn fiber cross-section surrounded by the 

fused silica cladding (dark grey) 
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Figure 22: YBCO glass fiber section 

The length of the fiber sections is limited by a number of challenges encountered during the 

drawing process, due primarily to reactions occurring between YBCO and silica as well as due to 

thermal stresses (caused by the large difference in the thermal expansion coefficient between 

YBCO and silica) and pressure build up inside the preform, which leads to so-called blow-outs 

(breakage of the glass). The pressure build up is due to gas formation of barium and copper vapors, 

which have their boiling point close to 2000°C. Figure 23 demonstrates the end of a YBCO 

preform after a blow-out occurred. Noticeable in Figure 23 is the color change, which is also an 

indication of copper vapor formation.  

 
Figure 23: YBCO preform after a blow-out  

Throughout this work, we were able to reduce these blow-outs by drying the YBCO powder at 

900°C for 4 hours in oxygen atmosphere, directly before the draw, as well as by increasing the 

thickness of the preform walls. Using these two approaches, we were able to mitigate the blow-

outs and reduce breakage of the fibers.  

In order to characterize and further understand the occurring reactions between YBCO and silica, 

in-depth analyses on the as-drawn fibers were performed. In this regard, EDS analyses were 

performed to primarily study the YBCO core. The obtained EDS data, for the center of the core, 

is shown in Table 3.  
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Table 3: EDS point analysis on the center of a vacuum as-drawn YBCO core shown in atomic percent [at.-%] 

Y Ba Cu O Si 
3.3 5.5 9.3 62.7 19.2 

The EDS data in Table 3 shows that, in addition to yttrium, barium, copper and oxygen, silicon is 

also present inside the core with a relatively high atomic percentage.  

To further investigate the presence of silicon in the core, the cladding and core region were studied 

using higher magnification BSE imaging, as shown in Figure 24.  

 
Figure 24: BSE image of the interface layer between the YBCO core (light grey) and the silica cladding (dark grey) 

of an as-drawn vacuum YBCO fiber cross-section 

Figure 24 shows the presence of an interface layer between the cladding and the core region. This 

interface layer is shown in Figure 24 to contain round precipitations which decrease in size towards 

the center of the core.  

To investigate the nature of these precipitations, EDS point analyses were performed, which 

demonstrate that the precipitations are rich in silicon and oxygen with a 1:2 ratio, as can be seen 

in Table 4.  

Table 4: EDS point analysis on a dark precipitation at the interface layer in a vacuum as-drawn YBCO fiber section 
shown in atomic percent [at.-%] 

Y Ba Cu O Si 
1.1 2.2 3.6 62.1 31.0 
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Table 4 also shows low percentages of yttrium, barium and copper. However, this is due to the 

large excitation volume of the X-rays (around 2 µm), which leads to a composition overlap 

resulting from measuring not solely the composition of the dark precipitations but also the 

composition of the adjacent core matrix. The EDS point analyses results in Table 4 indicate the 

presence of pure silica in the formed interface layer. In addition, a further EDS line-scan across 

the core-cladding region of the as-drawn YBCO fiber showed that the silicon content decreases in 

the interface region towards the center of the YBCO core as can be seen in Figure 25. The EDS 

line-scan shown in Figure 25 starts in the fused silica cladding at the expected Si:O (1:2) ratio, 

with no Y, Ba, or Cu presence. The cladding-core interface starts at ~12 μm. Between ~12 - 20 

μm, the silicon and oxygen content gradually decreases, with concomitant increase in the Y, Ba, 

and Cu content until the composition flattens and remains steady across the core region until the 

same concentration gradients are again observed at the opposite core/cladding interface. 
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Figure 25: EDS line-scan across the core-cladding region of the vacuum as-drawn YBCO glass fiber with a core 
diameter of 115 µm 

This indicates the occurrence of silicon (Si4+) diffusion from the silica cladding into the interface 

region within the YBCO core. In fact, previous analyses [14-18] reported the diffusion of silicon 

ions from a silica substrate into a YBCO layer. The steady silicon concentration in the core can be 

attributed to a restricted oxygen diffusion, allowing for Si4+ to build up and limiting further Si4+ 

ion diffusion. 

Moreover, EDS line-scans taken from a larger YBCO glass fiber diameter core (237 µm) and a 

smaller diameter core (15 µm) are shown in Figure 26 and Figure 27, respectively.  
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Figure 26: EDS line-scan across the core-cladding region of a vacuum as-drawn YBCO glass fiber with a core 

diameter of 237 µm 

0 5 10 15 20 25 30 35
0

10

20

30

40

50

60

70

80

90

100

Co
nt

en
t (

at
.-%

)

Distance (µm)

 Y
 Ba
 Cu
 O
 Si

 
Figure 27: EDS line-scan across the core-cladding region of a vacuum as-drawn cane YBCO glass fiber with a core 

diameter of 15 µm 

Table 5 shows the average silicon content inside the core for the three different core diameters.  

Table 5: Dependence of the silicon content inside the core on the diameter of the vacuum as-drawn YBCO core 

Diameter of YBCO core  Average silicon content inside the core [at.-%] 
15 µm 27.6 ± 2.1  
115 µm 20.6 ± 1.3  
237 µm 20.2 ± 1.2 

The results in Table 5 show that for a larger core diameter of 115 µm and 237 µm, the steady 

concentration profile of the silicon content inside the core is ~20 at.-%. In addition, both the EDS 

line-scans in Figure 25 and Figure 26 present a significant diffusion-based concentration gradient 

at the interface region between the cladding and the core. For the smaller core diameter of 15 µm, 

the EDS line-scan in Figure 27 shows only a minor concentration gradient at the interface region 
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with a much higher silicon content of 27.6 ± 1.2 at.-% compared to the larger core diameter fibers. 

This indicates that a solubility limit of the silicon ion diffusion inside the molten YBCO core 

exists. The higher silicon and oxygen contents of the smaller diameter core further corroborate the 

role of the restricted oxygen diffusion in limiting the diffusion of Si4+ ions. Moreover, Table 5 and 

the EDS line-scans shown in Figure 25, Figure 26 and Figure 27 demonstrate that the reactions 

occurring between the fused silica cladding and the YBCO core are diffusion-controlled.  

To further study the silicon content inside the core of the as-drawn YBCO glass fibers, XPS 

analyses were performed on as-drawn YBCO fiber sections. For these XPS studies, overview 

spectra of the cladding and the core were measured with a spot size of 50 µm. In addition, the fiber 

cross-section was sputtered layer by layer (~100nm) to remove any surface contaminations.  

The XPS spectrum of the core and the cladding after sputtering can be seen in Figure 28 and Figure 

29, respectively.  

1100 1000 900 800 700 600 500 400 300 200 100

Y4
p

Y4
sCu

3p
3

Ba
4d

5

Si
2s

Y3
d5

Si
2pBa

4p

Y3
p3

Y3
p1

Y3
s

O
1s

Cu
 L

M
M

Ba
3d

5
Ba

3d
3

Ba
 M

NN
Cu

2p
3

cp
s 

(a
.u

.)

Binding Energy (eV)

Ba
3p

3 O
 K

LL
Cu

2p
1

 
Figure 28: XPS overview spectrum of a sputtered vacuum as-drawn YBCO core surface 
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Figure 29: XPS overview spectrum of a sputtered vacuum as-drawn YBCO glass fiber cladding 

The composition results of the core and cladding, shown in Table 6, confirm the presence of silicon 

inside the core (19.3 at.-%) with an approximate equal amount as compared to the results shown 

in Table 3. 

Table 6: XPS analyses on the center of the vacuum as-drawn YBCO core and of the cladding region shown in atomic 
percent [at.-%] 

 Y3p3 Ba3d5 Cu2p3 O1s Si2p 
Core  10.0 5.6 5.3 59.8 19.3 
Cladding - - - 66.7 33.3 

To investigate the nature of this high silicon content inside the core, a high resolution scan of the 

Si2p peak was performed for the cladding region as well as the core region, as shown in Figure 

30, to determine whether silicate formation occurred, for which the Si2p peak is broader and 

shifted as was described in [85]. The high resolution scan was performed on the non-sputtered 

surface, so that no bonding information is lost due to the sputtering process.  
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Figure 30: Normalized XPS Si2p peak of the high resolution scan on the non-sputtered surface of a) the YBCO 

core (black dashed line) and b) the silica cladding (red solid line) 

Figure 30 shows that a broadening and shifting of the Si2p peak occurred. The Si2p peak of the 

cladding region has a binding energy of 103.6 eV, which corresponds to the binding energy of 

pure silica [85]. On the other hand, the binding energy of the Si2p peak of the core region is shifted 

to lower binding energies and lies around 102.9 eV. Furthermore, it is visible that the Si2p peak 

of the core region is broader as compared to the peak of the cladding material. Hence, this shifting 

and broadening indicates silicate formation inside the core.  

Consequently, in order to determine the phases present inside the vacuum as-drawn YBCO core, 

XRD analysis on a YBCO core fragment was performed. The fiber core fragment mounted on a 

Nylon loop for performing the XRD analysis can be seen in Figure 31. 

 
Figure 31: YBCO core fragment mounted with Paratone oil on a Nylon loop 

A resulting XRD pattern of the vacuum as-drawn YBCO fiber core can be seen in Figure 32.  
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Figure 32: XRD pattern of the vacuum as-drawn YBCO core and the corresponding Debye-Scherrer diffraction ring 

pattern 

As can be seen from the XRD pattern in Figure 32, the core exhibits an amorphous/glassy 

character. In fact, given the high silicon content inside the core, which forms silicates, and the 

formation of silica-rich precipitations inside the core, the silica inside the core acts as a glass 

former leading to the amorphous/glassy phase. In addition, the silica content inside the core favors 

the melting of Y2O3 at lower temperatures by forming lower eutectics, as shown in [76]. These 

reasons result in the formation of the amorphous YBCO-SiO2 glass phase.  

As a note, the cooling/quenching rate of the as-drawn YBCO fibers on the fiber draw tower can 

be estimated to be 600 °Cs-1 to 2000 °Cs-1. The estimation of this rate is performed as follows. It 

is considered that the hot-zone of the furnace exhibits a temperature of around 2000°C and that the 

outside temperature of the furnace is around 100°C. Furthermore, it can be estimated that the hot-

zone is 20 cm above the lower opening of the furnace and that the hot-zone has a width of around 

2.5 cm, which was studied by our group in a previous work [86]. Hence, neglecting the individual 

cooling rates of silica and YBCO and assuming a nearly linear decrease in temperature will lead 

to an approximate temperature change of -200°C per cm. This is the maximum cooling rate, 

assuming instantaneous heat transfer and maintaining uniform temperature throughout the cross-

section of the fiber. In general, the draw speed varies between 3 cms-1 to 10 cms-1 and, hence, the 

quenching rate can be estimated to be 600 °Cs-1 to 2000 °Cs-1.  
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Thus, based on the estimated quenching rates, crystallization upon cooling should have been 

expected. Therefore, this corroborates our explanation of the formation of the amorphous YBCO-

SiO2 phase. 

As stated in Section 2.3.3, a number of works in literature mentioned possible dissolution and 

diffusion based processes of fused silica into a molten core during the drawing process [21-24, 46-

48] of semiconductor core fibers. As will be shown in the following explanation, the high silicon 

content inside the as-drawn YBCO core is also a result of dissolution and diffusion based reactions 

between the molten YBCO core and the fused silica cladding.  

The high silicon content inside the as-drawn YBCO core is not only a result of a diffusion based 

process but originates from a dissolution based process between the molten YBCO core and the 

fused silica cladding. During the drawing process, the molten YBCO core causes the formation of 

lower eutectics between fused silica and Y2O3 [76], as well as between fused silica and the barium- 

and copper-rich liquid phases [78, 87]. Fused silica can be attacked by glass modifiers inside the 

molten core at its dangling bonds and bridging-oxygen bonds. Thus, with an increasing content of 

glass modifiers, the softening point of the fused silica decreases which reduces its viscosity and 

promotes the dissolution process. The barium oxide, copper oxide as well as yttrium oxide 

contained in the core are all glass modifiers. Hence, these processes lead to the dissolution of the 

fused silica into Si4+ and O2- ions, which then diffuse into the molten YBCO core. This, indeed, 

explains the EDS line-scan profiles of the as-drawn YBCO cores shown in Figure 25, Figure 26 

and Figure 27. In the dissolution region, the viscosity is higher than the viscosity of the molten-

core region, which leads to the diffusion-based concentration gradient shown in Figure 25 and 

Figure 26. This concentration gradient is, furthermore, caused by the rate-limiting oxygen 

diffusion through the dissolution region.  

In the molten core region, the ions readily mix to give the steady concentration profile observed in 

the EDS line-scans of the as-drawn YBCO cores shown in Figure 25 and Figure 26. This is due to 

their higher diffusivity in the liquid state and to the possibility of the occurrence of convection 

inside the molten core that is induced by a thermal gradient during the drawing process. In addition, 

due to the dissolution of the fused silica, no out-diffusion of the core material was observed as the 
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interface moves outwards with the dissolution of the fused silica cladding. This will be further 

confirmed in Section 3.3.3. 

As such, the high silicon content inside the core is due to the dissolution of the fused silica cladding 

by the molten YBCO core inside the interface region, forming Si4+ and O2- ions, which then diffuse 

into the molten YBCO core. In order to further analyze the effect of the O2- ion diffusion, we next 

present and discuss the results obtained from our analysis focusing on YBCO glass fibers which 

were drawn in oxygen atmosphere. 

 Results and characterization of as-drawn YBCO fused silica glass fibers in O2 
atmosphere 

YBCO glass fibers were drawn in oxygen atmosphere, in order to investigate the effect of oxygen 

on the drawing behavior as well as on the reactions between YBCO and the fused silica cladding. 

As a first step, the preform was softened at the draw tower under vacuum atmosphere, in order to 

remove any possible outgassing. After the initiation of the draw, oxygen was filled into the preform 

at a 5 psi oxygen pressure. A YBCO fiber core of an oxygen as-drawn YBCO fiber section can be 

seen in Figure 33. 

 
 

Figure 33: BSE images of an as-drawn YBCO fused silica glass fiber in O2 atmosphere 

As can be seen in Figure 33, a double core structure was obtained during the drawing process as 

well as precipitation formation inside the entire core. In this regard, the double core structure is 

attributed to the drawing behavior of molten YBCO.  
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In fact, during the melting process of YBCO, vapor phases are formed, which can lead to a pressure 

build up inside the preform that can push up the YBCO melt (away from the hot-zone). Moreover, 

due to the incongruent melting of YBCO (as shown in Table 1), droplets with air pockets can form. 

Hence, this can lead to the formation of YBCO coated hollow glass fibers. In fact, a number of our 

drawing attempts resulted in hollow YBCO glass fibers, in which YBCO formed an inside layer 

onto the hollow glass fiber inner wall. 

Drawing solid core YBCO fibers can be accomplished either by the air pockets being eventually 

removed without any interference, leading the YBCO melt to be pushed down into the hot-zone 

(by a final air pocket above the molten YBCO), or by increasing the draw speed to effectively 

remove the air pockets.  

As such, the double core structure, as shown in Figure 33, can be explained by the subsequent 

occurrence of both processes, which are outlined above, based on which a solid YBCO core forms 

within a hollow YBCO coated glass fiber.  

Moreover, this obtained double core structure shows that a reaction layer of YBCO cannot be used 

as an effective barrier coating as can be seen from the high silicon content within the core shown 

in the EDS line-scan in Figure 34. 
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Figure 34: EDS line-scan of an as-drawn YBCO fused silica glass fiber in O2 atmosphere 

Compared to the EDS line-scans of the fibers drawn under vacuum (Figure 25 and Figure 26), the 

line-scan of a fiber drawn under oxygen atmosphere (Figure 34) shows significantly higher silicon 

and oxygen content inside the core. Moreover, the higher oxygen content increases the overall 

silicon diffusion rate inside the YBCO core, as further shown in Table 7, which presents the 
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variation in silicon and oxygen contents depending on the drawing atmosphere and the region of 

the core. Thus, these results indicate that oxygen is the rate-limiting step in the co-diffusion of 

silicon and oxygen ions inside the molten YBCO core, which further corroborates the conclusion 

drawn in Section 3.1.2. 

Table 7: Increase in silicon content inside the core with an increase in oxygen content in as-drawn YBCO glass fibers 
drawn in vacuum and oxygen atmospheres  

Atmosphere (region) Silicon content 
[at.-%] 

Oxygen content 
[at.-%] 

Vacuum (center of the core) 20.6 ± 1.3 57.5 ± 0.7 
Vacuum (interface) 23.2 ± 0.7 59.3 ± 0.3   
O2 (center of the core) 24.7 ± 1.4 61.2 ± 1.1 
O2 (interface) 26.4 ± 1.8 61.9 ± 1.1 
O2 (at the interface edge towards the cladding) 28.2 ± 0.9 63.6 ± 0.1 

In order to analyze the morphology of the YBCO core, high-resolution BSE images of the center 

of the core were obtained and are shown in Figure 35.  

 

Figure 35: BSE images of the center of an as-drawn YBCO fused silica glass fiber in O2 atmosphere 

The BSE images in Figure 35 reveal the formation of silica-rich precipitations across the entire 

core for the oxygen drawn fibers. In contrast, our results for the vacuum as-drawn fibers, presented 

in Section 3.1.2, showed silica-rich precipitation formations at the interface layer but not across 

the entire core. This precipitation formation across the entire core in the oxygen drawn fibers stems 

from the excess of oxygen, which enables the increase in diffusion of both silicon and oxygen ions 

into the molten core. This is further addressed in Section 3.1.5. 
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Furthermore, Figure 36 shows a BSE image of the interface region of an oxygen as-drawn YBCO 

fused silica glass fiber. The fiber core shows a spinodal-like phase separation morphology at the 

interface region. 

 
Figure 36: BSE image of the interface region of an as-drawn YBCO fused silica glass fiber in O2 atmosphere 

In order to analyze the core composition, XRD analysis was performed and the corresponding 

XRD pattern is shown in Figure 37. 
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Figure 37: XRD pattern of an as-drawn YBCO fused silica glass fiber in O2 atmosphere and the corresponding 
Debye-Scherrer diffraction ring pattern  

The XRD pattern in Figure 37 indicates that the oxygen as-drawn YBCO core is mainly amorphous 

with some minor quantities of crystalline cuprite, implying the silica-rich precipitations inside the 

core are amorphous. We note that the silica-rich precipitations have a particle size of around 200-
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300 nm, i.e. of sufficient size to preclude the possibility of the particles being crystalline, but 

unobserved due to particle size line-broadening. Section 3.1.6 will discuss the reason as to why 

cuprite is the first phase to crystallize out of the amorphous silicate phase.  

In order to further confirm this conclusion, a Raman measurement was performed on the center of 

the core and the result can be seen in Figure 38. 
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Figure 38: Raman spectrum of an as-drawn YBCO fused silica glass fiber in O2 atmosphere; Reference from RUFF 

database: Cu2O (R050384) 

Figure 38 shows no formation of crystalline silica phases. The broad peak at 218 cm-1 can indicate 

that a minor cuprite mode is visible, which is attributed to the second-order Raman-allowed mode 

(2Eu) of cuprite (~218 cm-1) as highlighted in [88, 89]. The other broader peaks can originate from 

an overlay of the amorphous matrix with the cuprite Raman modes. Overall, the Raman spectrum 

in Figure 38 is inconclusive due to the broad peaks. Here, we note that the visible Raman shift at 

around 154 cm-1 can be caused by the cut-off edge of the optical long-pass filter of the system. 

In general, drawing YBCO glass fibers in an oxygen atmosphere did not lead to any mitigation of 

the YBCO and silica reaction. Hence, the oxygen atmosphere does not provide improvements as 

compared to drawing in vacuum.  
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 Results and characterization of as-drawn YBCO+15 wt-% Ag2O borosilicate 
glass fibers in vacuum atmosphere 

In order to analyze the effect of lowering the drawing temperature on the reactions within YBCO 

and silica, YBCO glass fibers were drawn using borosilicate glass as the preform material. YBCO 

has the first peritectic melting point at around 1002°C, as shown in Table 1, while borosilicate 

softens at around 821°C. Hence, in order to be able to draw YBCO powder inside the borosilicate 

preform, Silver (I)-oxide was added to the YBCO powder to lower the overall melting temperature 

as discussed in Section 3.1.1.  

Due to the fact that the melting point of the powder exceeds the softening point of the borosilicate 

preform, the draw needed to be performed at temperatures higher than those normally used for 

borosilicate fiber draws, which introduced a number of challenges during the drawing process. 

Nonetheless, it was still possible to draw some solid core YBCO glass fibers, as can be seen in 

Figure 39. 

 
Figure 39: BSE images of an as-drawn YBCO+ 15 wt.-% Ag2O borosilicate glass fiber in vacuum atmosphere a) 

entire core and b) interface region 

As can be seen in Figure 39, the core does not show any precipitation formation neither inside the 

core nor at the interface region, as can be seen in Figure 39 b). However, Figure 39 b) shows that 

the interface between the cladding and the core is not distinct, which is an indication of an 

occurring diffusion process. Furthermore, Figure 40 reveals that silver-rich spherical precipitations 

form in the sub-micrometer to nanometer scale, which is common to occur in glass-forming 

a)                                                          b) 
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materials upon annealing [90]. The spherical silver-rich precipitations were confirmed with EDS 

point analysis, as can be seen in Table 8.  

 
Figure 40: BSE images of silver-rich precipitations in two different as-drawn YBCO+15 wt-% Ag2O borosilicate 

glass fiber section cores in vacuum atmosphere  

Table 8: EDS point analysis on the spherical precipitation of the vacuum drawn YBCO+15 wt-% Ag2O borosilicate 
glass fiber core shown in atomic percent [at.-%] 

Y Ba Cu O Si Ag 
0.0 0.7 1.6 28.5 0.9 68.3 

In order, to analyze the dissolution of the fused silica and the subsequent diffusion of Si4+ and O2- 

ions inside the YBCO/Ag2O core, an EDS line-scan was performed and can be seen in Figure 41. 

It is important to note that boron inside the glass cladding cannot be detected using EDS analysis 

on an SEM.  
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Figure 41: EDS line-scan of an as-drawn YBCO+15 wt-% Ag2O borosilicate glass fiber section in vacuum 
atmosphere  

The EDS line-scan in Figure 41 shows that, as compared to the fiber sections shown in Sections 

3.1.2 and 3.1.3 and whose results can be seen in Table 7, the silicon content inside the core is 

reduced (around 15.1 at-%) and a stronger diffusion profile of silicon ions inside the core is visible. 

In addition, the oxygen content inside the core is relatively high. This can be attributed to the silver 

(I)-oxide, which can act as an oxygen donor [91]. In addition, Figure 41 shows that the yttrium to 

barium to copper ratio of 1:2:3 is not obtained and that the barium content exceeds the copper 

content. This is due to the relatively low drawing temperature, which can lead to partial melting of 

YBCO and to the fact that barium has the lowest melting point. This explanation is further 

corroborated by the analysis of additional fiber sections, which showed nearly no melting of the 

core material and a high copper content inside the core, as can be seen in Appendix 1. In order to 

investigate the core composition further, XRD analysis was performed and can be seen in Figure 

42.  
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Figure 42: XRD pattern on an as-drawn YBCO+15 wt-% Ag2O borosilicate glass fiber section core in vacuum 

atmosphere and the corresponding Debye-Scherrer diffraction ring pattern 

Figure 42 shows that, in addition to an amorphous phase, silver and yttria (Y2O3) are present inside 

the core. This result confirms the formation of spherical silver-rich precipitations inside the core. 

In addition, the presence of yttria shows that the used drawing temperature is above the second 

peritectic melting of YBCO. Moreover, the silicon diffusion profile in Figure 41 and the absence 

of silica-rich precipitations demonstrate that a minor dissolution of the borosilicate cladding into 

its ions occurred as compared to the draws at higher temperatures using a fused silica cladding. In 

addition, Figure 41 shows that aluminum ion diffusion from the cladding material inside the core 

occurred with an overall content of around 1 at.-%. This can constitute one of the reasons for which 

no phase separation occurred inside the core [92]. Other underlying reasons are addressed in the 

following section. 

 Summary and conclusion of the results obtained for as-drawn YBCO glass 
fibers 

It was shown in Section 3.1.2 that vacuum as-drawn YBCO cores are amorphous and exhibit 

silicate formation inside the core. Moreover, it was shown that silica-rich precipitations occur, for 

vacuum drawn fused silica fiber sections, forming an interface layer between the core and the 

cladding region. In addition, Section 3.1.3 revealed that drawing YBCO glass fibers under oxygen 

atmosphere leads to silica-rich precipitations inside the entire core in addition to an amorphous 

silicate phase with a minor crystalline cuprite phase. XRD and Raman measurements showed that 

these silica-rich precipitations are of amorphous nature. Furthermore, it was revealed that the 

oxygen atmosphere increases the dissolution rate of fused silica into its Si4+ and O2- ions and their 
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subsequent diffusion inside the YBCO core. This showed that oxygen is the rate-limiting factor in 

the co-diffusion of Si4+ and O2- ions into the molten YBCO core.  

An overall atomic percentage average of the core materials is shown in Figure 43 for the vacuum 

and oxygen atmosphere fibers with fused silica cladding. In addition, to better illustrate the oxide 

ratios inside the core, Figure 43 shows the theoretically calculated mole percentages of Y2O3, BaO, 

Cu2O as well as SiO2 inside the core. 
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Figure 43: Comparison of yttrium, barium, copper, silicon and oxygen content of different draw conditions in 

atomic percentages (left) and mole percentages (right) (content shown as average over the steady part of the 
entire core) 

It is clearly visible in Figure 43 that the silicon (24.7 at.-%) as well as the oxygen (61.8 at.-%) 

contents increased for the oxygen drawn YBCO core as compared to the vacuum drawn YBCO 

core (Si: 20.6 at.-% and O: 57.5 at.-%). As a result, the yttrium, barium and copper contents are 

reduced for the oxygen drawn YBCO core as compared to the vacuum drawn YBCO core. 

Moreover, the higher silica content inside the core of the oxygen drawn YBCO fibers is highlighted 

in the mole percentage comparison chart in Figure 43. In this regard, Section 3.1.2 presented the 

reasons for which a dissolution of the fused silica into Si4+ and O2- ions and their subsequent 

diffusion inside the molten YBCO core occur. The reasons for the formation of the silica-rich 

precipitations in the YBCO glass fiber cores are discussed next.  

Section 2.3.4 described the phase separation in glass-forming systems. The example of the BaO-

SiO2 system was given in Section 2.3.4, based on [51-53], which stated that depending on the 

barium to silica ratio, either spherical barium-rich/silica-rich precipitations or two interconnected 

phases form. In addition, miscibility gaps are also mentioned for the Y2O3-SiO2 [57, 58] and Cu2O-

SiO2 [56] system. Thus, it is evident from our obtained results that such a miscibility gap also 
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exists for the quaternary Y2O3-BaO-Cu2O-SiO2 (YBCO-SiO2) system. Moreover, for the soda-

lime-silica glass system [50, 93], the oxygen diffusion is reported to be the rate controlling factor 

in the phase separation process, which corroborates the conclusion that oxygen increases the silica-

rich precipitation formation. 

Table 9 illustrates the morphology change of the cores of the vacuum and oxygen as-drawn YBCO 

glass fibers with respect to the change in silica content in the core. The first column of Table 9 

shows that the center of the core of the vacuum drawn fiber contains no silica-rich precipitations, 

which implies that the composition lies outside of the miscibility gap. Column 2 shows 

precipitations at the interface region of the vacuum as-drawn fibers, which implies that its 

composition lies within the binodal curve. Columns 3, 4 and 5 illustrate the precipitation formation 

with respect to the silica concentration for the oxygen drawn fiber over the center region of the 

core, at the interface region and at the interface edge towards the cladding, respectively. In all three 

cases, the composition lies within the binodal curve. Based on the results in Table 9, the occurrence 

of a miscibility gap for the Y2O3-BaO-Cu2O-SiO2 system, which exists for temperatures above the 

lower eutectic temperature of the Y2O3-SiO2 system of around 1660°C [94], can be concluded. 

This emphasizes that the silica-rich precipitation formation occurs when the composition lies 

inside the metastable binodal curve. The kinetic mechanism of the formation of those silica-rich 

precipitations stems from a nucleation and growth process. In fact, the silica-rich precipitations are 

not likely to result from spinodal phase separation due to their small scale. The spinodal phase 

separation morphology at the core/cladding interface, as it is shown for the oxygen drawn fiber 

section in the two rightmost columns of Table 9, can be due to entering an unstable spinodal region 

inside the miscibility gap or caused by a coalescence of the spherical silica-rich precipitations as 

part of a nucleation and growth process.  

Attempts to analyze the nucleation and growth process were not successful due to the occurrence 

of crystallization processes, which will be further discussed in Section 3.1.6. The crystallization 

occurs at the interface between the silica-rich precipitations and the amorphous silicate matrix 

phase, which is energetically favorable due to the lower energy barrier at the interface region. This 

crystallization at the interface region is shown through the formation of the so-called co-

precipitations, which will be further discussed in Section 3.1.6. This explains why the oxygen as-

drawn YBCO fibers show cuprite inside the core, as shown in Figure 37, while the vacuum as-
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drawn YBCO fibers have an amorphous core. As such, the increased formation of new interfaces 

with the increase in the number of silica-rich precipitations inside the oxygen as-drawn YBCO 

fiber core promotes the recrystallization of the cuprite phase upon quenching. 

In addition, Section 3.1.4 showed that using borosilicate glass instead of fused silica as the preform 

material and by adding silver oxide to the YBCO powder in order to reduce the melting point of 

YBCO, allowed drawing YBCO glass fibers at reduced temperatures. The borosilicate drawing 

led to an amorphous core with spherical silver-rich particles and a minor crystalline yttria phase. 

As such, it was demonstrated that no silica-rich precipitations occurred, which corroborates the 

explanation above on the origin of the silica-rich precipitations in the YBCO-SiO2 system.  

Overall, these results are the first to show the occurrence of a phase separation mechanism in the 

YBCO-SiO2 system, and the first to demonstrate the change in morphology depending on the silica 

content inside the core. 

Furthermore, in order to investigate whether the superconductive Y-123 phase can be 

restored/recrystallized, recrystallization processes of the amorphous as-drawn YBCO glass fibers 

are required. In this regard, it is of high importance to determine whether the silicon content inside 

the core hinders the recrystallization process of the Y-123 phase. Therefore, heat-treatment studies 

were performed on as-drawn YBCO fibers in air and oxygen atmospheres and the obtained results 

are shown and discussed in the following section.  
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Table 9: Morphology change depending on mol-% of silica shown for as-drawn YBCO fused silica core fiber sections drawn under vacuum and O2 atmospheres 

 RT vacuum core  

 

RT vacuum interface  

 

RT oxygen core 

 

RT oxygen interface 

 

RT oxygen interface 

 
SiO2 60.7 ± 3.7 mol-% 68.6 ± 2.2 mol-% 74.9 ± 4.2 mol-% 79.4 ± 5.3 mol-% 85.5 ± 2.8 mol-% 

Cu2O 15.2 ± 1.5 mol-% 12.1 ± 0.8 mol-% 12.3 ± 1.2 mol-% 10.5 ± 1.9 mol-% 7.7 ± 0.5 mol-% 

BaO 13.2 ± 0.8 mol-% 12.4 ± 0.1 mol-% 8.5 ± 0.8 mol-% 7.0 ± 1.0 mol-% 5.0 ± 0.8 mol-% 

Y2O3 11.0 ± 1.2 mol-% 6.9 ± 0.8 mol-% 4.4 ± 0.5 mol-% 3.1 ± 0.6 mol-% 1.8 ± 0.2 mol-% 
 

decrease in SiO2 content 

 

Morphology 

interpretation 

Outside the 
miscibility gap 
(solid solution) 

Inside the binodal 
region (nucleation and 
growth) 

Inside the binodal 
region (nucleation 
and growth) 

Close to spinodal line 
or coalescence of 
silica-rich 
precipitations  

Close or inside the 
spinodal region or 
coalescence of silica-
rich precipitations 
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 Results and characterization of heat-treated vacuum as-drawn YBCO fused 
silica glass fibers 

To investigate the possibility of restoring the superconductive Y-123 phase and further analyze the 

reactions within YBCO glass fibers, heat-treatment studies on as-drawn YBCO fiber sections were 

performed at elevated temperatures in air atmosphere as well as under flowing oxygen. In general, 

heat-treatment studies are indispensable for the understanding of the reactions within the YBCO 

glass fibers and for the investigation of the possibility of restoring the Y-123 phase. In this regard, 

Section 3.1.6.1 focuses on the additional heat-treatments in air atmosphere while Section 3.1.6.3 

analyses the additional heat-treatments in oxygen atmosphere.  

3.1.6.1 Heat-treated as-drawn YBCO glass fibers in air atmosphere 

For the heat-treatments, a temperature range of 800°C to 1200°C was chosen due to its relevance 

to the processing of the melt-textured growth of YBCO [72]. BSE images of the reaction profile 

of the YBCO core, heat-treated at temperatures between 800°C and 1200°C for a dwelling time of 

10 min with heating and cooling rates of 5°Cmin-1 in air are shown in Figure 44 and Figure 45.  

 
Figure 44: BSE images of YBCO fiber cross-sections heat-treated at a) 800°C, b) 900°C, c) 1000°C, d) 1100°C and 

e) 1200°C for a dwelling time of 10 min in air atmosphere 
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Figure 45: BSE images (with higher magnification) of YBCO fiber cross-sections heat-treated at a) 800°C, b) 

900°C, c) 1000°C, d) 1100°C and e) 1200°C for a dwelling time of 10 min in air atmosphere 

The BSE images, in Figure 44 and Figure 45, show no significant change in the silica-rich 

precipitation layer at 800°C as compared to the as-drawn fiber shown in Figure 24. However, at 

900°C, it can be observed that co-precipitations are formed in the entire core. Moreover, at 1000°C, 

these co-precipitations begin to react and form new phases. At 1100°C, the sharp interface between 

the cladding and the core disappears. In addition, it can be seen in Figure 45 that more than one 

phase are present in the matrix at 900°C and 1000°C, which form a lamellar structure.  

To analyze the precipitations and phases formed, EDS analyses as well as XRD analyses were 

performed on the heat-treated fibers. The XRD result for the sample heat-treated at 800°C is shown 

Figure 46.  
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Figure 46: XRD pattern of the heat-treated vacuum as-drawn YBCO fiber core at 800°C for a dwelling time of 10 

min in air  

The XRD pattern in Figure 46 shows minor microcrystalline peaks in addition to a large 

amorphous peak. The reflection peaks can be indexed to belong to Cu2O. Such a Cu2O 

recrystallization out of a glassy phase was previously reported for the BSCCO system [95-100]. 

However, contrary to YBCO, BSCCO contains bismuth oxide (Bi2O3), which can act as a glass 

forming agent and, hence, BSCCO can be quenched to a completely glassy phase [101]. Cu (II)-

oxide, which is one of the components in the YBCO system as shown in Table 1, typically 

transforms above 1026°C [35] into Cu (I)-oxide. Hence, the copper ions during the drawing 

process inside the YBCO melt are mainly Cu+-ions. As a result, regarding the copper oxidation 

state, the amorphous quenched core of the as-drawn fibers mainly consists of Cu+-ions, which form 

Cu2O upon recrystallization. Moreover, as stated in Section 2.6.4, it is reported in [56] that no 

copper silicates or solid solutions are formed in the CuO-Cu2O-SiO2 system up to 1072°C. Hence, 

this explains the reason as to why pure Cu2O can crystallize out of the melt despite the high silicon 

content inside the amorphous core. In addition, Cu2O formation at low temperatures due to a 

reaction between silica and YBCO was investigated in [17], which considered a YBCO film on a 

silica substrate. This also explains the cuprite formation for as-drawn YBCO glass fibers in oxygen 

atmosphere, which is discussed in Section 3.1.3 and shown in Figure 37.  

In addition, the EDS point analysis of the co-precipitations, which formed at 900°C, shows that 

the darker precipitations are rich in silicon and oxygen with a ratio of 1:2 and the lighter 

precipitations are rich in copper and oxygen with a ratio of 2:1. This can be seen in Table 10 taking 

the large excitation volume of the X-rays into consideration and accounting for the overlap with 
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the SiO2 phase. Hence, this indicates the formation of cuprite (Cu2O) precipitations next to silica-

rich precipitations, which form co-precipitations.  

Table 10: EDS point analysis on the lighter and darker co-precipitations in the vacuum as-drawn YBCO core, heat-
treated at 900°C for a dwelling time of 10 min in air atmosphere, shown in atomic percent [at.-%] 

 Y Ba Cu O Si 
Darker 1.4 1.5 9.6 58.4 29.1 
Lighter 1.0 1.5 44.6 42.2 10.7 

In order to confirm these results, XRD analysis was performed on the YBCO core heat-treated at 

900°C and can be seen in Figure 47. The XRD pattern in Figure 47 shows the formation of a 

cristobalite phase in addition to a microcrystalline cuprite formation. Hence, this allows identifying 

the lighter co-precipitations at 900°C, which are shown in Figure 45 b), to consist of Cu2O. 

15 20 25 30 35 40 45 50 55 60 65 70

b 
(0

11
) a Cu2O ICDD:98-005-3322 b Cristobalite ICDD:98-003-4933

In
te

ns
ity

 (a
.u

.)

2 Theta (°)

a 
(0

22
)

a 
(0

02
)a 
(1

11
)

 
Figure 47: XRD pattern of the heat-treated vacuum as-drawn YBCO fiber core at 900°C for a dwelling time of 10 

min in air 

To further visualize the composition distribution of the co-precipitations, high magnification EDS 

mapping of the co-precipitations was performed and can be seen in Figure 48.  
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Figure 48: EDS mapping of the co-precipitations inside the YBCO core heat-treated at 900°C for a dwelling time of 

10 min in air atmosphere (scale bar 1 µm) 

Figure 48 shows that, at the copper-rich precipitations (lighter precipitations), the silicon content 

is highly reduced, which further confirms the formation of Cu2O precipitations inside the core.  

In order to analyze the cristobalite phase, which forms at 900°C inside the core, Raman 

measurements were performed on the 900°C and 1000°C heat-treated YBCO fiber cores. The 

corresponding Raman spectra are shown in Figure 49 and Figure 50, respectively. The Raman 

spectrum in Figure 49, obtained from measurements performed on the center of the heat-treated 

YBCO core, only shows Raman modes originating from the cuprite phase. In Figure 50, the heat-

treated YBCO fiber core/cladding interface at 1000°C shows both cuprite and cristobalite modes. 
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Figure 49: Raman spectrum at the center of a vacuum as-drawn YBCO fiber core heat-treated at 900°C for a 

dwelling time of 10 min in air; Reference from RUFF database: cuprite (R050384) 
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Figure 50: Raman spectrum at the core/cladding interface region of a vacuum as-drawn YBCO fiber heat-treated at 

1000°C for a dwelling time of 10 min in air; Reference from RUFF database: cristobalite (X050046) and cuprite 
(R050384) 

In fact, the work in [102] describes the formation of cristobalite in the interface region of liquid 

silicon and vitreous silica, as can be seen in Figure 51 a).  
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Figure 51: a) Interface layer of cristobalite image taken from [102] compared to the obtained YBCO samples heat-

treated at b) 1000°C, c) 1100°C and d) 1200°C for 10 min in air 

The interface structure in Figure 51 a) shows close similarity to the morphology features of the 

core/cladding interface region of our heat-treated YBCO fiber sections at 1000°C, 1100°C and 

1200°C, as shown in Figure 51 b) to d), respectively. This, hence, further suggests that cristobalite 

forms at the interface region.  

The EDS mappings of the YBCO core heat-treated at 1000°C to 1200°C are shown in Figure 52 

to Figure 54. 

a)                                  b)                                 c)              d)    



  

59 
 

 
Figure 52: EDS mapping of the vacuum as-drawn YBCO core heat-treated at 1000°C for a dwelling time of 10 min 

in air atmosphere (scale bar 5 µm) 

Figure 52 to Figure 54 show that, at 1000°C, a yttrium-rich phase begins to form. Figure 52 to 

Figure 54 also show that, in addition to the yttrium-rich phase, a barium-rich phase is formed inside 

the core at 1000°C, which transforms to a barium-copper-rich phase at 1200°C. In addition, Figure 

54 shows the presence of the silica cladding material inside the core at 1200°C. 



  

60 
 

 
Figure 53: EDS mapping of the vacuum as-drawn YBCO core heat-treated at 1100°C for a dwelling time of 10 min 

in air atmosphere (scale bar 10 µm) 
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Figure 54: EDS mapping of the vacuum as-drawn YBCO core heat-treated at 1200°C for a dwelling time of 10 min 

in air atmosphere (scale bar 30 µm) 

In order to further analyze the phases formed, EDS point analyses and XRD analyses were 

performed on the heat-treated fiber sections between 900°C and 1200°C. The EDS point analyses 

can be seen in Table 11 to Table 14, in which the different phases are circled using different colors. 

In addition, each table shows the phases which are likely to have formed by computing the ratios 

of each elemental composition while taking into consideration the overlapping/overlay of phases 

due to the large excitation volume of around 2 µm. 
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Table 11: EDS point analysis of the vacuum as-drawn YBCO core heat-treated at 900°C for a dwelling time of 10 
min in air atmosphere 

 

Area measured in atomic-% Y Ba Cu O Si 
White  1.0 1.5 44.6 42.2 10.7 
Green 1.4 1.5 9.6 58.4 29.1 
Orange  5.5 8.0 2.4 58.8 25.3 

*EDS Analysis at 10 kV 
White: Cu2O formation plus SiO2 (overlap region) 
Green: mainly SiO2 
Orange: deficient in copper; consists of a lamellar structure  

Table 12: EDS point analysis of the vacuum as-drawn YBCO core heat-treated at 1000°C for a dwelling time of 10 
min in air atmosphere 

 

Area measured in atomic-% Y Ba Cu O Si 
White   1.3 3.3 42.5 43.4 9.5 
Green 4.4 3.1 3.1 64.6 24.8 
Red   0.7 13.4 2.1 59.5 24.3 
Violet 9.2 6.4 2.2 64.3 17.9 

*EDS Analysis at 20 kV 

 

 

Area measured in atomic-% Y Ba Cu O Si 
White   0.0 0.2 63.5 35.3 1.0 
Green 3.1 1.5 0.8 62.5 32.1 
Red   0.0 11.6 1.5 59.1 27.8 
Violet 10.3 5.6 0.5 62.9 20.7 

*EDS analysis at 10 kV 
White: mainly Cu2O with minor SiO2 content 
Green: mainly SiO2 
Red: mainly barium silicate  
Violet: yttrium barium silicate 

Table 13: EDS point analysis of the vacuum as-drawn YBCO core heat-treated at 1100°C for a dwelling time of 10 
min in air atmosphere 

 

Area measured in atomic-% Y Ba Cu O Si 
White   1.4 3.9 27.5 53.0 14.2 
Green 2.7 5.4 4.6 62.3 25.0 
Blue 1.2 6.5 6.8 64.1 21.4 
Violet 10.7 6.2 1.4 65.8 15.9 

*EDS analysis at 20 kV 
White: mainly Cu2O  
Green: mainly SiO2 
Blue: mainly barium copper silicate (BaCuO10Si4) 
Violet: yttrium barium silicate (BaY2Si3O10) 
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Table 14: EDS point analysis of the vacuum as-drawn YBCO core heat-treated at 1200°C for a dwelling time of 10 
min in air atmosphere 

 

Area measured in atomic-% Y Ba Cu O Si 
Green 0.1 0.8 0.9 65.9 32.3 
Blue 1.0 7.9 11.5 61.7 17.9 
Violet 13.1 6.3 0.4 63.7 16.5 

*EDS analysis at 20 kV 
Green: mainly SiO2 
Blue: barium copper silicate (mixed state) 
Violet: yttrium barium silicate (BaY2Si3O10) 

The results of the EDS point analyses and the EDS mapping are compared with the XRD results, 

which are shown in Figure 55, to provide a further quantitative analysis. 
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Figure 55: XRD patterns for the heat-treated vacuum as-drawn YBCO glass fibers  

The XRD results show that, in addition to cuprite (peaks labeled a) and cristobalite (peaks labeled 

b), barium copper silicates (BaCuSi4O10 at 1100°C, peaks labeled e, and BaCuSi2O6 at 1200°C, 

peaks labeled c) and yttrium barium silicate (BaY2Si3O10, peaks labeled d) crystalline phases form 

at 1100°C and 1200°C, which is in line with the results of the EDS analysis. In addition, Figure 

56 shows the corresponding Debye-Scherrer diffraction rings. In this regard, single crystalline 

formations are visible, at 1100°C and 1200°C, which correspond to the BaY2Si3O10 phase. Figure 

55 also shows that an amorphous phase remains present even at 1200°C. Because of the persistent 

amorphous phase, the broadness of the peaks from the crystalline phase, and the number of phases 

present at the higher temperatures, Rietveld refinements to obtain phase ratios were not possible. 
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Figure 56: Debye-Scherrer diffraction ring patterns of as-drawn and heat-treated YBCO glass fiber core 

The obtained barium copper silicates are known as Han blue (BaCuSi4O10) and Han purple 

(BaCuSi3O6) and were used in ancient times as blue/purple pigment colors [103]. Both silicates 

exhibit in their pure form a blue color. Hence, optical microscopy can also be used to detect the 

formation of barium copper silicates.  
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This is, in general, the first study on YBCO and silica, which demonstrates barium copper silicate 

formation as well as yttrium barium silicate formation within the YBCO-SiO2 system.  

To further study these phase formations, cross-polarized images of the YBCO core were taken on 

the heat-treated fiber sections. The reflection mode as well as the cross-polarized images can be 

seen in Figure 57. 

Here, we note that cross-polarized light microscopy was performed since it can be used to identify 

anisotropic grains in an opaque material, due to the characteristic correlation between a certain 

color and its associated phase [104]. A number of works in the literature [104-108] describe the 

use of such a cross-polarized light study to generally determine the presence of YBCO impurity 

phases as well as the superconductive Y-123 phase. 

The cross-polarized light study using an optical microscope, which can be seen in Figure 57, shows 

that, at 800°C, neither the core nor the cladding show any color of polarization, which is an 

indication of the existence of an isotropic structure. However, the interface layer is visible in a 

yellow color. At a temperature of 900°C, the co-precipitations show a red/orange color, which 

intensifies at 1000°C. Moreover, at 1100°C, the red color continues to be present in the center of 

the core. However, there is a darker blue layer present between the core (red) and the cladding 

region (yellow). At 1200°C, the core is entirely blue and the interface contains an orange/yellow 

color.  

It is stated in [107] that a red color observed under cross-polarized light is a sign of Cu2O impurity 

formation in YBCO. Hence, the cross-polarized imaging results confirm the formation of Cu2O 

inside the core, which was also identified using the EDS and XRD analyses. Moreover, the blue 

color visible at 1100°C and 1200°C is an indication of barium copper silicate formation. Here, we 

note that the superconductive Y-123 phase would be indicated by a golden color in cross-polarized 

light [108]. This golden color was not observed in this cross-polarized light study, which indicates 

the absence of the Y-123 phase and which confirms our previous results. 
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Figure 57: Optical microscope images, in reflection mode and with cross-polarized light, of YBCO fiber cross-

sections heat-treated at temperatures between 800°C and 1200°C for a dwelling time of 10 min in air atmosphere 
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3.1.6.2 Summary and conclusion of the results obtained for heat-treated as-drawn 
YBCO glass fibers in air atmosphere 

In summary, the additional heat-treatments on vacuum as-drawn YBCO fiber sections show that 

it was not possible to restore the superconductive Y-123 phase using melt-texturing techniques.  

Table 15 summarizes the obtained quantitative results, by showing the phases present inside the 

YBCO core at the different heat-treatment temperatures.  

Table 15: Phases present inside the vacuum as-drawn YBCO core at different temperatures determined using EDS 
point analyses combined with XRD analyses 

Heat-treatment temperature Phases present 
800°C Amorphous silicate phase + Cu2O 
900°C Amorphous silicate phase + Cu2O + cristobalite 
1000°C Amorphous silicate phase + Cu2O + cristobalite 

1100°C 
Amorphous silicate phase + Cu2O + cristobalite + 
BaY2Si3O10 * + BaCuO10Si4 

1200°C 
Amorphous silicate phase + Cu2O + cristobalite + 
BaY2Si3O10

* + BaCuO6Si2
 

*single crystal formation shown in Figure 56 

Moreover, it was discovered that barium copper as well as yttrium copper silicates are formed as 

reaction products at elevated temperatures within the YBCO-SiO2 system. 

Furthermore, the additional heat-treatments show that further reactions within the core led to 

silicate formation even at a short dwelling time of 10 min. Hence, in order to investigate the 

possibility of recrystallizing the Y-123 from the amorphous as-drawn YBCO core, lower 

temperature heat-treatments (<1100°C) with longer dwelling times must be investigated. This 

investigation and the corresponding results are presented in the following section.  

3.1.6.3 Heat-treated as-drawn YBCO glass fibers under flowing oxygen 

Long-term oxygen heat-treatments were conducted to investigate the possibility of restoring the 

Y-123 phase in the as-drawn fibers. In fact, long-term oxygen heat-treatments are described in [75] 

to recrystallize a nearly glassy phase of YBCO into Y-123 phase. However, we note that no study 

can be found in the literature, which states that a fully amorphous phase can be recrystallized. 
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As-drawn YBCO fiber sections were heat-treated for two different heating cycles as can be seen 

in Figure 58.  
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Figure 58: Heat-treatment cycles for long-term oxygen heat-treatment 

The slow cooling rate of 1°Cmin-1 and the additional dwelling time of 12 hours at 500°C, were 

chosen to ensure that enough oxygen absorption occurs during the cooling process. The oxygen 

flow used was 0.4 SLmin-1. 

BSE images of the as-drawn YBCO core heat-treated in flowing oxygen for a dwelling time of 12 

hours at 950°C are shown in Figure 59. 

 
Figure 59: BSE images of heat-treated YBCO fiber sections at 950°C for 12 hours in O2 a) entire YBCO fiber core 

and b) higher magnification image of the YBCO fiber core 

As can be seen in Figure 59, the entire core shows a morphology similar to those of the heat-treated 

YBCO fiber sections in air atmosphere shown in Section 3.1.6.1. An EDS line-scan was performed 

on the YBCO core to determine whether the overall silicon content inside the YBCO core 

increased, which would imply further diffusion between the YBCO core and the silica cladding 

a)                                                           b) 
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during the prolonged heat-treatment dwelling time at 950°C. The EDS line-scan is shown in Figure 

60. 
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Figure 60: EDS line-scan of the oxygen heat-treated YBCO fiber section for a dwelling time of 12 hours at 950°C 

Figure 60 shows that the silicon content inside the core changed marginally as compared to the as-

drawn YBCO glass fibers shown in Figure 25.  

In addition, the XRD pattern of the oxygen heat-treated sample at 950°C for 12 hours dwelling 

time is shown in Figure 61 and the Debye-Scherrer diffraction ring pattern can be seen in Figure 

62. 
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Figure 61: XRD-pattern of the oxygen heat-treated YBCO fiber section for a dwelling time of 12 hours at 950°C 
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Figure 62: Debye-Scherrer diffraction ring pattern of the oxygen heat-treated YBCO fiber section for a dwelling 

time of 12 hours at 950°C 

The XRD pattern in Figure 61 shows that restoring the Y-123 phase was not possible. The phases 

formed are indexed to belong to Cu2O, cristobalite, BaY2Si3O10 and the oxygen-rich BaCuO10Si4. 

The optical microscope images in Figure 63 show blueish and red colors in the cross-polarized 

light, which correspond to BaCuO10Si4 and Cu2O formation. In addition, Figure 63 shows that no 

homogeneous phase formation occurred. 

 
Figure 63: Optical microscope images of the oxygen heat-treated YBCO fiber section for a dwelling time of 12 

hours at 950°C; a) reflection mode, b) cross-polarized light 

In general, based on its amorphous glassy core, the as-drawn fiber exhibits a dense structure, which 

hinders the oxygen diffusion during the heat-treatment. Therefore, a second YBCO fiber section 

was heat-treated using the same heating cycle, shown in Figure 58, but using a dwelling time of 

48 hours instead of 12 hours. SEM images of the YBCO fiber section after the heat-treatment are 

shown in Figure 64 and the EDS line-scan can be seen in Figure 65. 

a)                                                       b) 
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Figure 64: SEM images of the heat-treated YBCO fiber sections at 950°C for 48 hours in O2 a) Secondary electron 

(SE) image of entire YBCO fiber core and b) BSE higher magnification image of the YBCO fiber core 
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Figure 65: EDS line-scan of the oxygen heat-treated YBCO fiber section for a dwelling time of 48 hours at 950°C 

The morphology of the YBCO core, in Figure 64, is similar to that of the sample heat-treated in 

air at 1100°C (shown in Figure 45). Furthermore, the EDS line-scan in Figure 65 does not show 

any further silicon diffusion inside the core. In order to analyze the phases formed, EDS point 

analysis and XRD analysis were performed. The EDS point analysis can be seen in Table 16.   

 

a)                                                            b) 
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Table 16: EDS point analysis of the oxygen heat-treated YBCO fiber section for a dwelling time of 48 hours at 950°C 

 

Area measured in atomic-% Y Ba Cu O Si 
Green 0.0 0.0 0.1 69.0 30.9 
Green dotted 0.1 0.4 0.7 67.7 31.1 
Black dotted 1.1 1.7 2.1 64.1 31.0 
Blue 0.9 5.0 5.8 61.8 26.5 
Violet/Blue 5.2 3.8 3.6 63.6 23.8 

*EDS analysis at 20 kV 
Green: SiO2 
Blue: barium copper silicate (BaCuSi4O10) 
Violet/Blue: yttrium barium silicate (BaY2Si3O10 + BaCuSi4O10) 
Black dotted: mixed phases due to overlap 
 

The XRD pattern and the Debye-Scherrer diffraction ring pattern of the oxygen heat-treated fiber 

section with a 48 hours dwelling time are shown in Figure 66 and Figure 67, respectively. 
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Figure 66: XRD-pattern of the oxygen heat-treated YBCO fiber section for a dwelling time of 48 hours at 950°C 
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Figure 67: Debye-Scherrer diffraction ring pattern of the oxygen heat-treated YBCO fiber section for a dwelling 

time of 48 hours at 950°C 

The EDS point analysis as well as the XRD analysis show a similar phase formation as compared 

to the as-drawn YBCO fiber section heat-treated for 12 hours, instead of 48 hours, at 950°C. 

However, at a dwelling time of 48 hours, single crystal formation of the Cu2O phase occurred, as 

can be seen in Figure 67, as well as an increase in intensity of the barium copper silicate phase.  

Optical microscope images were taken of the 48 hours fiber section in reflection as well as in cross-

polarized mode and are shown in Figure 68. 

 
Figure 68: Optical microscope images of the oxygen heat-treated YBCO fiber section for a dwelling time of 48 

hours at 950°C; a) reflection mode, b) cross-polarized light 

As shown in Figure 68, the blue color of the oxygen-rich barium copper silicate forms an outer 

phase layer inside the core region. Whereas, the center of the core shows a mixed phase. Hence, it 

is expected that longer heat-treatments will transform the entire core region into barium copper 

silicate and yttrium barium silicate. 

a)                                                    b) 
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3.1.6.4 Summary and conclusion of the results obtained for heat-treated as-drawn 
YBCO glass fibers under flowing oxygen 

In summary, it was shown that long oxygen heat-treatments at lower temperatures (<1100°C) do 

not lead to the formation/recrystallization of the Y-123 in the drawn YBCO fibers. Moreover, it 

was shown that barium copper and yttrium barium silicate form at lower temperatures (950°C), as 

compared to the air heat-treated as-drawn YBCO fiber sections, after a prolonged heating. Hence, 

this supports the conclusion that barium copper silicate and yttrium barium silicate are the stable 

phases in the YBCO-SiO2 system at the lower temperatures.  

 Summary 

This section has presented the first reported success in drawing YBCO glass fibers using a fiber 

draw tower and have shown the occurrence of dissolution and diffusion based reactions between 

the YBCO core and the silica cladding. In this regard, we have provided an in-depth analysis of 

these reactions, presented a novel phase separation analysis within the glass-forming YBCO-SiO2 

system and investigated the possibility of reducing the occurring reactions and mitigating their 

effects. The performed analyses have considered draws in vacuum and in oxygen atmospheres, 

different cladding materials (fused silica and borosilicate) and different preform designs. In 

addition, the conducted analyses have also considered as-drawn fibers as well as heat-treated fibers 

in different atmospheres, temperatures and dwelling times.   

Moreover, different preform designs (shown in Figure 20) were drawn and analyzed using SEM 

imaging and EDS analyses. However, the obtained fiber sections showed that the variations in the 

preform design had no effect on reducing the dissolution and diffusion based reactions between 

the YBCO core and the silica cladding.  

In order to further analyze the reactions within the YBCO-SiO2 system and to draw further 

conclusions regarding phase relations therein, Sections 3.2 and 3.3 provide additional analyses 

focusing on YBCO+SiO2 pellets, heat-treated in air and oxygen atmospheres, as well as rapid 

thermal annealing experiments, with a subsequent quenching step, on YBCO+SiO2 rods and 

YBCO powder inserted in a fused silica tube. 
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 Phase relations within YBa2Cu3O7-x + SiO2 pellets 

This section focuses on YBa2Cu3O7-x+SiO2 pellets heat-treated in air as well as in oxygen 

atmospheres in order to generate further conclusions regarding the phase relations within the 

YBCO-SiO2 system.  

 Objective and procedure  

In order to investigate the effect of the silica content on the superconductivity of YBCO and 

investigate the underlying phase relations, YBCO powder (SCI Engineered Materials 99.99% 

purity) was pressed into 1g pellets using a cold isostatic press by adding 0 at.-% (pure YBCO 

pellet), 20 at.-%, 33.33 at.-% or 50 at.-% amorphous silica powder (99.9% Alfa Aesar), 

respectively. The mold used for the cold isostatic pressing was self-made by using latex rubber 

tubing (5234K23) and high-temperature pull-through round plugs (2903K22) from McMaster-

Carr. The pellets were heat-treated at 900°C to 1200°C in air using a muffle furnace, Barnstead 

Type 1500. In addition, heat-treatments at 900°C to 1100°C were performed under flowing oxygen 

with the rate of 0.2 SLmin-1 using a standard tube furnace, MTI Corporation Model GSL-1100X. 

The heating and cooling rates were set to 5°Cmin-1 and the used dwelling time was 30 min (for 

both heat-treatment atmospheres). In addition, the crucible used is a piece of high purity alumina 

(99.8%) tubing from CoorsTek. Furthermore, YBCO powder was used as a barrier layer between 

the YBCO pellet and the alumina crucible. Following this method, no detectable impurity 

formation occurred between alumina and the pellet. Due to the partial melting of YBCO at around 

1002°C (as shown in Table 1), the pellets begin to form a liquid phase above this temperature. The 

liquid that is formed wets and corrodes the alumina crucible. Hence, long dwelling times cannot 

be used in this study, due to the wetting and corrosion issues, which prevent the possibility of 

determining equilibrium phases at these elevated temperatures. Therefore, long heat-treatments 

were solely performed at 900°C for dwelling times of 12 hours and seven days in air atmosphere.  

In order to characterize the heat-treated pellets, the pellets were polished with silicon carbide 

grinding paper down to a grit size of P4000. Their crystal structure was determined using XRD 

analyses on a PANalytical powder X-Ray diffraction instrument using Cu-Kα-radiation. HighScore 

Plus was used for Rietveld refinement analysis in order to determine the phases present after the 

heat-treatment. Furthermore, the heat-treated pellets in air atmosphere were characterized with an 
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environmental scanning electron microscope, FEI Quanta 600 FEG. Energy dispersive 

spectroscopy for chemical composition point analysis and mapping were performed using an 

attached Bruker QUANTAX 400 Energy Dispersive X-Ray Spectrometer with a high speed 

Silicon Drifted Detector at an accelerating voltage of 20.0 kV.  

In general, this study is the first to analyze YBCO powder with silica powder addition at elevated 

temperatures above 1000°C. In this regard, the goal of this study is to identify the phases formed 

after heat-treatments in air and in O2 atmosphere using XRD and EDS analyses, as well as to 

determine the effect of the silica addition on the superconductivity of YBCO. As previously 

mentioned, due to the YBCO material wetting and corroding the crucible material, prolonged 

dwelling times to investigate the equilibrium phases between YBCO and silica at elevated 

temperatures are not feasible. However, this study serves as a first investigation of phase relations 

between YBCO and silica at elevated temperatures.  

 Results on YBCO/SiO2 pellets heat-treated in air atmosphere 

First, pure YBCO pellets were characterized in order to be used as a reference. The pure YBCO 

pellets were heat-treated between 900°C and 1200°C for a dwelling time of 30 min in air 

atmosphere with heating and cooling rates of 5°Cmin-1. These pellets were, then, analyzed using 

XRD and EDS on the SEM. The XRD patterns of the pure YBCO pellets are shown Figure 69.  
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Figure 69: XRD patterns of the pure YBCO pellets heat-treated at 900°C, 1000°C, 1100°C and 1200°C for a 

dwelling time of 30 min in air atmosphere 
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It can be seen in Figure 69 that the Y-123 phase still exists from room temperature up to 1200°C. 

However, due to the eutectic and peritectic reactions within the YBCO system, as shown in Table 

1, second phases form such as Y-211, CuO and BaCuO2. In addition, due to the heat-treatment in 

air, the oxygen deficient tetragonal Y-123 phase forms above 1000°C. To further analyze the 

obtained composition, SEM analyses were performed on the heat-treated pure YBCO pellets. The 

BSE images can be seen in Figure 70. 

 
Figure 70: BSE images of the pure YBCO pellets at a) room temperature and heat-treated at b) 900°C, c) 1000°C, 

d) 1100°C and e) 1200°C for 30 min dwelling time in air atmosphere 

The BSE images in Figure 70 show, due to their Z-contrast imaging ability, the formation of second 

phases during the heat-treatment process.  

To further analyze the phases present, EDS point analyses were performed. The results can be seen 

in Table 17. The oxygen content in all EDS point analyses show a lower value as theoretically 

expected. It should be noted that roughness of the surface can lead to the loss of characteristic X-

Rays of low energy X-ray exhibiting elements, such as oxygen. The EDS results, shown in Table 

17, confirm the obtained XRD results for all heat-treated pure YBCO pellets.  

 

 

 

 

a)                                 b)                                c)                                   d)              
 

 

 

 

      e)            
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Table 17: EDS point analysis of the pure YBCO pellets at a) room temperature and after heat-treatments at b) 900°C, 
c) 1000°C, d) 1100°C and e) 1200°C for 30 min dwelling time in air atmosphere 

a) 

 

Area measured in atomic-% Y Ba Cu O 
White  9.0 16.6 28.7 45.7 
White 9.4 17.6 27.6 45.4 
White 8.4 16.5 27.6 47.5 
White 8.2 15.4 27.0 49.4 
 
White: Y-123 

b) 

 

Area measured in atomic-% Y Ba Cu O 
White 8.5 16.4 27.1 48.0 
Green 1.4 3.3 49.6 45.7 
 
White: Y-123 
Green: CuO (overlap with Y-123 phase) 

c) 

 

Area measured in atomic-% Y Ba Cu O 
Orange 24.3 11.7 12.5 51.5 
Green 0.0 0.2 55.7 44.1 
Violet 0.2 23.8 27.7 48.3 
 
Orange: Y-211 
Green: CuO 
Violet: BaCuO2 
*not visible here: Y-123 phase 

d) 

 

Area measured in atomic-% Y Ba Cu O 
White 7.7 18.1 26.3 47.9 
Green 0.0 0.3 53.4 46.3 
Violet 0.0 23.5 29.1 47.4 
 
White: Y-123 
Green: CuO 
Violet: BaCuO2 
*not visible here: Y-211 phase 

e) 

 

Area measured in atomic-% Y Ba Cu O 
White 8.3 16.5 25.6 49.6 
White 8.6 16.6 25.3 49.5 
Green 0.0 0.2 52.9 46.9 
Violet 0.2 22.9 27.7 49.2 

 
White: Y-123 
Green: CuO 
Violet: BaCuO2 
*not visible here: Y-211 phase 
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In the following step, the pellets with silica addition of 20 at.-%, 33.33 at.-% as well as 50 at.-% 

were characterized. The results are shown and analyzed next.  

3.2.2.1 YBCO + 20 at.-% SiO2 pellets 

The XRD patterns of the YBCO+20 at.-% SiO2 pellets heat-treated at 900°C to 1200°C for a 

dwelling time of 30 min in air atmosphere are shown in Figure 71. 
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Figure 71: XRD patterns of the YBCO+20 at.-% SiO2 pellets heat-treated at 900°C, 1000°C, 1100°C and 1200°C 

for a dwelling time of 30 min in air atmosphere 

As shown in Figure 71, YBCO and SiO2 react at 900°C to form barium silicate. Nonetheless, the 

Y-123 phase remains present at temperatures up to 1200°C. However, at 1100°C and 1200°C, the 

non-superconductive tetragonal phase of Y-123 is present, as it was also the case for the pure heat-

treated YBCO pellets. Furthermore, the BSE images of the morphology of the pellets can be seen 

in Figure 72 and the EDS point analysis is shown in Table 18. 

 
Figure 72: BSE images of the YBCO+20 at.-% SiO2 pellets heat-treated at a) 900°C, b) 1000°C, c) 1100°C and d) 

1200°C for 30 min dwelling time in air atmosphere 

a)                                   b)                                  c)                                 d)                        
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Table 18: EDS point analysis of the YBCO+20 at.-% SiO2 pellets at a) 900°C, b) 1000°C, c) 1100°C and d) 1200°C 
for 30 min dwelling time in air atmosphere 

a) 

 

 

Area measured in atomic-% Y Ba Cu O Si 
White  9.1 17.6 26.8 46.5 0.0 
Green 0.3 1.3 54.4 44.0 0.0 
Yellow 4.9 13.8 15.8 59.6 5.9 
White 8.3 16.9 26.7 48.1 0.0 
 
White: Y-123 
Green: CuO (overlap with Y-123 phase) 
Yellow: Ba2SiO4 (overlap with Y-123 phase) 

b) 

 

Area measured in atomic-% Y Ba Cu O Si 
White 8.9 17.5 28.7 44.9 0.0 
Yellow 0.0 28.6 18.1 47.9 5.4 
Green 0.0 0.9 57.2 41.8 0.1 
 
White: Y-123 
Green: CuO 
Yellow: Ba2SiO4 + BaCuO2  

c) 

 

Area measured in atomic-% Y Ba Cu O Si 
Violet dotted 22.0 10.6 16.9 50.5 0.0 
Green  0.1 0.9 53.8 45.0 0.2 
White 5.4 22.2 18.7 48.5 5.2 
Yellow dotted 24.5 11.9 14.0 49.6 0.0 

 
Violet dotted: Y-211 + overlap with CuO phase 
Green: CuO 
White: Y-123 + Ba2SiO4 
Yellow dotted: Y-211 

d) 

 
 

Area measured in atomic-% Y Ba Cu O Si 
Orange 51.5 0.5 1.7 46.2 0.1 
Blue 4.0 29.1 12.7 46.1 8.1 
Green 0.0 0.2 60.0 39.8 0.0 
White 26.8 13.2 15.3 44.7 0.0 
Yellow 0.0 34.3 7.0 46.8 11.9 

 
Orange: Y2O3  
Blue: Y-123 + Ba2SiO4 
Green: CuO  
White: Y-211 
Yellow: Ba2SiO4 + BaCuO2 



  

81 
 

The EDS point analysis in Table 18, as well as the EDS mapping shown in Appendix 2, show that 

barium silicate formation occurs at the barium copper oxide rich liquid phase regions and form 

CuO and Ba2SiO4 upon cooling. Furthermore, Y2O3 forms at 1200°C, which is detectable using 

the XRD as well as the EDS analyses. The formation of the Y2O3 phase at 1200°C is an indication 

that the addition of silica reduces the temperature of the peritectic reactions. Indeed, this was also 

reported in [9] to occur for the peritectic melting of the Y-123 phase into the Y-211 phase and the 

liquid phase below 1000°C. In addition, as shown in Figure 72, the morphology of the pellets is 

more porous as compared to the pure YBCO pellets, which can stem from the silica powder 

addition.  

3.2.2.2 YBCO + 33.33 at.-% SiO2 pellets 

The XRD patterns of the YBCO+33.33 at.-% SiO2 pellets heat-treated at 900°C to 1200°C for a 

dwelling time of 30 min in air atmosphere are shown in Figure 73. 
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Figure 73: XRD patterns of the YBCO+33.33 at.-% SiO2 pellets heat-treated at 900°C, 1000°C, 1100°C and 

1200°C for a dwelling time of 30 min in air atmosphere 

Figure 73 shows that, above 900°C, the tetragonal Y-123 phase forms. Furthermore, the XRD 

patterns in Figure 73 show an increase in the 100% intensity peak of the barium silicate phase, at 

a 2 Theta angle of around 29.5°, as compared to the 100% intensity peak of the Y-123 phase, at a 

2 Theta angle of 32.9° (orthorhombic Y-123) and 32.5° (tetragonal Y-123). To confirm this change 

in phase formation, Rietveld refinement results will be presented and analyzed in Section 3.2.2.4. 
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Furthermore, the BSE images of the YBCO+33.33 at.-% SiO2 pellets are shown in Figure 74 and 

the EDS point analysis is shown in Table 19. 

 
Figure 74: BSE images of the YBCO+33.33 at.-% SiO2 pellets heat-treated at a) 900°C, b) 1000°C, c) 1100°C and 

d) 1200°C for 30 min dwelling time in air atmosphere 

As shown in Table 19, the YBCO+SiO2 pellet heat-treated at 900°C still shows pure unreacted 

silica particles, which is an indication of a moderate reaction rate of YBCO and silica at 900°C. 

The high silicon content areas, which are detectable at 900°C and 1000°C, can stem from the 

polishing process using the silicon carbide grinding paper, as it is unlikely that they are caused by 

a strong reaction process between the silica powder and the YBCO powder. In addition, the XRD 

analyses do not show crystalline silicon formation.  

Table 19: EDS point analysis of the YBCO+33.33 at.-% SiO2 pellets at a) 900°C, b) 1000°C, c) 1100°C and d) 
1200°C for 30 min dwelling time in air atmosphere 

a) 

 

 

Area measured in atomic-% Y Ba Cu O Si 
Turquoise 0.1 0.1 0.2 63.6 36.0 
Green 1.6 5.2 45.3 46.3 1.6 
Yellow 3.4 6.3 13.1 17.1 60.1 
White 8.8 16.4 27.5 47.3 0.0 
Violet 8.3 5.9 37.8 47.4 0.6 
 
Turquoise: un-reacted SiO2 particles 1 µm diameter 
White: Y-123 
Green: CuO (overlap with Y-123 and Ba2SiO4 phases) 
Yellow: Silicon-rich region (overlap with Y-123 phase) 
Violet: Y-211 + CuO  

a)                                  b)                                   c)                                  d)                        
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b) 

 

Area measured in atomic-% Y Ba Cu O Si 
Turquoise 11.0 21.2 15.3 48.5 4.0 
Green dotted 0.0 3.4 53.6 41.4 1.6 
Green 0.2 1.5 55.8 42.1 0.4 
White 7.2 23.2 17.9 47.0 4.7 
Violet 8.9 17.7 22.2 44.9 6.3 
 
Turquoise: undefined 
Green dotted: CuO + Ba2SiO4 
Green: CuO + Ba2SiO4 
White: Y-123 + Ba2SiO4 
Violet: Y-123+ Silicon-rich region 
*not visible here: Y-211 phase 

c) 

 

Area measured in atomic-% Y Ba Cu O Si 
Green 21.1 11.3 19.4 48.2 0.0 
Orange 0.2 35.6 2.2 48.7 13.3 
White 11.6 16.2 19.9 50.8 1.5 
Blue 20.1 14.6 17.8 47.5 0.0 
Violet 26.5 12.8 15.7 45.0 0.0 
Red 0.0 0.2 58.9 40.9 0.0 

 
Green: Y-211 + CuO 
Orange: CuO + Ba2SiO4 
White: Y-123 + Ba2SiO4 
Blue: Y-211/Y-123 
Violet: Y-211 
Red: CuO 

d) 

 
 

Area measured in atomic-% Y Ba Cu O Si 
Yellow 0.0 33.7 1.2 51.9 13.2 
Green 25.7 12.3 13.6 48.4 0.0 
Yellow dotted 8.0 17.9 29.1 44.9 0.1 
Blue 47.6 0.5 0.3 51.4 0.2 
Orange 0.0 0.2 55.0 44.8 0.1 
Red 0.0 34.1 1.8 50.9 13.2 

 
Yellow: Ba2SiO4 + minor CuO 
Green: Y-211 
Yellow dotted: Y-123 
Blue: Y2O3  
Orange: CuO 
Red: Ba2SiO4 + minor CuO 

3.2.2.3 YBCO + 50 at.-% SiO2 pellets  

The XRD patterns of the YBCO+50 at.-% SiO2 pellets heat-treated at 900°C to 1200°C for a 

dwelling time of 30 min in air atmosphere are shown in Figure 75.  
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Figure 75: XRD patterns of the YBCO+50 at.-% SiO2 pellets heat-treated at 900°C, 1000°C, 1100°C and 1200°C 

for a dwelling time of 30 min in air atmosphere 

The XRD patterns, in Figure 75, no longer show a clear Y-123 phase, which is an indication of a 

strong reaction between silica and YBCO. Due to the high silica content, nearly all of the Y-123 

phase reacted with silica to form barium silicate and yttrium copper oxide. To further analyze these 

results, BSE images of the heat-treated YBCO+50 at.-% SiO2 pellets are shown in Figure 76 and 

EDS point analysis is shown in Table 20.  

 
Figure 76: BSE images of the YBCO+50 at.-% SiO2 pellets heat-treated at a) 900°C, b) 1000°C, c) 1100°C and d) 

1200°C for 30 min dwelling time in air atmosphere 

The EDS analysis confirms the presence of the Y-123 phase up to 1200°C in a minor quantity. 

However, the EDS analysis shows that the Y-123 phase is surrounded by yttrium copper oxide and 

the barium silicate phases, which will lead the Y-123 to decompose when further increasing the 

dwelling time, as will be shown in Section 3.2.2.4. The EDS mapping shown in Appendix 2 clearly 

illustrates the distribution of the phases.   

a)                                   b)                                  c)                                 d)                        
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In addition, the EDS point analysis performed on the YBCO+SiO2 pellet heat-treated at 900°C 

shows a silicon-rich phase formation.  

Table 20: EDS point analysis of the YBCO+50 at.-% SiO2 pellets at a) 900°C, b) 1000°C, c) 1100°C and d) 1200°C 
for 30 min dwelling time in air atmosphere 

a) 

 

Area measured in atomic-% Y Ba Cu O Si 
Turquoise 0.8 29.3 2.8 55.1 12.0 
Violet 10.8 5.5 30.9 50.6 2.2 
Yellow 4.9 9.6 15.4 20.8 49.3 
 
Turquoise: Y-123 + Ba2SiO4 
Violet: Y-211 + CuO + Silicon-rich phase 
Yellow: Y-123 + Silicon-rich phase 

b) 

 

Area measured in atomic-% Y Ba Cu O Si 
Turquoise 21.4 5.7 24.5 48.0 0.4 
Green 1.1 0.4 54.1 44.4 0.0 
White 2.9 26.8 7.7 52.4 10.2 
 
Turquoise: mainly Y2Cu2O5 + Ba2SiO4 
Green: CuO  
White: Y-123+ Ba2SiO4 

c) 

 

Area measured in atomic-% Y Ba Cu O Si 
Green 24.8 0.4 23.5 51.2 0.1 
Orange 2.5 0.3 48.3 48.8 0.1 
Blue 0.5 27.5 5.3 54.8 11.9 
Violet 7.8 17.5 25.5 48.0 1.2 
Red 0.0 31.5 2.2 53.1 13.2 

 
Green: Y2Cu2O5 
Orange: mainly CuO 
Blue: mainly Ba2SiO4 , CuO  
Violet: mainly Y-123 
Red: mainly Ba2SiO4 , CuO 

d) 

 

Area measured in atomic-% Y Ba Cu O Si 
Blue 0.0 33.8 1.6 51.4 13.2 
Yellow 26.0 0.5 25.1 48.3 0.1 
Red dotted 0.0 0.0 56.7 43.3 0.0 
Yellow dotted 26.4 0.1 25.6 47.9 0.0 
White dotted 0.0 33.0 2.9 50.9 13.2 
Orange 1.3 28.5 8.0 50.8 11.4 
Green 8.7 17.0 27.9 46.4 0.0 
Red 9.0 18.0 28.5 44.5 0.0 

 
Blue: mainly Ba2SiO4 , CuO 
Yellow: Y2Cu2O5 
Red dotted: CuO 
Yellow dotted: Y2Cu2O5 
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White dotted: mainly Ba2SiO4 , CuO 
Orange: mainly Ba2SiO4 , CuO, Y-123 
Green: Y-123 
Red: Y-123 

 

3.2.2.4 Y-123 and Ba2SiO4 dependence on silica content for heat-treated YBCO + 
SiO2 pellets in air atmosphere 

In order to investigate the effect of the silica content on the degradation of the Y-123 phase, the 

XRD patterns were analyzed using the HighScore Plus software. In this regard, the effect of the 

silica content on the decomposition of the Y-123 phase and the formation of the Ba2SiO4 phase, is 

shown in Figure 77 and Figure 78, respectively. 
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Figure 77: Effect of silica content on the decomposition of the Y-123 phase 
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Figure 78: Effect of silica content on the formation of Ba2SiO4 

As shown in Figure 77, an increase in the heating temperature leads to a faster degradation of the 

Y-123 phase for a silica content of 20 at.-%. However, with a further increase in silica content, the 

temperature effect on the degradation of the Y-123 phase becomes marginal, taking the error in 

the software analysis into consideration. In conclusion, our results show that a silica addition 

drastically reduces the Y-123 phase even at a short dwelling time of 30 min, which is the dwelling 

time used in our analyses. Moreover, Figure 78 shows that with an increase in silica content and 

with an increase in temperature, the formation of the barium silicate phase increases. 

As mentioned earlier in Section 3.2.1, due to wetting and corrosion issues by YBCO, heat-

treatments at longer dwelling times (a dwelling time of 12 hours and a dwelling time of 7 days) 

were only performed for a 900°C heat-treatment temperature. In this regard, Figure 79 shows that 

for a silica content of 20 at.-%, the 12 hours and the 7 days dwelling times lead to a faster decrease 

of the Y-123 phase and a faster increase of the barium silicate phase, as compared to the 30 min 

dwelling time. Whereas, with an addition of 33.33 at.-% silica, no strong difference in the effect 

on the decomposition of the Y-123 phase and the formation of the barium silicate phase can be 

observed between all three dwelling times. The addition of 50 at.-% silica leads, however, to a 

complete decomposition of the Y-123 phase for the 12 hours and 7 days dwelling times, as opposed 

to the case of the 30 min dwelling time. Hence, our conclusion in Section 3.2.2.3, stating that the 

Y-123 phase decomposes completely into barium silicate and yttrium copper oxide with an 

increase in dwelling time, is further confirmed.  
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Figure 79: YBCO+20 at.-% silica pellets heat-treated in air atmosphere at 900°C-12h in air atmosphere: Effect of 

silica content on Y-123 phase (left) and Ba2SiO4 phase (right)   

In general, Figure 79 indicates that the rate of the reaction between YBCO and silica increases 

with an increase in silica content. This implies that reactions occur after a shorter dwelling time at 

higher silica contents.  

Moreover, as described in Section 2.5.1, the work in [10] states that after a 48 hours annealing at 

900°C, YBCO and silica with a mole ratio of 1:1 still exhibit the superconductive Y-123 phase in 

addition to barium silicate. As such, our work on heat-treated YBCO+SiO2 pellets for a dwelling 

time of 12 hours and 7 days at 900°C show that the results obtained in [10] cannot be generalized, 

due to the fact that in our work a mole ratio of 1:1 (YBCO:silica) led to a complete decomposition 

of the Y-123 phase after a 12 hours dwelling time.  

In order to investigate the effect of oxygen atmosphere on the reaction of YBCO and silica within 

YBCO+SiO2 pellets, heat-treatments were also performed in oxygen atmosphere. The results of 

these heat-treatments are presented and analyzed in the following section. 

 Results on YBCO + SiO2 pellets heat-treated in O2 atmosphere 

In order to analyze the effect of the oxygen partial pressure on the reaction of YBCO and silica, 

YBCO+SiO2 pellets were heat-treated in flowing oxygen and characterized, afterwards, using 

XRD analyses. Due to furnace restrictions, the heat-treatments were only performed up to a 

temperature of 1100°C. The XRD patterns of the pure reference YBCO pellets can be seen in 

Figure 80. 
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Figure 80: XRD pattern of pure YBCO pellets heat-treated at 900°C, 1000°C and 1100°C for a dwelling time of 30 

min in O2 atmosphere 

Figure 80 shows that, due to the flowing oxygen, the YBCO pellet heat-treated at 1100°C resulted 

in the formation of the orthorhombic Y-123 phase, as opposed to the case of the air heat-treated 

samples. Moreover, impurity phases are visible to contain CuO as well as the green Y-211 phase 

for all three heat-treatment temperatures.  

The XRD pattern of the YBCO + SiO2 pellets with a silica addition of 20 at.-% are shown in Figure 

81. As can be seen in Figure 81, the barium silicate phase forms at 900°C. In addition to the barium 

silicate formation, CuO and Y-211 phases also form. Moreover, the orthorhombic Y-123 phase 

transforms into the tetragonal non-superconductive phase at 1100°C, which is not the case for the 

pure YBCO reference pellet heat-treated at 1100°C and shown in Figure 80. As such, this indicates 

that the addition of silica hinders the formation of the superconductive Y-123 phase at elevated 

temperatures. 
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Figure 81: XRD pattern of YBCO + 20 at.-% SiO2 pellets heat-treated at 900°C, 1000°C and 1100°C for a dwelling 

time of 30 min in O2 atmosphere 

Moreover, the XRD patterns of the YBCO+SiO2 pellets with a silica addition of 33.33 at.-% are 

presented in Figure 82. As shown in Figure 82, an increase in the barium silicate phase occurs with 

a reduction in the Y-123 phase. Figure 82 shows that the CuO and Y-211 phases are also present. 

In addition, the Y-123 phase is present in its tetragonal non-superconductive crystal structure at 

1000°C and 1100°C despite the oxygen heat-treatment. Thus, this confirms that silica hinders the 

orthorhombic superconductive Y-123 formation as discussed in the analysis of the oxygen heat-

treated YBCO+20 at.-% SiO2 pellets.  
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Figure 82: XRD pattern of YBCO+33.33 at.-% SiO2 pellets heat-treated at 900°C, 1000°C and 1100°C for a 

dwelling time of 30 min in O2 atmosphere 
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The XRD patterns of the YBCO+SiO2 pellets with an addition of 50 at.-% silica are shown in 

Figure 83. The XRD patterns reveal a major barium silicate phase formation at all three 

temperatures in addition to a presence of CuO, Y2Cu2O5, Y-211 and a minor Y-123 phase.  

As such, our results show that an increase in the silicon content, decreases the onset temperature 

of the transformation from the orthorhombic crystal structure into the tetragonal crystal structure 

of the Y-123 phase.   
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Figure 83: XRD pattern of YBCO+50 at.-% SiO2 pellets heat-treated at 900°C, 1000°C and 1100°C for a dwelling 

time of 30 min in O2 atmosphere 

 

3.2.3.1 Y-123 and Ba2SiO4 dependence on the silica content for heat-treated YBCO 
+ SiO2 pellets in O2 atmosphere 

In order to quantitatively analyze the decomposition of the Y-123 phase and the formation of the 

barium silicate phase with an increase in the silica content, HighScore Plus was used to analyze 

the XRD patterns. In this respect, the decomposition of the Y-123 phase and the increase in the 

barium silicate phase, with respect to the increase in the silica content, are shown in Figure 84 and 

Figure 85, respectively. 
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Figure 84: Effect of silica content on the decomposition of Y-123 
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Figure 85: Effect of silica content on the formation of Ba2SiO4 

Figure 84 and Figure 85 show the same trend in the decomposition of Y-123 and the formation of 

barium silicate as compared to the air samples. Hence, this indicates that the oxygen partial 

pressure does not have a strong effect on the overall reaction behavior of YBCO and silica powder 

at this temperature range.  
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 Summary of results 

In general, the characterization analysis of the YBCO+SiO2 pellets showed that silica corrodes the 

Y-123 phase and forms barium silicate and yttrium copper oxide. Moreover, the oxygen heat-

treatments have shown that the silica content hinders the orthorhombic Y-123 phase formation. In 

addition, it was shown in Section 3.2.2.3, that prolonged dwelling times lead to a complete 

decomposing of the Y-123 phase into barium silicate as well as yttrium copper oxide.  

Furthermore, the heat-treated YBCO+SiO2 pellets show an overall higher Y-123 content for the  

1100°C and 1200°C heat-treated pellets as compared to the 900°C and 1000°C heat-treated pellets, 

which can stem from cooling through the first peritectic melting (as shown in Table 1), which can 

lead to the partial retransformation of the Y-123 phase (tetragonal crystal structure).  

In summary, this analysis clearly showed that barium is the only element in the YBCO system 

which reacts with silica (forming barium silicate) at temperatures between 900°C and 1200°C and 

dwelling times of 30 min. Moreover, contrary to literature [8], which studied the reaction of YBCO 

and silica powder at 950°C for 5 hours dwelling time in O2, our results show that no yttrium 

silicates form at temperatures between 900°C and 1200°C. In addition, this work revealed that, for 

a YBCO+50 at.-% silica pellet, the Y-123 phase completely decomposes after a heat-treatment at 

900°C and a dwelling time of 12 hours.  

Table 21 and Table 22 show a summary of all the phases that form in air and in oxygen atmosphere 

for the different compositions of the YBCO+SiO2 pellets and the different heat-treatment 

temperatures.  

In general, due to the multiphase formation, a quantitative analysis of the XRD data is highly 

challenging. Thus, as mentioned earlier, the Rietveld refinements obtained by analyzing the XRD 

patterns using the HighScore Plus software could be subject to errors. 
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Table 21: Reaction products in YBCO+SiO2 pellets in air atmosphere  

Temperature  YBCO pure  20 at.-% SiO2 33.33 at.-% SiO2 50 at.-% SiO2 
900°C-30 min Y-123, CuO, Y-211 Y-123, CuO, Y-211, 

Ba2SiO4 
Y-123, CuO, Y-211, 
Ba2SiO4, BaCuO2, 
(amorphous SiO2)  

Y-123, CuO, Y-211, 
Ba2SiO4, Y2Cu2O5 

900°C-12 hours Y-123, CuO, Y-211 Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4 

CuO, Y-211, Ba2SiO4, 
Y2Cu2O5 

900°C-7 days Y-123, CuO, Y-211 Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4 

CuO, Y-211, Ba2SiO4, 
Y2Cu2O5 

1000°C-30 min Y-123, CuO, Y-211, 
BaCuO2 

Y-123, CuO, Y-211, 
Ba2SiO4, BaCuO2 

Y-123, CuO Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4, Y2Cu2O5 

1100°C-30 min Y-123, CuO, Y-211, 
BaCuO2 

Y-123, CuO, Y-211, 
Ba2SiO4, CuO, BaCuO2 

Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Ba2SiO4, 
Y2Cu2O5 

1200°C-30 min Y-123, CuO, Y-211, 
BaCuO2 

Y-123, CuO, Y-211, 
Ba2SiO4, BaCuO2, Y2O3 

Y-123, CuO, Y-211, 
Ba2SiO4, Y2O3 

Y-123, CuO, Ba2SiO4, 
Y2Cu2O5 

Table 22: Reaction products in YBCO+SiO2 pellets in O2 atmosphere 

Temperature  YBCO pure  20 at.-% SiO2 33.33 at.-% SiO2 50 at.-% SiO2 
900°C-30 min Y-123, CuO, Y-211 Y-123, CuO, Y-211, 

Ba2SiO4 
Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4, Y2Cu2O5 

1000°C-30 min Y-123, CuO, Y-211 Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4, Y2Cu2O5 

1100°C-30 min Y-123, CuO, Y-211 Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4 

Y-123, CuO, Y-211, 
Ba2SiO4, Y2Cu2O5, 
Cu2O 
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To further characterize the reactions between YBCO and silica and to further understand the 

reactions within YBCO glass fibers, Section 3.3 will focus on rapid thermal annealing 

experiments, with a subsequent quenching step, on YBCO+SiO2 rods and on YBCO powder inside 

a fused silica tube.  

 Rapid thermal annealing analyses with subsequent quenching within 
the YBCO-SiO2 system  

 Objective and procedure 

The objective of the analyses using rapid thermal annealing experiments with a subsequent 

quenching step is to closely mimic the YBCO glass fiber study, to gain further insights on phase 

relations within the YBCO-SiO2 system and to assess the possibility of restoring the Y-123 phase.  

Rapid thermal annealing (RTA) experiments were performed on a pure YBCO rod and on a 

YBCO+20 at.-% silica rod with a subsequent quenching step, to possibly achieve a fully 

amorphous structure and to investigate possible recrystallization heat-treatments. In this regard, 

we investigate whether using silica, which acts as a glass former, allows achieving a fully 

amorphous YBCO within our experimental set-up.  

A pure reference YBCO powder (SCI Engineered Materials 99.99% purity) and the YBCO+20 

at.-% amorphous silica powder (99.9% Alfa Aesar) were pressed into rods using a cold isostatic 

press and a self-made mold. The mold consists of latex rubber tubing (5234K971) and high-

temperature pull-through round plugs (2903K17), purchased from McMaster-Carr. The pressed 

rods were placed inside a silica tube and exposed to high temperatures using a hydrogen/oxygen 

torch. The molten rods were then quenched using liquid nitrogen. The quenched rods were ground 

into a fine powder and analyzed using XRD analysis. In order to analyze the recrystallization of 

the as-quenched powders, additional heat-treatments were performed at 950°C under flowing 

oxygen, at a 0.2 SLmin-1 rate, using a standard tube furnace, MTI Corporation Model GSL-1100X. 

The heating and cooling rates were set to 5°Cmin-1, and the used dwelling time was 84 hours. We 

note that a silica tube was used as crucible material during the heating process using the 

hydrogen/oxygen torch. The obtained results and associated analyses are presented in the 

following section, i.e., Section 3.3.2. 
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Furthermore, we also performed an RTA experiment on YBCO powder inserted inside a fused 

silica tube (OD:4 mm, ID: 1 mm), by using rapid thermal annealing at 1100°C for 1 hour dwelling 

time followed by a subsequent quenching step in air to room temperature. In this regard, after pre-

heating the muffle furnace, Barnstead Thermolyne Type 47900, up to 1100°C, the fused silica tube 

was filled with pre-dried YBCO powder and was, then, inserted in the furnace and removed after 

a dwelling time of 1 hour. The furnace set-up with an inserted tube can be seen in Figure 86. The 

experiments were carried-out in vacuum atmosphere in order to remove any possible vapor 

formation and, furthermore, to mimic the vacuum drawing process at the draw tower.  

 
Figure 86: YBCO/SiO2 tube sample inserted vertically inside the furnace 

After the RTA experiment and the quenching process, the tube was cut in half using a low speed 

saw. The surface of the tube was then ground and gently polished using a 220, 500, 1000, 1200, 

P2400 and P4000 grit paper and was, subsequently, inspected under an optical microscope. The 

samples were analyzed using EDS on an ESEM and using XRD analysis. The associated results 

will be presented and analyzed in Section 3.3.3. 

 Quenching experiments on YBCO + SiO2 rods inserted inside a silica tube 

The quenching experiments on pure YBCO rods and YBCO+20 at.-% silica rods inserted inside a 

silica tube are analyzed, next, in Sections 3.3.2.1 and 3.3.2.2, respectively.  

3.3.2.1 Results for quenching a pure YBCO rod  

The XRD patterns of the pure as-quenched and heat-treated YBCO rod can be seen in Figure 87. 
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Figure 87: XRD patterns of the as-quenched (red) pure YBCO rod (red) and after a 950°C-84h O2 heat-treatment 

(black) 

Figure 87 shows that the as-quenched pure YBCO rod does not show any visible amorphous 

character and that a set of phases has formed including yttria. This shows that we were able to 

heat-treat the rod with the hydrogen/oxygen torch above the second peritectic melting temperature 

of YBCO (as shown Table 1). In addition, the XRD pattern of the as-quenched sample in Figure 

87 also reveals that the silica tube, which was used as the crucible material, reacted with the molten 

YBCO and formed barium silicate. Hence, this leads to two observations. First, it shows that the 

reaction between silica and YBCO is very rapid (the melting with the hydrogen/oxygen torch 

lasted for around 1 minute). Second, it demonstrates that the reactions between YBCO and the 

fused silica tube occur even at lower temperatures, as compared to the temperatures at the draw 

tower. Hence, these reactions cannot be prohibited by just using glass materials with lower 

softening temperatures, as compared to fused silica. This corroborates our results presented in 

Section 3.1.4 for YBCO fibers with a borosilicate cladding. Moreover, Figure 87 shows that the 

Y-123 phase decomposes after the additional heat-treatment at 950°C for 84 hours in oxygen 

atmosphere. 

Furthermore, in order to analyze the phase distribution for the as-quenched and the heat-treated 

pure YBCO rod, the XRD patterns shown in Figure 87 were analyzed using the HighScore Plus 

software. Figure 88 shows the volume percentages of the phases present.  
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Figure 88: Volume percentages of the phases formed for the a) as-quenched pure YBCO rod and b) heat-treated as 

quenched pure YBCO rod 

As shown in Figure 88, the barium silicate phase (in red) increases in vol.-% after the heat-

treatment. In this regard, Y-123, Y2O3, BaCu2O2 and quartz phases reacted during the oxygen heat-

treatment to form Y2Cu2O5, Y-211, CuO and Ba2SiO4.  

Next, the results for the YBCO+20 at.-% silica rod are introduced and analyzed. 

3.3.2.2 Results for quenching a YBCO + 20 at-% silica rod 

Figure 89 shows the XRD patterns of the as-quenched and the heat-treated YBCO+20 at.-% SiO2 

rod.  
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Figure 89: XRD patterns of the as-quenched YBCO+20 at.-% SiO2 rod (red) and after a 950°C-84h O2 heat-

treatment (black) 
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As shown in Figure 89, an amorphous phase formed in addition to Cu2O and some minor phases. 

This indicates that silica inside the core can, indeed, act as a glass former. In addition, due to the 

strong amorphous background of the as-quenched rod, only the volume percentages for the heat-

treated rod are shown in Figure 90. These results are obtained by analyzing the XRD pattern of the 

heat-treated rod using the HighScore Plus software.  
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Figure 90: Pie chart of heat-treated as-quenched YBCO+20 at.-% silica rod 

Figure 90 shows that the higher silicon/silica content inside the quenched rod led to barium copper 

as well as yttrium barium silicate formation, which corroborates our fiber analysis results in 

Section 3.1. Moreover, the results in Figure 89 and Figure 90 show that no Y-123 phase can be 

obtained in the presence of a high silica content, and that barium copper silicate and yttrium barium 

silicate are stable phases forming inside the YBCO-SiO2 system, which further confirms our 

results presented in Section 3.1.  

In the next step, rapid thermal annealing on a pure YBCO powder inside a silica tube was 

performed and the results are shown next. 

 Rapid thermal annealing and quenching of pure YBCO powder inside a silica 
tube 

The objective of this experiment is to further analyze the diffusion and dissolution process within 

the YBCO-SiO2 system by using a rapid thermal annealing at 1100°C for 1 hour dwelling time 
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followed by a subsequent quenching step. The EDS line-scan of the polished YBCO/SiO2 tube 

cross-section is shown in Figure 91 and the EDS mapping is presented in Figure 92.  

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

20

40

60

80

100

Co
nt

en
t (

at
.-%

)

Distance (µm)

 Y
 Ba
 Cu
 O
 Si

 

 

Figure 91: EDS line-scan of the rapid thermally annealed YBCO/SiO2 tube at 1100°C for 1h dwelling time with a 
subsequent quenching step  

Figure 91 shows that silicon is present inside the entire core region with a similar atomic 

percentage as compared to the fiber samples in Section 3.1. Moreover, the core diameter 

increased from 1 mm to around 1.7 mm, which indicates a dissolution of the fused silica tube. 

As such, this confirms the conclusion made in Section 3.1.2, stating that no out-diffusion of the 

core material can be visible as the interface moves outwards with the dissolution of the fused 

silica cladding.  

In order to determine the phases that form inside the core, an EDS point analysis was conducted 

on the areas shown in the secondary electron (SE) image in Figure 92. The EDS point analysis 

results are shown in Table 23. As can be seen in Table 23, as well as in the phase contrast of the 

EDS mapping in Figure 92, different phase regions are present. The main phases inside the core 

can be determined to belong to Y2O3, Cu2O, Y2BaSi3O10 and BaCuSi2O6. Furthermore, Figure 

91 shows that the dominant phases inside the core are Y2BaSi3O10 and BaCuSi2O6. This result 

is of paramount importance to our work, as it allows concluding that the stable phases inside the 

YBCO-SiO2 system are Y2BaSi3O10 and barium copper silicate, whose composition changes 

depending on the oxygen content. 

Regarding the results in Table 23, we note that, as discussed in Section 3.2.2, the oxygen content 

in all EDS point analyses show a lower value than theoretically expected, as the roughness of 
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the sample can lead to the loss of characteristic X-Rays of low energy X-ray exhibiting elements, 

such as oxygen.   

 
Figure 92: EDS mapping of the rapid thermally annealed YBCO/SiO2 tube at 1100°C for 1h dwelling time with a 

subsequent quenching step 

Table 23: EDS point analysis of the rapid thermally annealed YBCO/SiO2 tube at 1100°C for 1h dwelling time with 
a subsequent quenching step, shown in atomic percent [at.-%] 

 Y Ba Cu O Si Main phases formed 
  58.7 0.0 2.1 39.2 0.0 Y2O3 

 14.1 9.8 2.6 52.2 21.3 Y2BaSi3O10 

 1.7 8.1 38.1 37.1 15.0 Cu2O 
 1.4 13.0 11.5 51.3 22.8 BaCuSi2O6 

In order to further analyze the composition of the core, XRD analysis was performed on a small 

section of the core. The resulting XRD pattern is shown in black in Figure 93. The XRD pattern 

in blue is shown as a reference and is the pattern from the heat-treated YBCO glass fiber at 1100°C 

for a dwelling time of 10 min in air, shown in Section 3.1.6.1.  
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Figure 93: XRD patterns of the rapid thermally annealed YBCO/SiO2 tube at 1100°C for 1h dwelling time with a 

subsequent quenching step (in black) and the heat-treated vacuum as-drawn YBCO fiber at 1100°C-10 min in 
air atmosphere as a reference (in blue) and the corresponding Debye-Scherrer diffraction ring pattern 

As shown in Figure 93, the XRD pattern of the rapid thermally annealed sample shows a broad 

amorphous phase, which belongs to amorphous silica (originating from the fused silica tube). 

Hence, this indicates that the analyzed core piece was obtained from the interface region. It is, 

furthermore, visible in Figure 93 that cristobalite, cuprite, barium copper silicate and yttrium 

barium silicate reflection peaks are present. However, due to the strong amorphous background of 

the rapid thermally annealed YBCO/SiO2 tube, no further quantitative results can be obtained. 

Moreover, the XRD analysis indicates the formation of BaCuSi4O10 instead of BaCuSi2O6, which 

is shown using EDS analysis in Table 23. Hence, it is highly possible that a mixed phase of barium 

copper silicates formed inside the core.  

This analysis shows that the rapid thermal annealing experiments on YBCO powder inside a fused 

silica tube lead to stronger reactions as compared to the heat-treatments performed on YBCO 

powder/silica powder pellets in Section 3.2, which used defined slow heating and cooling rates. 

This highlights that the dissolution of the fused silica tube by the molten YBCO core, and the used 

heating rate, are key factors with regard to the rate of reaction between YBCO and silica. 

We note that due to the small size of the YBCO core, the XRD analysis was performed on a Rigaku 

XtaLAB Synergy-S instrument using Cu-Kα radiation, following the same method used for 

performing the XRD analysis of the fiber core samples shown in Section 3.1.  
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 Summary 

This section has provided further analyses on the formation of phases within the YBCO-SiO2 

system based on a set of rapid thermal annealing experiments, with a subsequent quenching step, 

on YBCO+SiO2 rods and on YBCO powder inside a fused silica tube. The experiments were 

conducted to further analyze the YBCO and silica reactions and to investigate the possibility of 

recrystallization of the superconductive Y-123 phase. The results shown in this section 

corroborated the results and conclusions drawn in Sections 3.1 and 3.2. 
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4 SUMMARY AND CONCLUSION  

In this dissertation, we have investigated and determined the reaction processes between YBCO 

and SiO2 at elevated temperatures within the YBCO glass fiber system as well as in YBCO 

powder+silica powder pellets and YBCO powder/fused silica tube samples, as illustrated in Figure 

94. In this regard, this work enabled determining phase relations within the YBa2Cu3O7-x-SiO2 

system and defining their impacts on potentially obtaining superconducting fibers. Furthermore, 

this work determined the effect of the silicon content on the superconductivity of YBCO at 

elevated temperatures.  

 
Figure 94: Illustration of the three main focus areas of this dissertation: reactions within YBCO glass fibers (left), 

reactions within YBCO+SiO2 pellets (middle) and rapid thermal annealing experiments on YBCO-SiO2 samples 
(right, showing a thermally annealed and quenched YBCO/SiO2 tube) 

 Summary of main results  

We have shown that during the YBCO glass fiber drawing process at the fiber draw tower, 

dissolution of the fused silica cladding into its Si4+ and O2- ions occurs followed by a subsequent 

diffusion of Si4+ and O2- inside the molten YBCO core. This leads to an amorphous silicate and 

amorphous silica-rich precipitations formation inside the core. In addition, we have shown that the 

dissolution of the fused silica cladding into its ions originates from lower eutectics, which form 

between yttria, copper oxide, barium oxide and silica and which reduce the overall softening point 

of fused silica. Moreover, we have shown that the dissolution is intensified due to the glass 

modifying properties of yttria, copper oxide and barium oxide, as we have thoroughly discussed 

in Section 3.1.2.  

We have demonstrated that a miscibility gap exists within the glass-forming YBCO-SiO2 system, 

which leads to the silica-rich precipitations formation. The region of the existing miscibility gap 

was identified based on the morphology of the YBCO core and the silica content inside the core. 

In this regard, the binodal and spinodal phase lines inside the miscibility gap were predicted as 

illustrated in Table 9.  
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In addition, we have shown that an increase in oxygen content, captured by drawing YBCO glass 

fibers in an oxygen-rich environment, increases the rate of the diffusion of silicon ions into the 

molten YBCO core, which shows that the O2- ion diffusion is the rate-limiting step in this process. 

This, as a result, increases the silica-rich precipitations inside the core, as rigorously shown in 

Section 3.1.5. Moreover, we have proposed in Section 3.1.2 and confirmed in Section 3.3.3 that, 

due to the dissolution of the fused silica, no out-diffusion of the core material can be visible as the 

interface moves outwards with the dissolution of the cladding.  

YBCO glass fibers were also drawn using a borosilicate preform in order to investigate the effect 

of the reduced drawing temperature on the dissolution and diffusion based reactions of YBCO and 

silica. In this regard, we have shown that, even though this leads to a lower silicon content inside 

the core, the dissolution and diffusion based reactions of the cladding material inside the molten 

YBCO core still occur. In addition, we have revealed that the YBCO core drawn with a borosilicate 

preform does not show any phase separation. This can be attributed to the lower silica content 

inside the core, as discussed in Section 3.1.5.   

Furthermore, recrystallization heat-treatments were performed in air as well as in oxygen 

atmospheres on vacuum as-drawn YBCO fibers in order to investigate the possibility of restoring 

the superconductive Y-123 phase. The heat-treatments showed the formation of Cu2O, cristobalite, 

yttrium barium silicate, as well as barium copper silicate. As such, these heat-treatments have 

indicated the infeasibility of restoring the superconductive Y-123 phase.  

Additional analyses have been performed in this dissertation to further determine and analyze 

phase relations within the YBCO-SiO2 system. In this regard, the analyses performed on 

YBCO+SiO2 pellets in air and in oxygen atmospheres in Section 3.2 have shown that the increase 

in silica content leads to a gradual decomposition of the superconductive Y-123 phase and a 

gradual increase in the formation of a barium silicate phase. In addition, rapid thermal annealing 

experiments with a subsequent quenching step, discussed in Section 3.3, have demonstrated that 

the presence of a high silica content mixed with YBCO leads to phases comparable to those 

obtained in the YBCO fiber study, shown in Section 3.1. This, in turn, has corroborated our 

conclusion stating that the stable phases at elevated temperatures are yttrium barium silicate and 

barium copper silicate.  
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This dissertation has determined and analyzed the phase relations within the YBCO-SiO2 system 

as well as the dissolution of the silica cladding into its ions and their subsequent diffusion inside 

the molten YBCO core, which prohibits the successful drawing of superconductive YBCO glass 

fibers using the molten-core approach. Chapter 5 will discuss alternative techniques and methods 

for potentially drawing superconductive YBCO fibers, providing a future outlook and paving the 

way for future research directions.  

In general, the dissolution and diffusion based reactions between the silica cladding and the molten 

YBCO core are not solely relevant to the YBCO-SiO2 system but are rather a common issue in 

drawing glass fibers using the molten-core approach. Hence, the understanding and identification 

of these reaction processes, arising when drawing glass-fibers using the molten-core approach, as 

thoroughly presented and investigated in this dissertation, extends the contribution of the current 

work beyond YBCO glass fibers. The key contributions of this work are summarized next, in 

Section 4.2.  

 Summary of key contributions  

A summary of the key contributions to the body of literature in the field of YBCO and the YBCO-

SiO2 system, introduced in this dissertation, is provided next: 

• First demonstration and evaluation of drawing YBCO glass fibers with a fused silica and 

borosilicate cladding using the molten-core approach on a fiber draw tower under vacuum 

and oxygen atmospheres. The obtained results revealed: 

o The inevitable occurrence of a dissolution of the fused silica cladding into Si4+ and 

O2- ions and their subsequent diffusion into the molten YBCO core 

o The effect of the drawing temperature on the extent of the dissolution and diffusion 

based reactions, as shown by using borosilicate as the glass preform 

o The intensification of the co-diffusion of Si4+ and O2- ions into the molten YBCO 

core in an oxygen atmosphere and that the diffusion of the O2- ions is the rate-

limiting step   

• First discovery of a glass-forming YBCO-SiO2 system 

o This work provided a novel and rigorous analysis of the phase separation 

mechanism in the YBCO-SiO2 system  



  

107 
 

o This work revealed the existence of a miscibility gap at high silica mole percentages 

• Novel evaluation of a possible restoration/recrystallization of superconductive YBa2Cu3O7-

x phase in as-drawn amorphous YBCO glass fibers 

o Determination of the effects of heat-treatments  

o Characterization of the effects of the fused silica cladding  

• First experiments and results on the YBCO-SiO2 system at elevated temperatures (above 

1000°C) 

o Novel reaction products were identified such as yttrium barium silicate and barium 

copper silicate, and demonstrated to be the stable phases at elevated temperatures  

• Development of a fundamental understanding of glass fibers manufactured using the 

molten-core approach, which is not solely limited to the YBCO-SiO2 system, but is rather 

of direct relevance to general glass-clad manufacturing using the molten-core approach  
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5 FUTURE WORK 

In this chapter, we explore future research directions focusing on potential approaches for drawing 

superconductive YBCO fibers as well as on further possible analyses of phase relations in the 

YBCO-SiO2 system.  

In order to investigate further possibilities of drawing superconductive YBCO fibers, high 

temperature stable barrier coatings within the preform design can be applied and tested. This would 

allow investigating whether the dissolution and diffusion based reaction processes between fused 

silica and YBCO can be mitigated. The work in [109] describes a method in which a CaO barrier 

coating is used for silicon core fibers in order to reduce the oxygen content inside the silicon core. 

However, in general, as shown in this dissertation, YBCO is highly reactive, especially at high 

temperatures. For instance, YBCO can corrode platinum at high temperatures as reported in [72, 

110, 111]. Hence, finding an effective barrier coating at such high temperatures is highly 

challenging. Therefore, another approach, which can be investigated, consists in using a laser-

heated pedestal growth (LHPG) system to draw YBCO fibers from the molten YBCO state. The 

works in [112-114] have shown that it is possible to draw superconductive YBCO wires using 

laser floating zone melting. Furthermore, it was shown in [115] that, using the LHPG system, long 

lengths of sapphire fibers can be theoretically achieved. As such, this highlights the possibility of 

applying a similar process for drawing YBCO fibers. However, in general, pulled YBCO fibers 

would need to be heat-treated in order to regain their superconductive Y-123 phase after the 

melting process. This, hence, constitutes an additional challenge facing the process of pulling 

YBCO fibers using the LHPG system. However, possible ways to address this challenge could 

consist of installing an in-situ furnace unit with a thermal temperature gradient, which allows 

reducing the quenching rate of the pulled fiber, potentially allowing a recrystallization of the Y-

123 phase. On the other hand, pulling YBCO fibers using the LHPG system faces an additional 

challenge stemming from the need for a protective coating to stabilize the pulled YBCO fiber 

chemically and mechanically. To this end, coating materials, which are stable up to the 

recrystallization temperature of the Y-123 phase, would be needed. In this regard, using a sol-gel 

dip-coating, which could be incorporated into the drawing process, could provide a useful 

approach to address this challenge.  
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In order to obtain a further understanding of the complex phase diagram of the YBCO-SiO2 system, 

rapid thermal annealing methods would need to be performed on YBCO and fused silica at 

temperatures up to 2000°C. The most critical challenge is to find an appropriate glass-melting 

crucible, which would not be corroded by the YBCO. In general, platinum crucibles are used for 

glass melting. However, as discussed earlier in this chapter, YBCO corrodes platinum at elevated 

temperatures [72, 110, 111]. This further highlights the challenges in determining the 

thermodynamically stable phases of the YBCO-SiO2 system at temperatures above 1000°C. 

Potential approaches to mitigate these challenges could include crucible-free heat-treatments using 

the aerodynamic levitation method [116, 117]. 

In summary, these two research directions remain challenging due to the strong reactivity of the 

YBCO compounds. Therefore, crucible free methods could introduce key advantages, which 

would allow advancing the research on YBCO at elevated temperatures. For instance, using the 

LHPG system to pull YBCO fibers could constitute the next step towards achieving commercially 

applicable long-scale superconductive YBCO fibers.    
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APPENDIX 

Appendix A: EDS line-scan of as-drawn YBCO+15 wt.-% Ag2O borosilicate fiber core of partial molten core 
material 
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Appendix B: EDS mappings of YBCO/SiO2 pellets heat-treated between 900°C and 1200°C for 30 min dwelling 
time in air 
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