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Abstract: This work presents a thorough identification and analysis of the dissolution and
diffusion-based reaction processes that occur during the drawing of YBa,Cu3O7_, (YBCO) glass-clad
fibers, using the molten-core approach, on a fiber draw tower in vacuum and in oxygen atmospheres.
The results identify the dissolution of the fused silica cladding and the subsequent diffusion of silicon
and oxygen into the molten YBCO core. This leads to a phase separation due to a miscibility gap
which occurs in the YBCO-SiO; system. Due to this phase separation, silica-rich precipitations form
upon quenching. XRD analyses reveal that the core of the vacuum as-drawn YBCO fiber is amorphous.
Heat-treatments of the vacuum as-drawn fibers in the 800-1200 °C range show that cuprite crystallizes
out of the amorphous matrix by 800 °C, followed by cristobalite by 900 °C. Heat-treatments at 1100 °C
and 1200 °C lead to the formation of barium copper and yttrium barium silicates. These results
provide a fundamental understanding of phase relations in the YBCO-5iO, glass-clad system as well
as indispensable insights covering general glass-clad fibers drawn using the molten-core approach.

Keywords: YBCO-SiO, phase relations; ceramic core glass fibers; glass fiber drawing; dissolution of
fused silica

1. Introduction

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 [1,2]. 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 [3]. 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 challenges
in controlling the chemical composition of the core during the drawing process, which alters the
functionality of the drawn fiber [4-10]. In one of the first reported dissolution processes occurring
during the fiber drawing process involving a silicon core glass fiber [4,11], oxygen was found inside
the core, which led to optical loss. Because of the silicon core, the possibility of dissolution and
diffusion of silicon from the glass cladding to the core could not be studied. When investigating
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other semiconductor core materials in glass-clad fiber manufacturing, as in [5,6,8], both silicon and
oxygen were present inside the core. Although the studies in [5,6,8,9] 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. The first attempts
to analyze the dissolution and diffusion based processes within glass-clad fibers in more depth were
performed recently for YAG-derived yttrium aluminosilicate glass optical fibers in [12,13]. However,
the significance of the oxygen diffusion from the cladding into the molten core, which is indispensable
for analyzing the dissolution and diffusion based process in glass-clad fiber systems drawn using the
molten-core approach, was not investigated in these works [12,13]. Hence, this highlights the need for
further in-depth analyses of these dissolution and diffusion based reactions within glass-clad fibers.

Our previous work in [14] used the molten-core approach to draw YBa,CuzO7_y (YBCO) into
glass fibers, with the goal of studying the feasibility of obtaining superconductive YBCO glass fibers.
Energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and a cross-polarized
light study revealed the occurrence of reactions between the YBCO core and the fused silica cladding
in vacuum as-drawn fibers as well as after additional heat-treatments. In particular, from the study
in [14], we determined that vacuum as-drawn YBCO glass fibers exhibit a core/cladding interface
region, which contains silica-rich precipitations. Heat-treatment studies on the vacuum as-drawn fiber
sections revealed, furthermore, the formation of cuprite and silica-rich co-precipitations at 900 °C. In
addition, heat-treatments at higher temperatures showed the formation of yttrium-barium-rich and
barium-copper-rich phases. Even though [14] presented important preliminary results on the reaction
processes within YBCO glass-clad fibers, it did not perform an in-depth analysis of the occurring
dissolution and diffusion based processes, as is carried out in the current work. Indeed, herein, we
focus on identifying and analyzing the dissolution and diffusion based reactions within YBCO glass
fibers and on defining the phase relations within the YBCO-SiO; system. The performed analyses are
based on novel quantitative results obtained using a combination of EDS analyses on an environmental
scanning electron microscope (ESEM), X-ray diffraction (XRD) analyses, and Raman spectroscopy.
The analyses performed consider as-drawn YBCO glass fibers drawn under vacuum and oxygen
atmospheres. Furthermore, the core compositions of the as-drawn fibers were also analyzed after
heat-treatments in air between 800 and 1200 °C.

2. Materials and Methods

A detailed description of the manufacturing process of YBCO glass fibers in vacuum is presented
in our previous work in [14]. The drawing temperatures used were ~2000 °C. In the current work, in
addition to the use of vacuum as the drawing atmosphere, YBCO glass-clad fibers were drawn under
oxygen atmosphere. The manufacturing process under oxygen atmosphere is similar to that used
in [14], with the exception of introducing industrial grade oxygen at 5 psi into the preform.

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 °C/min~! 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.

EDS line-scans at 2 pm increments were performed on polished cross-sections of the fibers at an
accelerating voltage of 20 kV using an ESEM (FEI Quanta 600 FEG) with an attached energy dispersive
X-ray spectrometer (Bruker QUANTAX 400) equipped with a high speed silicon drift detector.

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-K radiation and equipped
with a HyPix-6000 HE 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 um. Each fragment was analyzed by mounting it on a Nylon loop and collecting
a series of 360° phi-scans over a period of 27 min. The program CrysAlisPro [15] was used for data



Fibers 2020, 8, 2 3of 14

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 the YBCO cores using an unpolarized confocal
Raman microscope (WITec alpha—-300-SR). In this regard, the Raman measurements were performed
on selected polished fiber cross-sections using a continuous wavelength laser beam of 532 nm focused
with a 50 x objective to a spot size of ~2.5 um. The reflected light was filtered by a long-pass filter
(cut-off: 535 nm) before entering the electron-multiplying CCD spectroscopy detector (Andor Newton
DU970). The exposure time was 1 s.

3. Results and Discussion

In order to provide an in-depth characterization and analysis of the dissolution and diffusion based
reactions of fused silica and the molten YBCO core, we first focus on as-drawn YBCO glass fibers, drawn
under vacuum and oxygen atmospheres, and then analyze the results of subsequent heat-treatments.

3.1. Results and Characterization of As-Drawn YBCO Glass Fibers

3.1.1. Vacuum As-Drawn YBCO Glass Fibers

Using the fiber drawing method described in [14], continuous round-shaped and dense YBCO
core fiber sections were successfully drawn. The EDS line-scan across the polished cross-section of the
as-drawn YBCO glass fiber with a core diameter of 115 pm is shown in Figure 1.
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Figure 1. Energy dispersive spectroscopy (EDS) line-scan across a polished cross-section of the
core-cladding region of a vacuum as-drawn YBa,;Cu3O;_, (YBCO) glass fiber with a core diameter of
115 pm.

The EDS line-scan shown in Figure 1 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 um. Between ~12 and
20 pm, 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. This indicates the
occurrence of silicon diffusion from the fused silica cladding into the interface region within the YBCO
core, which was also predicted in [14]. The steady silicon concentration in the core can be attributed to
a restricted oxygen diffusion, allowing for silicon to build up and limiting further silicon diffusion.

EDS line-scans taken from a larger YBCO glass fiber diameter core (237 um) and a smaller diameter
core (15 um) are shown in Figures 2 and 3, respectively.
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Figure 2. EDS line-scan across a polished cross-section of the core-cladding region of a vacuum
as-drawn YBCO glass fiber with a core diameter of 237 pum.
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Figure 3. EDS line-scan across a polished cross-section of the core-cladding region of a vacuum
as-drawn YBCO glass fiber with a core diameter of 15 pm.

Table 1 shows the average silicon content inside the core for the three different core diameters. The
results in Table 1 show that for a larger core diameter of 115 um and 237 um, the steady concentration
profile of the silicon content inside the core is ~20 at.-%. In addition, both the EDS line-scans in Figures 1
and 2 present a significant diffusion-based concentration gradient at the interface region between the
cladding and the core. For the smaller core diameter of 15 pm, the EDS line-scan in Figure 3 shows
only a minor concentration gradient at the interface region 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 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 silicon. Moreover, Table 1 and the EDS line-scans shown in Figures 1-3 demonstrate that
the reactions occurring between the fused silica cladding and the YBCO core are diffusion-controlled.

Table 1. 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 um 27.6 +2.1
115 um 206 + 1.3
237 um 202 +£1.2
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In order to determine the phases present inside the vacuum as-drawn YBCO core, XRD analysis
was performed on vacuum as-drawn YBCO fiber core fragments. A resulting XRD pattern can be seen
in Figure 4.
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Figure 4. XRD pattern of a vacuum as-drawn YBCO core fragment and the corresponding
Debye-Scherrer diffraction ring pattern.

As can be seen from the XRD pattern in Figure 4, the core exhibits an amorphous/glassy character.
In fact, given the high silicon content inside the core, which forms silicates [14], and the formation of
silica-rich precipitations inside the core, which were reported in [14] and will be further discussed in
Section 3.1.2, 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 Y,O3 at lower temperatures by forming
lower eutectics, as shown in [16]. These reasons result in the formation of the amorphous YBCO-SiO,
glass phase.

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 Y,O3 [16], as well as between fused silica and the barium- and
copper-rich liquid phases [17,18]. 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 and the diffusion
of silicon and oxygen into the molten YBCO core. This, indeed, explains the EDS line-scan profiles
of the as-drawn YBCO cores shown in Figures 1-3. 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 Figures 1 and 2. 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 Figures 1 and 2. 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 interface
moved outwards with the dissolution of the fused silica cladding.
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3.1.2. Oxygen As-Drawn YBCO Glass Fibers

In order to investigate the effect of the oxygen diffusion, we analyzed YBCO glass fibers which
were drawn in an oxygen atmosphere.
The EDS line-scan of an oxygen-rich as-drawn YBCO fiber cross-section is shown in Figure 5.
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Figure 5. EDS line-scan across a polished cross-section of the core-cladding region of an oxygen
as-drawn YBCO glass fiber with a core diameter of 341 pum.

Compared to the EDS line-scans of the fibers drawn under vacuum (Figures 1 and 2), the line-scan
of a fiber drawn under oxygen atmosphere (Figure 5) 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 2, which presents the 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 inside the molten YBCO
core, which further corroborates the conclusion drawn in Section 3.1.1.

Table 2. Increase in silicon content inside the core with an increase in oxygen content in as-drawn
YBCO glass fibers drawn in vacuum (Figure 1) and oxygen (Figure 5) atmospheres.

Atmosphere (Region) Silicon Content (at.-%) Oxygen Content (at.-%)
Vacuum (center of the core) 20.6 +1.3 575 +0.7
Vaccum (interface) 232+0.7 59.3+0.3
O, (center of the core) 247 £ 1.4 612+1.1
O, (interface) 264 +1.8 619 +1.1
O; (at the interface edge towards the cladding) 282+ 0.9 63.6 £ 0.1

We note that the fiber drawn in oxygen-rich environment was fabricated under the same drawing
conditions as the fibers drawn in vacuum. In this way, we are able to confirm that the considerable
dimensional variations in the core diameters of the as-drawn fibers in vacuum and oxygen atmosphere
are caused by the different induced pressures. Moreover, given the larger core diameter of the oxygen
drawn fiber, a lower diffusion-induced silicon content inside the core region should have been expected
due to the longer diffusion pathway as discussed in [8,12,13]. As this was not the case (i.e., the silicon
content in the oxygen drawn fiber core is higher than the silicon content of the vacuum fiber core, as
shown in Table 2), this indicates that the higher silicon content measured in the oxygen drawn fiber
core actually originates from the oxygen-rich drawing environment.

In order to analyze the morphology of the YBCO core, a high-resolution backscattered electron
(BSE) image of the center of the core was obtained and is shown in Figure 6.
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AL

Figure 6. Backscattered electron (BSE) image of the center of an as-drawn YBCO glass fiber in an
O, atmosphere.

The BSE image in Figure 6 reveals the formation of round precipitations across the entire core
for the oxygen drawn fibers. In contrast, our previous work on vacuum as-drawn fibers [14] 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 into the molten core. This is further
addressed in Section 3.1.3.

The morphology and BSE contrast of the precipitations in the oxygen as-drawn core are similar to
the morphology and BSE contrast of the silica-rich precipitations reported in our previous work [14]
on vacuum as-drawn YBCO fibers, which uses the same material system and similar processing
conditions. Moreover, our observations in the two analyses show that the reaction mechanisms at
elevated temperatures are similar for vacuum and oxygen as-drawn fibers. This indicates that for the
oxygen as-drawn fibers, the round precipitations are also silica-rich. Due to the spatial resolution limit
of the EDS measurements, EDS point analysis of the round precipitations was not performed for the
oxygen as-drawn fibers.

Figure 7 shows a BSE image of the interface region of an oxygen as-drawn YBCO glass fiber. The
fiber core shows a spinodal-like phase separation morphology at the interface region.

Figure 7. BSE image of the interface region of an as-drawn YBCO glass fiber in an O, atmosphere.

In order to analyze the core composition, XRD analysis was performed and the corresponding
XRD pattern is shown in Figure 8.
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Figure 8. XRD pattern of an as-drawn YBCO glass fiber fragment in O, atmosphere and the
corresponding Debye-Scherrer diffraction ring pattern.

The XRD powder pattern in Figure 8 indicates that the oxygen as-drawn YBCO core is mainly
amorphous with 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
200-300 nm, i.e., of sufficient size to preclude the possibility of the particles being crystalline, but
unobserved due to particle size line-broadening.

3.1.3. Phase Separation Analysis of As-Drawn YBCO Glass Fibers

The formation of silica-rich precipitations has been observed previously in glass-forming systems
and is explained in terms of the existence of a miscibility gap [19-24]. The literature shows that the
formation of silica-rich precipitations is attributed to a liquid-liquid phase separation mechanism in
silicate melts as the temperature cools. However, the dominant phase separation mechanism (spinodal
phase separation versus nucleation and growth) can be difficult to identify [19-24]. Miscibility gaps
are reported for the CuO-5iO; system [25], the BaO-SiO; [20-22] and the Y,03-5i0O; [26,27] system,
but no in-depth phase and morphology studies were performed for the CuO-5iO, and Y,03-5iO,
system. Moreover, no ternary or quaternary phase and morphology studies are reported for the
Y703-BaO-Cu,O-SiO; system. For the soda-lime-silica glass system [19,28], 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 3 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 3 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 3-5 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 3, the occurrence of a miscibility gap for the Y,O3-BaO-CuyO-5i0,
system, which exists for temperatures above the lower eutectic temperature of the Y,03-5iO, system
of around 1660 °C [29], 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 3, 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.
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Table 3. Morphology change depending on mol-% of silica shown for as-drawn YBCO glass fiber sections drawn under vacuum and O, atmospheres.
RT Vacuum Core RT Vacuum Interface RT Oxygen Core RT Oxygen Interface RT Oxygen Interface Edge
'\:o.‘?.- AR ' :

—
10 pm

SiO, 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-%

Cu O 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-%

Y»03 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 SiO; content

Morphology Outside the miscibility Inside the binodal region  Inside the binodal region Close to splnodz.al. hne. or  Close or inside the splr'loda} line
. : . . . . coalescence of silica-rich or coalescence of silica-rich
interpretation gap (solid solution) (nucleation and growth) (nucleation and growth)

precipitations

precipitations
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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 3.2. 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 were
identified in our previous work in [14]. This explains why the oxygen as-drawn YBCO fibers show
cuprite inside the core, as shown in Figure 8, while the vacuum as-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.

Overall, these results are the first to show the occurrence of a phase separation mechanism in the
YBCO-SiO; system, and the first to demonstrate the change in morphology depending on the silica
content inside the core.

3.2. Results and Characterization of Heat-Treated Vacuum As-Drawn YBCO Glass Fibers

In order to investigate the possibility of restoring the superconductive YBCO 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. ESEM analyses and a cross-polarized
light study on the heat-treated fiber sections were discussed in our previous work in [14]. Here, we
focus on analyzing the heat-treated as-drawn YBCO glass fiber cores using XRD analysis and Raman
spectroscopy to perform a more comprehensive quantitative analysis.

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 [30]. The XRD patterns for the heat-treated
fiber sections at 800 °C to 1200 °C are shown in Figure 9. Taking into account the EDS results and the
cross-polarized light study in [14], we can predict the crystalline phases present in the XRD patterns.
At 800 °C, a minor cuprite phase forms (peaks labeled a in Figure 8). At 900 °C, both cuprite and
cristobalite (peaks labeled b) are observed. No additional crystalline phases form at 1000 °C. At the
highest temperatures, peaks are observed that are consistent with the crystalline phases of barium
copper silicates (BaCuSisOq¢ at 1100 °C, peaks labeled e, and BaCuSi,Og at 1200 °C, peaks labeled c)
and yttrium barium silicate (BaY,SizO1, peaks labeled d). Figure 9 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.

a CUEO 1CDD: 98-005-3322 b Cristobalite ICDD: 98-033-4933 ¢ ESCUGESJZ ICDD: 98-024-7211

dBa stjlo‘a 1CDD: 98-024-0470 BQCUUWSf‘ 1GDD: 98-016-8230
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Figure 9. XRD patterns of as-drawn YBCO fiber cores heat-treated at 800 °C to 1200 °C for a dwelling
time of 10 min in air.
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In order to determine the origin of the cristobalite phase, which is present starting 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 Figures 10 and 11, respectively. The
Raman spectrum in Figure 10, obtained from measurements performed on the center of the YBCO core
heat-treated at 900°C, only shows Raman modes originating from the cuprite phase. In Figure 11, the
YBCO fiber core/cladding interface heat-treated at 1000 °C shows both cuprite and cristobalite modes.

—900°C center of core
— Cu,O Reference

Intensity (a.u.)

T e e
200 300 400 500 600 700 800 900 1000
Raman Shift (cm™)

Figure 10. 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 RRUFF database [31]: cuprite (R050384).

—— 1000°C interface region
"""" Cristobalite Reference
e CUZO Reference

Intensity (a.u.)

1 ! U N 1 ' I ! 1 T 1 N I ' I 4
200 300 400 500 60O 70D 800 900 1000
Raman Shift (cm'ﬂ)
Figure 11. 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 RRUFF database [31]:
cristobalite (X050046) and cuprite (R050384).

Figure 12 shows BSE images of the core/cladding interface region for the heat-treated YBCO fiber
sections at 1000 °C, 1100 °C, and 1200 °C. The work in [29] describes the formation of cristobalite in the
interface region of liquid silicon and vitreous silica. The morphology features of the core/cladding
interface region in the BSE images in Figure 12a—c show close similarity to the interface structure
presented in [32]. This, hence, further suggests that cristobalite forms at the interface region.
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(a) (b) (c)

Figure 12. BSE images of the core/cladding interface regions of vacuum as-drawn YBCO glass fibers
heat-treated at (a) 1000 °C, (b) 1100 °C, and (c) 1200 °C for a 10 min dwelling time in air.

In summary, the results for the heat-treated fibers show that cuprite crystallizes onto the surface
of the amorphous silica-rich precipitations, forming the co-precipitations. The results also show that
cristobalite forms at the core/cladding interface region. Moreover, our results reveal that barium copper
silicates and yttrium barium silicates are the stable phases at higher temperatures.

4. Conclusions

This work has shown the occurrence of dissolution and diffusion based reactions between the
YBCO core and the fused silica cladding in YBCO glass fibers drawn using the molten-core approach
on a fiber draw tower. We have provided an in-depth analysis of these reactions and presented a novel
phase separation analysis within the glass-forming YBCO-5iO; system. The analyses were performed
on as-drawn fibers that were drawn under vacuum and in oxygen atmospheres, as well as vacuum
as-drawn fibers that were subsequently heat-treated at different temperatures.

We have shown that, during the drawing process, dissolution of the fused silica cladding occurs
followed by a subsequent diffusion of silicon and oxygen inside the molten YBCO core. This leads
to amorphous silicate and amorphous silica-rich precipitation formation inside the core. In addition,
we have shown that the dissolution of the fused silica cladding 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 revealed that this dissolution is intensified by
the glass modifying properties of yttria, copper oxide and barium oxide. Furthermore, we have
demonstrated that a miscibility gap exists within the glass-forming YBCO-5iO, system, which leads
to the silica-rich precipitation 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 3.
In addition, we have shown that an increase in oxygen content, which is investigated by drawing
YBCO glass fibers in an oxygen-rich environment, leads to an increase in the rate of diffusion of silicon
into the molten YBCO core. This, as a result, implies that the oxygen diffusion is the rate-limiting
step in the diffusion process, and that an oxygen-rich drawing environment increases the silica-rich
precipitations inside the core. Furthermore, recrystallization heat-treatments were performed in air on
vacuum as-drawn YBCO fibers in order to investigate the possibility of restoring the superconductive
YBCO phase. The heat-treatments have shown the formation of cuprite, cristobalite, yttrium barium
silicate, and barium copper silicate. As such, the obtained results have highlighted that the dissolution
of the fused silica cladding and the subsequent diffusion of silicon and oxygen into the molten YBCO
core lead to phase separation, due to an occurring miscibility gap in the YBCO-SiO, system, as well
as to silicate formation and amorphization of the YBCO core, which prohibits the formation of the
superconductive YBCO phase upon annealing.
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The dissolution and diffusion based reactions between the fused silica cladding and the molten
core are not only relevant to the YBCO-5iO, system but are also common to the general field of
fiber drawing using the molten-core approach; a process that indeed almost always leads to reduced
functionality of the drawn fiber due to the hard-to-control stoichiometry of the chemical composition
of the core. Hence, the understanding and identification of the reactions occurring at the cladding/core
interface and the understanding of the mechanism of silicon and oxygen transport to the molten core,
presented in this work, provide valuable insights enabling the identification of the strengths and
limitations of the drawing process, which will assist with the future design of more robust systems.
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