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Abstract: The manuscript reported the synthesis of Al20s nano-coating onto quartz fiber by
plasma electrolysis spray for enhanced thermal conductivity and stability. The nano- and
micro-sized clusters were partially observed on the coating, while most coating was relatively
smooth. It was suggested that the formation of a ceramic coating was followed as the
nucleation-growth raw, that is, the formation of the coating clusters was dependent on the fast
grow-up partially, implying the inhomogeneous energy distribution in the electrolysis plasma.
The deposition of the Al20s coating increased the annealing tensile strength from 19.2 MPa to
58.1 MPa. The thermal conductivity of the coated quartz fiber was measured to be 1.17 W m-1
K-1, increased by ~45% compared to the bare fiber. The formation mechanism of the Al2Os
coating was preliminarily discussed. We believe that the thermally conductive quartz fiber with
high thermal stability by plasma electrolysis spray will find a wide range of applications in
industries.
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1. Introduction

Quartz fiber has excellent mechanical properties and high thermal stability, light weight, small
thermal expansion coefficient, excellent thermal shock resistance and dielectric properties[1-6]. It is
an ideal structural material to meet the requirements of high performance and light weight. It has
become a commonly used material in the aerospace industry after metal alloys. Quartz fiber was not
only light in weight, but also has good load-bearing capacity and maintains high stability[7-9]. In
recent years, the outstanding mechanical and dielectric properties of quartz fiber have been used in
aerospace high temperature radome system, which need high strength and toughness. But it usually
fail under the action of high load.

Thereofroe increasing the tensile resistance of quartz fibers performance was great importance
[10-13]. Meanwhile, the demand for high thermal conductivity materials has been increasing.
However, metal materials were susceptible to the environment, resulting in decreased performance,
lifetime and substantial loss to the production and living [14-16]. In addition, the density of metal
materials is too high to be ignored. Therefore, improving the thermal conductivity of quartz fiber is
a hot topic of current research. Coating on quartz fibers is considered to be one of the most effective
methods to prevent this in the current situation [17-22]. A number of techniques have been deposited
various types nano-coatings onto fiber surface, including chemical vapor deposition, laser ablation
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and dip coating. However, these methods have long experimental cycles, and it is still a huge
challenge to achieve a uniform thickness coating on the fiber surface [22-25].

We have previously prepared Al:Os coating on the continuous quartz fiber by non-electrode
plasma electrolysis [26]. Based on the non-electrode plasma electrolysis, we patented a novel
technique, i.e. plasma electrolysis spray, in order to rapidly prepare a nano-coating onto large-scaled
fiber fabrics [27]. In the present paper, the plasma electrolysis spray was applied to successfully
prepare Al203 nano-coatings on quartz fibers. In this technology, plasma was generated by cathode,
sprayed on the surface of quartz fiber with electrolyte under the action of thermal compression and
mechanical compression, and the Al2Os nano-coating was formed by physical and chemical reaction.
The tensile properties of the quartz fibers treated for 30min at 700 °C and then treated for 10min at
800°C were studied. The effect of the coating on the high thermal conductivity of quartz fibers was
investigated. The formation mechanism of the Al2Os coating was preliminarily discussed. We believe
that the thermally conductive quartz fiber with high thermal stability by plasma electrolysis spray
will find a wide range of applications in industries.

2. Experimental

2.1 Plasma electrolysis spraying

Fig. 1 shows the schematic diagram of electrolysis plasma spraying Al20s coating onto the quartz
fiber. The anode and the cathode were made of graphite and Cu, respectively. The electrolyte was AICI3
aqueous solution with the concentration of 30 g/L. The electrolyte solution was put in from the tail and
out from the nozzle of the spray gum. The voltage was gradually applied between the anode and the
cathode till a crucial voltage reached, where a plasma was formed on the surface of the Cu cathode. The
plasma was sprayed out of the nozzle under the effect of the flowing electrolyte with pressure, where
the pressure was supplied by a high-pressure pump. The electrolysis plasma provided nucleation and
growth-up conditions for the Al2Os coating on the quartz fiber. In this case, a thermally conductive
quartz fiber was achieved with high thermal stability. In addition, a large-scaled quartz fiber was
reasonably coated with the three-dimensional move of the electrolysis plasma spray. The photo taken
during the spray experiment was shown in the inset of Fig. 1, where a plasma was obviously observed
at the nozzle.

Graphite Anode
Electrolyte in

With pressure T——

Cu cathode

Electrolyte solution

Fig. 1 The schematic diagram of the experimental process with the spraying photo shown in the

inset.

2.2 Characterization of coatings

The surface microstructures of the bare and the coated quartz fibers were characterized by a
scanning electron microscope (SEM) and an atomic force microscope (AFM). The content of the element
in the coating was identified by an energy disperse spectroscope (EDS). The distribution of the element
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in the coating was characterized by the EDS mapping mode. The chemical structure of the coating was
identified by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy
(FTIR).

2.3 Measurement for properties

The thermal conductivity was measured by LFA467 Laser Thermal Conductivity Meter. In order
to precisely measure the thermal conductivity along the longitudinal direction,, the fiber bundle was
tied into a cylinder with a diameter of 10 mm and then cut into a thickness of 3 mm. Each sample was
measured five times in order to obtain the average value. In order to characterize the thermal stability
of the quartz fiber, the tensile strength of the quartz fiber was measured after annealing at 7000C for 30
min and 8000C for 10 min.

3. Results and discussion

3.1. Surface morphologies

Fig. 2 shows the surface microstructure of the coating on the quartz fiber. The bare quartz fiber
was also characterized for comparison purpose. It is shown from Fig. 2a that the bare fiber has a
typically smooth surface. The deposition of the coating obviously changed the surface, evidenced by
the formation of a large amount of clusters on the surface (Fig. 2b). The nano- and micro-sized clusters
were partially observed, while most coating was relatively smooth (Fig. 2b). It was suggested that the
formation of a ceramic coating was followed as the nucleation-growth raw, that is, the formation of
the coating clusters was dependent on the fast grow-up partially, implying the inhomogeneous
energy distribution in the electrolysis plasma.

Three elements, i.e. Si, O and Al, existed on the surface of the coated quartz fiber, detected by
the EDS result in Fig. 2d. Both Si and O were also detected on the fiber substrate (Fig. 2c). Obviously
the coating was so thin that the element in the substrate was able to be detected by EDS. In addition,
Al was confirmed to be resulted from the coating, with the content up to ~11 wt.%. The atom ratio
between Si and O was calculated to be 1 : 1.76 for the coated fiber, compared to 1 : 1.16 for the bare
fiber (Fig. 2d). Obviously the deposition of the coating led to the increase of the O content in the EDS
result. Undoubtedly the increased O was mainly resulted from the coating, revealing that the coating
was mainly composed of Al and O. The distribution of Al and O was relatively uniform in the coating,
evidenced by the EDS mapping result in Fig. 2e.
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Fig.2 SEM morphologies (a, b), EDS spectra (c, d) and mapping results (e) of the bare (a, c) and
coated quartz fibers (b, d, e).

3.2. XPS and AFM characterization

The chemical structure of the coating was identified by FTIR and XPS, as shown in Fig. 3. The
peak position at 780 cm-1 was caused by the stretching vibration of Al-O-Al, while the peak of Si-O-
Si was located at 1086 cm-1 (Fig. 3a). Fig. 3b shows the XPS result of the coated fiber. According to
different photoelectron binding energy corresponding peak positions, Al 2p, Si 2p, Al 2s, Si 2s, C 1s,
N 1s, O 1s were detected to be present for the coated quartz fiber (Fig. 3b). The characteristic binding
energy of 73.7 eV corresponded to —Al-O- bond (Fig. 3b), consistent with the FTIR result in Fig. 3a.
Both FTIR and XPS results evidenced the characteristic peak of —Al-O-, corresponding to Al203,
consistent with the EDS analysis in Figs. 2c and d.

The fine microstructure of the Al2Os coating was further characterized by AFM, as shown in Fig.
4. A relatively smooth surface was observed on the bare quartz fiber (Figs. 4a and b), while the
deposition of the Al2Os coating increased the surface roughness, evidenced by the formation of the

nano-sized Al20s nodules as shown in Figs. 4c and d.
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Fig. 3 FTIR (a) and XPS (b) spectra of the coated quartz fiber.
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Fig.4 AFM surface topographic images of the bare (a, b) and the coated (c, d) quartz fibers.

3.3. Thermal conductivity and stability

Fig.5 shows tensile strength and thermal conductivity of the bare and the coated quartz fibers.
The tensile strength of Al2Os-coated quartz fiber was 58.1MPa, compared to 19.2MPa of the bare fiber.
Obviously the tensile strength of quartz fiber was greatly improved by the Al20s coating. The thermal
conductivities of coated sample was 1.17 W m-1 K-1, increased by ~45% compared with the bare
sample. The obvious increase of the thermal conductivity was mainly resulted from the relatively

high conductivity of the Al2Os coating. Meanwhile, the Al:Os coating also protected the quartz fiber
at elevated temperatures.


https://doi.org/10.20944/preprints201912.0309.v1
https://doi.org/10.3390/app10020702

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2019 d0i:10.20944/preprints201912.0309.v1

—
a3
L=
—_—
=
[ty

]

[P - R
LI
an

et
=

::nm.:.:llmg NP
a +
L]

Tensiel strength afier
"

=

Thermal conductivity

o4
- - -

The bare fiber The coated fiber The bare fiber The coated fiber

-
=

Fig. 5 The tensile strength (a) and the thermal conductivity (b) of the bare and the coated quartz fibers.

3.4 Formation mechanism

Based on the above experimental results, it can be clearly concluded that the plasma electrolysis
sprayed Al:Os coating was able to improve the tensile strength and thermal conductivity of the quartz
fiber. The formation mechanism of the Al2Os coating has not been fully understood yet. We proposed
that the extremely strong potential between the anode and the cathode led to the formation of
Al(OH)3 by AICls electrolysis, and the Al(OH)s was gradually evolved into the Al2Os under the
thermal effect from the plasma arc.

Fig. 6 shows the formation mechanism of the Al2Os coating on the surface of the quartz fiber
fabric. When the working voltage was gradually increased, a hydrogen evolution reaction occurs on
the surface of the cathode to release a large amount of H2. When the working voltage reaches a critical
voltage, the breakdown of the vapor envelope causes the plasma to discharge. Electrolyte electrolysis
forms a large amount of AI(OH)s. As the voltage continues to increase, a stable, uniform, continuous
plasma arc was formed, along with the electrolyte ejected from the nozzle. After mechanical
compression and thermal compression of the plasma arc, AI(OH)s dehydrates to form ALl:Os on the
surface of the quartz fiber. The reactions involved are suggested as below:

Electrolysis of AICLs and H20

AICL — Al CI- (1)
H20 + 2e— Hz + 20H- @)
Formation of hydroxides
AP+OH-— Al(OH)s 3)
ALOs formation
AIOH)s “PALOs + H20 4)

(a)

Al(OH)3 Al(OH)3
Al(OH)3
| AOHp  AIOH)
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Fig. 6 The schematic diagram of the formation mechanism of the Al:0s coating on quartz fiber fabric,
(a) H2 bubble and micro arc formation, (b) stable plasma jet formation and Al20s coating deposited

on the quartz fiber.

4. Conclusions

A thermally conductive quartz fiber with high thermal stability was achieved by plasma
electrolysis spraying. The Al2Os coating was successfully deposited on the quartz fiber with the AICls
aqueous solution. Its tensile properties and high thermal conductivity were studied. The coated
sample exhibited very good tensile strength properties after annealing. Compared with the bare
sample, the tensile strength was increased from 19.2 MPa to 58.1 MPa. The thermal conductivity of
the coated quartz fiber was also improved due to the high thermal conductivity of the nano Al:0s
coating. The thermal conductivity of coated quartz fiber was 1.17 W m-1 K-1, while the bare sample
was 0.81 W m-1 K-1. The formation mechanism of Al20s nano-coating on quartz fiber surface was

preliminarily established.
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